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ABSTRACT: Superamphiphobic surfaces, exhibiting high contact angles and low contact angle hysteresis to both water and low
surface tension liquids, have attracted a great deal attention in recent years because of the potential of these materials in practical
applications such as liquid-resistant textiles, self-cleaning surfaces, and antifouling/anticorrosion coatings. In this work, we
present a simple strategy for fabricating of superamphiphobic coatings based on photopolymerization of hybrid thiol—ene resins.
Spray-deposition and UV photopolymerization of thiol—ene resins containing hydrophobic silica nanoparticles and
perfluorinated thiols provide a multiscale topography and low-energy surface that endows the surface with superamphiphobicity.
The wettability and chemical composition of the surfaces were characterized by contact-angle goniometry and X-ray
photoelectron spectroscopy, respectively. The hierarchical roughness features of the thiol—ene surfaces were investigated with
field-emission scanning electron microscopy. Droplet impact and sandpaper abrasion tests indicate the coatings respectively
possess a robust antiwetting behavior and good mechanical durability.
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1. INTRODUCTION

Tailoring of solid—liquid interfacial interactions, such as
wettability, is a subject of paramount importance in materials
research and offers broad reaching implications for a variety of
everyday and technological applications." Nature offers many
awe-inspiring examples of engineered interfaces designed to
minimize solid—liquid interfacial interactions resulting in the
antiwetting behavior illustrated by observing water drops on the
surface of the Lotus leaf” or on the skin of the European Giant
Springtail.** These natural surfaces are fascinating examples of
superhydrophobic wetting—wherein the surface exhibits an
apparent water contact angle greater than 150°, contact angle
hysteresis less than 10°, and low roll-off angles. It is now well-
established that the superhydrophobic wetting state can be
attributed to both chemical composition (typically low surface
energy constituents) and geometric parameters (typically
hierarchical roughness) of the solid interface. The hierarchical
roughness serves to either increase or decrease the contact area
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of the solid—liquid interface resulting in a so-called apparent
contact angle. The liquid either completely conforms to the
surface roughness to increase the solid—liquid contact area—an
adhesive wetting behavior described as the Wenzel® wetting
state, or the liquid bridges between surface roughness
protrusions creating a composite solid—liquid—air interface—
a wetting behavior denoted as the Cassie—Baxter® wetting state.
Biomimetic design of artificial interfaces targeting the Cassie—
Baxter wetting state has led to a better understanding of the
underlying wetting mechanisms and to the exploitation of this
antiwetting phenomenon for a variety of applications including
water-resistant textiles, antifouling/anticorrosion/antifogging
coatings, and oil—water separations.””"°
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Although nature offers many design protocols for super-
hydrophobic surfaces, the path to superamphiphobicity—
surfaces that are antiwetting (water and oil contact angles
>150°; contact angle hysteresis <10°) in contact with both high
and low surface tension liquids—is less defined. Relatively few
examples of naturally superamphiphobic materials have been
reported with the exception of bacterial (Bacillus subtilis)
biofilm colonies reported by Aizenberg et al.'' and springtails
(Orthonychiurus stachianus and Tetrodontophora bielanensis)
reported by Werner et al*'* Engineering superamphiphobic
surfaces is more challenging because of the low surface tension
of most organic liquids (i.e., hexadecane, 4}, = 27.6 mN/m),
which leads to contact angles less than 90° even on inherently
hydrophobic, and “oil-resistant” surfaces (i.e., Gpexadecance = 40°
for PTEE)."”® Thus, in addition to the hierarchically rough
surface with low surface energy required for superhydropho-
bicity, superamphiphobicity additionally requires a re-entrant,
convex, or overhanging surface curvature to prevent low surface
tension liquids from penetrating the surface protrusions and
displacing the trapped air cushion, as first described by Tuteja
and co-workers.'*'> Since the seminal work of Tuteja,
numerous approaches have been reported for the fabrication
of superoleophobic or superamphiphobic surfaces,'®™ " includ-
ing hthography,“’zo sacrificial templating,n’22 replication,23’24
electrospinning,™ particle/nanoparticle deposition,26’27 sinter-
ing,*® vapor deposition,””*° chemical etching,*' sol—gel/
aerogels,>*® and spray-deposition techniques.>*~*' With the
exception of the lithographic approaches, most of the
fabrication techniques mentioned rely on the random, multi-
scale nature of the surface protrusions to generate the
overhanging surface curvature necessary to support the Cassie
wetting state for low surface tension fluids.

The spray-deposition techniques, in particular, provide a
simple and industrially viable approach for the fabrication of
coatings with hierarchically structured surface morphologies
over large surface areas. Steele et al.** demonstrated one of the
earliest examples of spray-deposited superamphiphobic surfaces
by atomizing a blend of ZnO nanoparticles with a waterborne
perfluoroacrylate polymer emulsion. The nanocomposite coat-
ings reported by Steele displayed high oil contact angles (154°)
and low hysteresis values (6°). In similar approaches, Srinivasan
et al.*® and Campos et al> spray deposited 1H,1H,2H,2H-
heptadecafluorodecyl polyhedral oligomeric silsesquioxane/
PMMA and fluoroalkylated-silica/fluoropolymer composite
thin films, respectively, with both systems exhibiting good
superamphiphobic properties. More recently, Ge et al.*
reported the spray deposition of 1H,1H,2H,2H-perfluorooctyl
functionalized silica with a poly(vinylidene fluoride-hexafluoro-
propylene) binder, and demonstrated superamphiphobicity and
anticorrosion properties of the coating on copper substrates.
These examples of spray-deposited superamphiphobic coatings
clearly illustrate the simplicity in the fabrication approach, but
rely only on coalescence of the polymer binder and
nanoparticle fillers for film stabilization—an approach that
likely leads to subpar thermal and mechanical durability of the
delicate surface structure (such data was not reported in the
examples cited). Although unexplored specifically in spray-
deposited superamphiphobic coatings, cross-linking the poly-
meric binder has been shown to improve mechanical durability
of superamphiphobic coatings fabricated using other deposition
techniques (i.e., spin coating).”” In previous work, we
demonstrated spray-deposition and photopolymerization of
hybrid inorganic—organic thiol—ene resins as a simple route to

generate superhydrophobic coatings.”® The spray process
provided a hierarchically structured surface that could be
stabilized by cross-linking the resin via thiol—ene photo-
polymerization. The simplicity of the fabrication process
enabled the production of superhydrophobic coatings on a
variety of substrates; however, these coatings were oleophilic
because of the incorporation of siloxane monomer constituents
in the coating formulation.**

In the present work, we expand the simple approach of spray-
deposition and photopolymerization of hybrid inorganic—
organic thiol—ene resins to target coatings with super-
amphiphobic wetting properties. Superamphiphobicity is
achieved by introducing a fluorinated multifunctional thiol
into the thiol—ene formulation to significantly lower the surface
tension of the resin. It is expected that the fluorinated thiol
constituents will segregate to the surface of the coating upon
spray deposition, and that these molecules will be immobilized,
or locked into place at the surface of the coating upon
photopolymerization. The thiol—ene resins are formulated in
an organic solvent using a multifunctional alkene, trimethylsilyl-
modified silica nanoparticles for nanoscale roughness, and a
combination of the fluorinated and nonfluorinated multifunc-
tional thiols as low surface tension components. Spray-
deposition and photopolymerization of this formulation results
in a hierarchically structured morphology where the morphol-
ogy, and ultimately the wetting properties, are dependent on
the nanoparticle loading level and the concentration of
fluorinated thiol. In addition to evaluation and discussion of
wetting properties using water and hexadecane as probes, the
chemical, thermal, and mechanical durability of the composite
coatings are discussed.

2. EXPERIMENTAL SECTION

2.1. Materials. All reagents were obtained at the highest purity
available and used without further purification unless otherwise
specified. Tetrahydrofuran (THE), 1,3,5-triallyl-1,3,5-triazine-2,4,6
(1H, 3H, SH) trione (TTT), and 2,2-dimethoxy-2-phenylacetophe-
none (DMPA) were obtained from Sigma-Aldrich. Pentaerythritol
tetra(3-mercaptopropionate) (PETMP) was obtained from Bruno
Bock. Aerosil R972, a trimethylsilyl —Si(CH;); surface functionaliza-
tion fumed silica with an average primary particle size of 16 nm, was
kindly donated as product samples by Evonik Industries. Perfluori-
nated acrylates 1H,-1H-perfluoro-n-decyl acrylate and 1H,-1H-
perfluoroheptyl acrylate were purchased from Exfluor Research
Corporation. Fluorinated multifunctional thiols were synthesized
using a thiol-Michael reaction between PETMP and perfluorinated
acrylates following a synthetic procedure established by Shin and co-
workers** and extended to perfluorinated materials by Goetz et al.*®

2.2. Characterization. Static and dynamic water contact angle
measurements were performed using a Rame-Hart 200—00 Std.-
Tilting B. goniometer. Static contact angles were measured using 6 L
water droplets, and the average of three measurements was reported.
Dynamic contact angles were obtained by taking 10 measurements/s
for 15 s of an advancing or receding water droplet using a syringe
pump to dispense and withdraw water from the droplet on the surface
at 0.15 mL/min. The roll off angle of a 6 yL drop was measured using
the tilting feature of the goniometer. Image] Drop Analysis software
was used to analyze the droplets and determine static and dynamic
contact angle values. Surface free energy of samples without roughness
was obtained using a Rame-Hart tensiometer with water and
hexadecane as probe liquids according to the Fowkes two component
model.*® High speed video was recorded using a Phantom, version 5.1
(Vision Research, Inc, Wayne, NJ). Scanning electron microscopy
(SEM) images were obtained using an FEI Quanta 200 SEM at 25 kV
under high vacuum conditions. High resolution field-emission SEM
(FE-SEM) images were obtained with a Zeiss Sigma VP FEG-SEM at
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Figure 1. Schematic of the spray-deposition and photopolymerization process using hybrid inorganic—organic thiol—ene resins laden with

hydrophobic silica nanoparticles.

10 kV in high vacuum mode. XPS measurements were performed
using a Kratos Axis Ultra Spectrometer (Kratos Analytical, Man-
chester, UK) with a monochromatic Al K X-ray source (1486.6 eV)
operating at 140 W under 1.0 X 107 Torr. Measurements were
performed in hybrid mode using electrostatic and magnetic lenses, and
the pass energy of the analyzer was set at 20 eV for high-resolution
spectra and 160 eV for survey scans, with energy resolutions of 0.1 and
0.5 eV, respectively. Generally, total acquisition times of 180 and 440 s
were used to obtain high resolution and survey spectra, respectively.
For a 0° take off angle (angle between sample surface normal and the
electron optical axis of the spectrometer), the maximum information
depth of the measurements was approximately 8—10 nm.*” All XPS
spectra were recorded using the Kratos Vision II software; data files
were translated to VAMAS format and processed using the CasaXPS
software package (v. 2.3.12). Binding energies were calibrated with
respect to C 1Is at 284.8 eV. Following application of a Shirley
background subtraction, atomic percentages were calculated from the
elemental peak areas present in the survey spectra using the relative
sensitivity factors provided by Kratos. High resolution spectra were
fitted using mixtures of Gaussian/Lorentzian peaks after a Shirley
background subtraction. The fitting parameters included peak position,
full width at half-maximum, intensity, and the Guassian fraction.
Abrasion resistance of the films was evaluated using a reciprocating
abrasion test similar to methods reported in literature.** Drop impact
testing was carried out according to literature methods.”" A schematic
of the abrasion test and the drop impact test (Figure S1) can be found
in the Supporting Information.

2.3. Film Preparation. Thiol—ene resins were prepared by
weighing out the desired ratio of fluorinated (F,PETMP) and
nonfluorinated (PETMP) multifunctional thiols, alkene, and photo-
initiator into a glass jar, maintaining a 1:1 stoichiometric ratio of thiol
to alkene. The mass ratio of F,PETMP/PETMP was varied at 0:100,
10:90, 20:80, and 30:70. A specified amount of hydrophobic silica
nanoparticles (Aerosil R972 = 0, 10, 20, 30 wt % relative to resin) was
added to the resin mixture and subsequently dispersed in THF (15:1
w/w solvent/resin) by ultrasonication for 30—60 min. Glass slides and
aluminum Q-panels were used as model substrates. An air brush with a
nozzle diameter of 0.635 mm (Paasch H#3 obtained from McMaster
Carr) was connected to a compressed nitrogen source (25 psi) and
used to spray coat the thiol—ene resin onto the substrates at a distance
of 15 cm and a rate of 2 mL/min. The coated substrates were allowed

to sit for 1 min and subsequently cured under a UV flood lamp (16
mW/cm?) for 5 min.

3. RESULTS AND DISCUSSION

3.1. Resin Formulation and Film Fabrication. As shown
in Figure 1, thiol—ene photopolymer resins were formulated
with a photoinitiator (DMPA), a trifunctional alkene (TTT), a
mixture of multifunctional thiols (PETMP and F,PETMP), and
hydrophobic trimethysilyl-modified silica nanoparticles (TMS-
Si0,). TMS-SiO, was incorporated at 10%, 20%, and 30% by
weight relative to the total weight of the thiol—ene resin. Two
perfluorinated chain lengths were investigated as modifiers for
PETMP, including 1H,-1H-perfluoroheptyl (six fluorinated
carbons, F,PETMP) and 1H,-1H-perfluoro-n-decyl (nine
fluorinated carbons, FyPETMP). The fluorinated multifunc-
tional F,PETMP thiols were incorporated to significantly lower
the surface energy of the thiol—ene resin, with the 1H,-1H--
perfluoroheptyl version of interest because of the reduced
environmental persistence of perfluorinated materials with
shorter chain lengths. F(PETMP and F,PETMP were
incorporated at 10 and 30 wt % relative to the total weight
of the thiol components (i.e, PETMP + F-PETMP), while
maintaining a 1:1 molar ratio between total thiol and alkene
functional groups. Attempts to use pure F,PETMP or
FoPETMP as the thiol constituent in the formulation, as well
as concentrations of FPETMP or FoPETMP higher than 30 wt
% resulted in deteriorated film forming properties. To help
simplify the notation for each system, we will represent the
various formulations as F,PETMP(x)/SiO,(y), where n
represents either 6 or 9 fluorinated carbons, and x and y
represent the wt % F,PETMP and wt % TMS-SiO,,
respectively.

To formulate the resins, we diluted the TMS-SiO,
nanoparticles into THF and dispersed using probe ultra-
sonication. The remaining resin components were then
dissolved into the nanoparticle dispersion, mixed thoroughly,
and spray-coated onto glass and aluminum substrates using a
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simple air-brush device. The spray-coating process atomizes the
resin solution into a random distribution of micrometer and
submicrometer-sized droplets and directs these droplets toward
the substrate with air flow. Adjustment of the spray-coating
parameters (ie, nozzle to substrate distance, sweep speed,
nozzle size, air pressure, etc.) enables the deposition of films
ranging from a “dry-sprayed” layer to a fully wet layer, where
rapid volatilization of the organic solvent from the micro-
particles prior to or upon deposition results in the formation of
a corpuscular, microstructured morphology. The importance of
spray-coating parameters on the wetting and wear behavior of
sugerhydrophobic surfaces was recently reported by Yeong et
al.* In the current work, deposition of films under “dry-spray”
conditions resulted in chalky textures, thus such conditions
were avoided because of the fragile nature of the resulting
morphologies (i.e., surfaces were easily damaged upon
handling). The combination of TMS-modified SiO, nano-
particles with the microparticles from the spray process endow
the surface with the desired hierarchical, or multiscale
morphology necessary to achieve extreme antiwetting proper-
ties of the coatings. After allowing the solvent to evaporate
from the deposited film for 1 min, the films were cured under a
UV light in ambient atmosphere via thiol—ene photo-
polymerization. The photopolymerization process served to
cross-link the thiol—ene polymer matrix and stabilize the
multiscale morphology of the film. Upon optimization of the
spray-coating process, the parameters associated with the spray
deposition were kept constant as described in the Experimental
Section. It is worth noting that the entire film fabrication
process (from formulation to photopolymerization) can be
completed in under 70 min, where the rate limiting step is the
ultrasonic dispersion of nanoparticles.

3.2. Surface Morphology and Chemical Composition.
To achieve superamphiphobic wetting, surfaces must exhibit
both a low interfacial energy and a re-entrant (or overhanging)
surface morphology. The surface morphology of the spray-
coated and photocured thiol—ene films was investigated using
SEM. For comparison, SEM images of films formulated with
nonfluorinated PETMP at various concentrations of TMS-SiO,
nanoparticles are shown in Figure S2 in the Supporting
Information. Figure 2a—c and d—f show a series of low-
magnification SEM images for F,PETMP(10) and F,PETMP-
(30) containing 10, 20, and 30% by weight TMS-SiO,,
respectively. Initial observations indicate that the concentration
of F,PETMP (10 versus 30%) plays a minimal role in altering
the film morphology, while morphology is significantly
dependent on the TMS-SiO, nanoparticle concentration. At
10% TMS-SiO, loading, the surface of the films exhibit a course
morphology with low porosity on the micrometer scale (Figure
2a, d). This course morphology is likely attributed to the
aggregation and coalescence of micrometer sized droplets
formed during the spray deposition process. As the TMS-SiO,
content is increased, the surface morphology of films containing
20% (Figure 2b, e) and 30% (Figure 2c¢, f) TMS-SiO, transition
to a raspberry-like microstructure with high porosity resulting
from the random agglomeration and deposition of spherical
droplets during spray process. High-magnification FE-SEM
images of the FoPETMP(30)/SiO,(30) film, shown in Figure
3a—¢, confirm the presence of an agglomerated raspberry-like
morphology, and further reveal the hierarchical nature of the
surface roughness. Panels b and ¢ in Figure 3 clearly show the
multiscale structure with sub-100 nm TMS-SiO, nanoparticle
aggregates superimposed over the surface of the larger sphere-

Figure 2. SEM micrographs of FPETMP(10) with (a) 10, (b) 20, and
(c) 30% TMS-SiO, nanoparticles and FPETMP(30) with (d) 10, (e)
20, (f) and 30% TMS-SiO, nanoparticles.

like microparticles. More importantly, the hierarchical
structures create protrusions with overhanging geometries at
multiple scales capable of trapping air at the interface essential
for superamphiphobicity.

Along with surface morphology, the chemical composition of
the interface plays an important role in dictating the wetting
properties of the photocured thiol—ene films. The low-surface-
energy components within our formulation, i.e., F,PETMP or
F,PETMP, experience a thermodynamic driving force to move
toward the solid—air interface in order to minimize the solid—
vapor interfacial free energy of the coatings.’®>' The presence
of solvent at the beginning of the spray deposition process
ensures mobility of F,PETMP, which should facilitate surface
segregation. X-ray photoelectron spectroscopy was employed to
probe the local chemical composition of the surface and the
degree of surface segregation of the photocured coating (~8—
10 nm probe depth).*” Figure 4a—c shows the survey spectra
for F,PETMP(30)/8i0,(0), F,PETMP(30)/SiO,(10), and
F,PETMP(30)/Si0,(30), respectively; whereas the survey
spectra for the FoPETMP(10) series can be found in the
Supporting Information (Figure S3). The spectra for the
F,PETMP(30)/Si0,(0) and F;PETMP(30)/SiO,(10) samples
exhibit peaks at 162.8, 284.8, 399.8, 531.8, and 687.8 eV
corresponding to the binding energies for the S 2p, C 1s, N 1Is,
O 1s, and F 1s, respectively. It is interesting to note that peaks
attributable to the TMS-modified SiO, nanoparticles (i.e., Si 2p,
Si 2s) are not observed in the survey spectrum for the
F,PETMP(30)/Si0,(10) sample; however, the Si 2p and Si 2s
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Figure 3. High-resolution FE-SEM micrographs of F,PETMP(30)/
$i0,(30) at (a) 2800X%, (b) 10 000X, and (c) 32 000X magnification.

peaks at 102.8 and 153.9 eV are clearly present in the survey
spectrum for the F,PETMP(30)/Si0,(30). This observation
suggests that the TMS-SiO, nanoparticles are predominately
covered by thiol—ene resin at low nanoparticle loading levels,
and are at least partially exposed at the interface at higher
loading levels. Additionally, atomic compositions obtained by
XPS were used to quantify the surface segregation of F,PETMP
by comparing experimentally observed atomic ratios—specifi-
cally the F/C ratio—with atomic ratios calculated from the bulk
resin composition. The F/C ratios calculated from the bulk
compositions for FPETMP(10)/SiO,(0) and F,PETMP(30)/
Si0,(0) are 0.028 and 0.091, respectively, as shown in Table 1.
The enhanced F/C ratios obtained from the survey spectra for
the FoPETMP(10)/Si0,(0) (F/C = 0419 + 0.015) and
F,PETMP(30)/Si0,(0) (F/C = 0.521 + 0.016) samples
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Figure 4. XPS survey spectra for F,PETMP(30) films containing (a)
0, (b) 10, and (c) 30% TMS-SiO, nanoparticles. The insets show a
zoomed region of each spectrum from 50—410 eV.

Table 1. Surface Composition of Sprayed FyPETMP—
PETMP-TTT Hybrid Inorganic—Organic Thiol—ene Films

sample F/C calcd” F/C obsvd (XPS)
F,PETMP(10)/Si0,(0) 0.028 0.419 + 0.015
FyPETMP(10)/Si0,(10) b 0.499 + 0.016
FyPETMP(10)/Si0,(30) b 0.559 + 0.019
F,PETMP(30)/5i0,(0) 0.091 0.521 + 0.016
FyPETMP(30)/Si0,(10) b 0.479 + 0.015
F,PETMP(30)/5i0,(30) b 0.579 + 0.013

“F/C ratio calculated according to the bulk composition and
stoichiometry of the resin. The same calculation was not possible
in the presence of trimethylsilyl-modified silica nanoparticles.

confirm the surface enrichment of the low surface energy
Fo,PETMP component. Generally, slightly higher F/C values
were observed with 10 and 30 wt % nanoparticles included in
the formulation, which may be attributed to greater mobility of
the resin components upon deposition because of the higher
solvent content necessary to spray the nanoparticle-laden
formulations. However, accounting for the amount of carbon
present on the TMS-modified nanoparticles made calculating
the comparative bulk atomic composition difficult with TMS-
SiO, in the formulation, thus, bulk values were not determined
for sample containing nanoparticles. Considering both the large
surface roughness in our samples and the large difference in
kinetic energy between the F 1s and C 1s photoelectrons that
results in a significantly smaller sampling depth for fluorine
than carbon, we use the F/C ratios only to show the tendency
of F,PETMP to segregate toward the film—air interface.
High-resolution XPS was also employed to provide addi-
tional insight into the chemical composition of the film
interface. Figure Sa—d respectively shows the high-resolution C
Is spectra obtained from the FoPETMP(10)/SiO,(0),
F,PETMP(30)/Si0,(0), F,PETMP(10)/Si0,(30), and
F,PETMP(30)/Si0,(30) surfaces. The spectra were deconvo-

dx.doi.org/10.1021/am502691g | ACS Appl. Mater. Interfaces 2014, 6, 10763—10774



ACS Applied Materials & Interfaces

Research Article

(a) c-CicH
CF,ICF =7.52 O

(c) C C/C H
CF,CF,=7.35

C NIC-S
c-0o/
CH,-CF,

J C-si

(b) CF
CF,/CF =7.58

CPS (a.u.)

(d)

Binding Energy (eV)

298 296 294 292 200 288 286 284 282 208 296 294 292 290 288 286 284 282 280

Binding Energy (eV)

Figure S. High-resolution C 1s spectra of (a) FoPETMP(10)/Si0,(0), (b) F,PETMP(30)/Si0,(0), (c) F,PETMP(10)/Si0,(30), and (d)

F,PETMP(30)/Si0O,(30) surfaces.

luted into six component peaks with binding energies
characteristic of the molecular units comprising the polymer
network, including —C—C/C—H (284.8 eV), —C—N/—C-S§
(285.7 eV), —C—0O/—CH,CF,— (286.5 eV), —O—C=0/—
O=C—-N-C=0 (288.6 eV), —CF, (290.9 eV), and —CF,
(293.1 V). F,PETMP(10)/Si0,(30) and F,PETMP(30)/
Si0,(30) surfaces required an additional peak at 283.4 eV
corresponding to the C—Si group arising from the presence of
TMS-Si0, nanoparticles at the interface. Peak fits were
summed together when significant overlap of the binding
energies for specific molecular structures prevented unequivocal
deconvolution (i.e, —C—N/—C-S, —C—0/—CH,CF,—, and
—0-C=0/-0=C—N-C=0). Assignments of these com-
ponents agree well with those reported for materials with
similar molecular constituents.>> The CF,/CF; peak area ratio
varied from 7.52—7.58 for surfaces without TMS-SiO,
nanoparticles to 7.23—7.35 for surfaces containing 30 wt %
TMS-SiO,. In all cases, the CF,/CF; ratio closely resembled
the expected ratio of 8 (i.e, —CH,—(CF,)s-CF;), which along
with the previously discussed XPS survey data confirms the
interface is rich with perfluoro-n-decyl chains. Although chain
orientation cannot be directly inferred from these XPS
experiments, the presence of CF; groups is important and is
known to play a prominent role in lowering the surface free
energy of the films (discussed vide infra).>>>*

3.3. Wetting Behavior. The wetting properties of the
fabricated films were evaluated by measuring the static contact
angle (CA), dynamic contact angle, contact angle hysteresis,
and roll off angle using both high- and low-surface-tension
liquids, including water (y,y = 72.3 mN/m) and n-hexadecane
(yLv = 27.6 mN/m). Table 2 summarizes the wetting behavior
of the flat (nontextured) thiol—ene films containing 10 and
30% of either F,PETMP or FoPETMP, but without the
addition of TMS-SiO, nanoparticles. As shown, the static water
CA (WCA) increased from 73° for the nonfluorinated
PETMP(100)/Si0,(0) film to 95 and 99° upon incorporation
of 10 and 30 wt % F,PETMP, respectively. Likewise, the
nonfluorinated PETMP-TTT film was completely wetted by
hexadecane, but exhibited an oil (hexadecane) contact angle
(OCA) of 71 and 73°, respectively, with the addition of 10 and

Table 2. Wetting Properties of Nontextured F,PETMP—
PETMP-TTT Films without TMS-SiO, Nanoparticles

surface energy (mN/
m)§y

sample Orvater (deg) O (deg)”

PETMP(100)/ 72.6 + 0.9 0
Si0,(0)

F,PETMP(10)/ 954+ 15 713+ 1.1 17.6 + 0.65
Si0,(0)

F,PETMP(30)/ 993+ 12 733+ 32 15.7 £ 0.72
Si0,(0)

FyPETMP(10)/ 118 + 0.8 815 + 0.6 9.61 + 0.16
Si0,(0)

FyPETMP(30)/ 119 + 03 813 +0.1 9.59 + 0.03
Si0,(0)

“Hexadecane. “Calculated according to the Fowkes two-component
model.

30 wt % FsPETMP. As expected, incorporation of FePETMP
into the resin resulted in films with greater hydrophobicity
(WCA, 118°) and oleophobicity (OCA, 81°) because of the
longer fluorinated chain length, but showed a minimal
dependence on the FoPETMP concentration. This concen-
tration independent wetting behavior is likely attributed to the
saturation of the film interface with 1H,1H-perfluoro-n-decyl
functional groups, as XPS showed large enhancements in the F/
C ratio for both 10 and 30 wt % FoPETMP. From these contact
angle measurements, the calculated surface energy decreased
from 17.6 mN/m for films containing 10 wt % F,PETMP to 9.6
mN/m for films containing 10 or 30 wt % F,PETMP. The
wetting properties and surface energy values reported herein for
films containing FEPETMP and FoPETMP are characteristic of
films containing —CF; groups at the interface (as previously
shown by XPS), and compare well with values reported in the
literature for other thin films comprising similar perfluoro-n-
alkyl acrylate derivatives.>>>*

With an understanding of the wetting properties associated
with F,PETMP thiol—ene resins in nontextured films, we next
investigated the wetting behavior of these resins containing
TMS- SiO, nanoparticles. Figure 6 shows the relationship
between the static WCA and TMS-SiO, nanoparticle loading
level for both F,PETMP and FePETMP resin systems following
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Figure 6. Variation in the static water contact angle as a function of
TMS-SiO, nanoparticle loading level for samples formulated with
FPETMP and FoPETMP. The error bars represent one standard
deviation of the data, which is taken as the uncertainty of the
measurement.

spray deposition and photopolymerization. For films containing
10% TMS-SiO,, the static WCA increased based on the
fluorinated chain length (F4 vs Fy) and concentration, with 10
wt % F,PETMP exhibiting the lowest WCA of 135° and 30 wt
% FoPETMP exhibiting the highest WCA of 150°. Films
containing 10% TMS-SiO, exhibited a Wenzel-type wetting
behavior evident from the strong pinning of the water droplet
during receding contact angle measurements and adhesion of
the droplet during roll-off measurements. Films containing 20%
and 30% TMS-SiO, all exhibit WCAs in the superhydrophobic
regime (160—165°) with minimal dependence on the
fluorinated PETMP chain length or concentration, as shown
in Figure 6. These same films, as summarized in Table 3, also
show relatively low contact angle hysteresis values (<7°) and
low roll off angles (<8°) characteristic of a Cassie—Baxter
wetting state. The FoPETMP(30)/Si0,(30) film provided the

Table 3. Water Contact Angle Data for Sprayed F,PETMP—
PETMP-TTT Hybrid Inorganic—Organic Thiol—ene Thin
Films

SiO, Oy Oron
(Wt %) Opgy (deg) O (deg)  Opec (deg)  (deg)  (deg)
PETMP(100)/SiO,(y)
10 67.7 + 1.6 59.5 + 1.7
20 1082 +22 1004 + 2.8
30 1548 + 1.3 1529+ 19 1503 + 24 4.5 8+2
FPETMP(10)/SiO,(y)
10 1447 £ 0.8 1353 + 0.5
20 1639 £09 1599 +09 1567 + 0.8 7.2 8+ 1
30 164.7 £ 04 1635 £ 0.6 1593 =24 5.4 2+1
F,PETMP(30)/SiO,(y)
10 149.6 £ 09 1415 + 1.6
20 1644 +03 1615+ 0.6  159.0 + 0.8 5.4 6+1
30 1673 £03 1659 0.7 1624 + 0.5 49 1+1
FoPETMP(10)/SiO,(y)
10 151.7 £ 12 1402 + 1.8
20 1629 £ 0.6 1620 +£ 0.8 1593 + 1.2 3.6 3+1
30 1623 + 14 1614+ 13 1607 + 0.7 1.6 1+1
FyPETMP(30)/Si0,(y)
10 1545 + 1.7 1497 + 1.1
20 1630 + 1.0 1625+ 1.1  160.1 + 0.8 2.9 2+1
30 1660 + 1.0 1652 + 0.5  164.8 + 0.8 12 1+1

highest superhydrophobic wetting performance with a water
contact angle of 165°, 1.2° contact angle hysteresis, and a 1°
roll-off angle.

The oleophobic properties of the thiol—ene films,
summarized in Table 4, were evaluated using hexadecane as a

Table 4. Oil Contact Angle Data for Sprayed F-PETMP—
PETMP-TTT Hybrid Inorganic—Organic Thiol—ene Thin
Films

SiO,
(wt Oprys
%) Orgy (deg)  Osuic (deg)  Opec (deg)  (deg)  Gpoy (deg)
PETMP(100)/Si0,(y)
10 0
20 0
30 0
F,PETMP(10)/SiO,(y)
10 794 + 2.0 709 + 0.8
20 1469 + 0.7 1317 + 29 80.7 £ 0.8 572

30 151.0 £ 1.1 1415+ 1.3 1213 +24 297
F,PETMP(30)/SiO,(y)

10 80.6 + 1.9 739 + 1.6

20 1419 £ 09 1354 + 0.5 960 + 0.8 459

30 1556 £ 1.4 1531+ 0.7 1419 +09 137 7+1
FyPETMP(10)/SiO,(y)

10 842 + 0.9 812 + 0.7 417 + 18 425

20 1569 £ 0.6 1474+ 08  141.8 £ 0.7 151

30 1567 £ 1.1 1512+ 13 1433+ 17 134
FyPETMP(30)/Si0,(y)

10 87.8 + 0.7
20 159.1 + 0.7
30 159.6 + 0.8

86.7 + 2.1 421 + 1.9 45.7
1533 £ 0.9 144.1 £ 0.8 15.0 75 £1
1553 £ 0.7 150.1 + 1.3 9.5

160 -
p— [} =i
< ° .
2 140 .
E’ i
< 1204
8
-E 1004 Probe liquid: Hexadecane
o] m  F,PETMP(10)
o 5 o FPETMP(30)
o 80 E e F,PETMP(10)
o FZPETMP(30)
60 ‘ : : ; .
10 15 20 25 30

TMS-Si0, NPs (wt%)

Figure 7. Variation in the static oil contact angle as a function of TMS-
SiO, nanoparticle loading level for samples formulated with F,PETMP
and FoPETMP. The error bars represent one standard deviation of the
data, which is taken as the uncertainty of the measurement.

probe liquid. Figure 7 shows the relationship between the static
OCA and the TMS-SiO, nanoparticle loading level for each of
the F,PETMP and FoPETMP resin systems. As shown, all films
containing 10% TMS-SiO, remain oleophilic (oil CA < 90°)
regardless of the fluorinated chain length or concentration of
the F-PETMP. The oleophilic nature of these surfaces can be
attributed to the course roughness observed by SEM, and
therefore lack of the hierarchical surface morphology (see SEM
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Figure 8. (a) Photograph of (left—right) ethanol, hexadecane, methanol, PDMS, water, and cyclohexane sitting on the surface of a FPETMP(30)/
Si0,(30) sample. Photograph of water and olive oil on a cotton textile treated with a (b) nonfluorinated PETMP(100)/Si0,(30) and (c)

F,PETMP(30)/Si0,(30).

images in Figure 2a, d) necessary to increase the contact angle
with low surface tension liquids. At 20% TMS-SiO,, we
observed a sharp increase in the OCA for each film
composition; however, only the F,PETMP(30)/SiO,(20)
sample achieved the mark of superoleophobicity (oil CA
153°) albeit with a large hysteresis value (15°). Increasing the
TMS-SiO, nanoparticle concentration to 30% enables the
observation of superoleophobicity for a broader range of
fluorinated chain lengths and concentrations including the
F,PETMP(30)/Si0,(30), E,PETMP(20)/SiO,(30), and
Fo,PETMP(30)/Si0,(30) film compositions. These three film
compositions also exhibit relatively low hysteresis and roll off
angles with hexadecane, with FoPETMP(30)/Si0,(30) show-
ing the highest superoleophobicity (OCA 155°, y,, 9.5°, and
Oron 4°). Referring back to Figure 3, we can relate the
hierarchically structured agglomerates of raspberry-like particles
to the re-entrant curvature or overhanging structure often cited
in the literature as a critical requirement for superoleopho-
bicity."*'” The combination of 30% TMS-SiO, and spray-
coating process provides this type of overhanging, random
structure, while sufficient fluorinated F,PETMP concentrations
provide a low surface energy material at the film interface. The
observed trends in oleophobic wetting properties of our thiol—
ene films highlight the more stringent interplay between
intrinsic surface energy and surface structure necessary to
achieve antiwetting with low-surface-tension liquids.

Figure 8a shows a photograph of several droplets sitting on
the surface of a FPETMP(30)/Si0,(30) sample, including
ethanol (y1y = 22.1 mN/m), hexadecane (y.y = 27.6 mN/m),
methanol (y,y = 22.7 mN/m), PDMS (yy = 19 mN/m), water
(yLv = 72.3 mN/m), and cyclohexane (y,y = 24.9 mN/m). For
each liquid, the F,PETMP(30)/SiO,(30) surface showed a
robust antiwetting interaction. The dynamic antiwetting
behavior of the F,PETMP(30)/Si0,(30) coating with
hexadecane and water dropped onto the surface can be viewed
in videos provided in the Supporting Information. Panels b and
¢ in Figure 8 show samples of cotton textile treated with

PETMP(100)/Si0,(30) (i.e, nonfluorinated) and F,PETMP-
(30)/Si0,(30), respectively. The nonfluorinated
PETMP(100)/Si0,(30) textile shows superhydrophobic wet-
ting as evidenced by the red-dyed water droplet sitting on the
surface, but exhibits an oleophilic wetting in contact with olive
oil (yov = 32.0 mN/m). Conversely, the cotton textile treated
with FoPETMP(30)/Si0,(30) exhibits superamphiphobicity
toward water and olive oil illustrating the important role
F,PETMP plays in the formulation.

3.4. Mechanical, Chemical, and Thermal Durability.
Widespread implementation of antiwetting coatings in everyday
applications (i.e.,, sporting equipment) and in advanced
technological applications is arguably limited by issues
associated with coating durability. The intricate, multiscale
morphologies that give rise to unique wetting phenomena also
give rise to mechanical fragility of the surface in response to
abrasion. A number of excellent approaches have been reported
that target improvements in mechanical damage and
deformation (ie., abrasion, peeling, stretching, etc.),41’56_59
temperature stability,* and solvent resistance®’ of super-
hydrophobic surfaces, with fewer examples of mechanically
robust superamphiphobic surfaces due to the more stringent
requirements for overhanging surface morphology in the
superamphiphobic regime.'>*"*>***%** In the current work,
the mechanical robustness of the fabricated films was evaluated
using a simple, lab-built reciprocating abrasion test. The film to
be abraded was placed face up in contact with 2000 grit
sandpaper. A loading pressure of 254 N/m?* was applied and the
loaded sandpaper was dragged across the sample in a
reciprocating motion at a constant speed of 3.8 mm/s. The
changes in water and oil contact angle as a function of the
number of abrasion cycles (up to 350 cycles) for FoPETMP-
(30)/Si0,(30) films are shown in Figure 9a. As shown, the
WCA decreases slightly with increasing number of abrasion
cycles, but remains above 150°, and therefore superhydropho-
bic, after 200 abrasion cycles. The roll off angle increased from
1 + 1° before abrasion to 14 =+ 2° after 200 abrasion cycles,
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Figure 9. (a) Static water and oil (hexadecane) contact angles for
FyPETMP(30)/Si0,(30) as a function of abrasion cycle. SEM images
of the FPETMP(30)/Si0,(30) surface following (b) 0, (c) 100, (d)
150, (e) 200, and (f) 350 abrasion cycles.

indicating the retention of good antiwetting properties toward
water. After 350 abrasion cycles, the WCA dropped below 150°
and the resulting surface exhibited an adhesive wetting behavior
(i.e., the water droplet adhered to the surface even at 180° tilt).
The OCA using hexadecane, on the contrary, decreased
precipitously with increasing number of abrasion cycles. After
100 abrasion cycles, the OCA decreased from 155° to 116°, and
further decreased to 70° after 350 cycles. SEM analysis was
used to provide greater insight into changes in surface
morphology of the abraded surfaces, and consequently the
observed changes in wetting properties. Figure 9b—f show
representative SEM images of the F,PETMP(30)/Si0,(30)
films following 0, 100, 150, 200, and 350 abrasion cycles. The
SEM images indicate that the initial damage to the surface
occurs by removal of the fine, raspberry-like microstructure
present in the as-fabricated film (Figure 9f) revealing a more
course microstructure with large agglomerates after 100—150
abrasion cycles. 200 abrasion cycles results in the removal of
most of the large agglomerates. Nonetheless, the abraded
surface with 200 abrasion cycles retains sufficient hierarchical
structure by exposing nanoparticles beneath the defects (see
SEM images in Figure S4 in the Supporting Information) and is
still capable of supporting a superhydrophobic wetting state. At
350 abrasion cycles, large defects are observed in the thiol—ene
resin that possibly expose the substrate surface resulting in a
WCA below 150° and an adhesive wetting behavior as
previously described. Maintaining a superoleophobic wetting

state upon multiple abrasion cycles is more challenging due to
the low surface tension of the hexadecane probe liquid and a
more critical dependence on the re-entrant curvature of the
surface morphology. In the present work, we postulate that the
rapid decrease in the OCA upon abrasion can be attributed to
damage to the hierarchical, corpuscular morphology and the
removal of the surface-enriched fluorinated region of the thiol—
ene resin, two factors that work synergistically to yield the oil
wetting behavior observed in Figure 9a.

The durability of the thiol—ene superamphiphobic surfaces
toward long-term impact of water droplets was evaluated by
water droplet impact measurements, an evaluation that can
mimic exposure to raindrop impacts commonly encountered in
outdoor coatings applications. Penetration of the hierarchical
protrusions on the superamphiphobic films is expected during
the drop impact event, and the occurrence increases with drop
height because of the high instantaneous pressure exerted on
the surface.” Thus, resistance to drop penetration can provide
a measure of robustness for superhydrophobic and super-
amphiphobic surface. The drop impact measurement was
conducted according to a previously reported method.*" The
details of the setup are described in the Experimental Section
and illustrated in Figure S1 in the Supporting Information.
Water drops were repeatedly impinged on the surface of the
films from a height of 2.5 and 20 cm. For drops released from h
= 2.5 cm (impact velocity of 0.7 m/s), the FEPETMP(30)/
Si0,(30) films did not show any sign of water drop penetration
even after extended testing (the experiment was ended after
7600 impact events) indicating a robust superhydrophobic
wetting state. For drops released from h = 20 cm (impact
velocity of 1.98 m/s), drop penetration and adhesion to film
was observed after 4160 drop impact events, coating super-
hydrophobic properties degrade.

The stability of the cross-linked thiol—ene coatings and of
the associated superamphiphobic wetting behavior was further
assessed by exposure of the samples to a variety of
environmental conditions, including variations in temperature
and pH. F,PETMP(30)/Si0,(30) samples were exposed to
120 °C in an air circulation oven to evaluate the elevated
temperature stability of the films. As shown in Figure 10, the
static water and oil (hexadecane) contact angles were fairly
constant over a 24 h exposure period at 120 °C illustrating the
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Figure 10. Static water and oil contact angles versus exposure time at
—15 and 120 °C for the F,PETMP(30)/Si0,(30) surface. The error
bars represent one standard deviation of the data, which is taken as the
uncertainty of the measurement.
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thermal stability of the microstructure—stability that can be
attributed to the highly cross-linked thiol—ene polymer matrix
resulting from photopolymerization. Likewise, the FoaPETMP-
(30)/Si0,(30) samples were exposed to subfreezing temper-
atures (—15 °C), and again, the static water and oil contact
angles showed minimal changes over a 24 h exposure period.
The chemical stability of the F;PETMP(30)/Si0,(30) films
was evaluated by complete submersion of the samples into
ambient temperature aq. H,SO,, (pH 2) and aq. KOH (pH 12)
solutions for 24 h. As shown in Figure 11, the static water
contact angles remained above 160° after 24 h in acid or base,
whereas the oil contact angles remained above 155° under the
same conditions.

161.05+0.3°
(c) WCA and (d) OCA after 24 h at pH 12

Figure 11. (a) Static water and (b) oil contact angles for
Fo,PETMP(30)/Si0,(30) after immersion in aqueous H,SO, (pH 2)
for 24 h. (c) Static water and (d) oil contact angles for
FyPETMP(30)/Si0,(30) after immersion in aqueous KOH (pH 12)
for 24 h.

4. CONCLUSIONS

In this paper, we have demonstrated a simple, fast, and scalable
approach to fabricate superamphiphobic coatings via spray
deposition and UV photopolymerization of hydrophobic
nanoparticle-laden thiol—ene resins containing a fluorinated
multifunctional thiol. Atomization of the nanoparticle-contain-
ing resin resulted in the deposition of films with a multiscale,
corpuscular morphology exhibiting both micro- and nano-
meter-scale roughness. Surface segregation of the fluorinated
thiol provided an interface with sufficiently low surface energy
that, when combined with the hierarchically rough morphology,
resulted in coatings with water and oil contact angles above
150° and contact angle hysteresis values below 10° for the best
performing formulations. As expected, formulations containing
the longer perfluorinated chain in FePETMP provided better
antiwetting performance than the shorter F,PETMP formula-
tion with low surface tension liquids, although super-
amphiphobicity was achieved with the F,PETMP(30)/
Si0,(30) system. The facile nature of the spray deposition
and photopolymerization process enables the preparation of
superamphiphobic coatings on a variety of substrates, including
textiles, in a rapid and scalable manner. Photopolymerization of
the thiol—ene matrix provided superamphiphobic coatings with
robust antiwetting behavior following exposure to acidic (pH 2)
and basic (pH 12) solutions, and after extended exposure to

subfreezing (—15 °C) and elevated temperatures (120 °C).
The F,PETMP(30)/SiO,(30) coatings displayed a robust
response in terms of maintaining superhydrophobicity
following multiple mechanical abrasion cycles; however, the
superoleophobic wetting properties degraded rather quickly
following mechanical damage to the surface. The mechanical
durability of the delicate surface structure necessary to maintain
superamphiphobicity continues to be a challenge and a
potential barrier for broader implementation of antiwetting
technologies. Current and ongoing efforts in our lab continue
to address these challenges using simple and scalable fabrication
approaches.
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