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Omniphobic surfaces have a plethora of applications ranging from household paints to sensors. The
predominant practice of fabricating those materials/surfaces is to use fluorinated materials which are
environmentally harmful, and thus have limited practical applications. In this study, we report a novel
dual-layer approach of fabrication towards omniphobic surfaces using polyurethane (PU) as a matrix and
polydimethylsiloxane (PDMS) as a self-cleaning ingredient. This approach was also used to produce
omniphobic PU nanocomposites, where nanofillers (e.g., nanoclay, cellulose nanocrystals (CNCs) and
graphene oxide (GO)) were incorporated. The resultant coatings were investigated for their performance,
such as optical clarity, durability, and self-cleaning properties. In addition, scanning electron microscopy
(SEM) was used for microstructural analysis of the obtained coatings. The facile nature of fabrication and
the use of PDMS, an environmentally benign material relative to fluorinated chemicals, thus offer an eco-

rsc.li/rsc-advances

Introduction

Durable and optically clear omniphobic coatings repelling both
polar and non-polar liquids are highly desirable for a plethora
of applications (e.g., household, sensors, fuel transport, solar
panels, etc.).* To fabricate omniphobic surfaces, researchers
often use lotus leaf** and pitcher plant® models. The lotus leaf
model inspires the creation of omniphobic surfaces with a very
rough architecture chemically modified with low surface energy
materials and polymers.*® These surfaces are characterized by
very high static contact angles (>150°) for both polar and non-
polar liquids. For example, in an elegant study, Deng et al.®
utilized candle soot in a coating matrix to replicate the lotus leaf
model that yielded durable omniphobic coatings. Recently, Pan
et al.” reported the use of cyanoacrylate and fluorosilane to
prepare durable surfaces with excellent omniphobicity.
However, the real-life applications of rough omniphobic
surfaces are hindered because of their failure at high pressure
caused by the entry of liquids into voids of a rough surface,® and
poor abrasion resistance.® A further concern arises by the use of
PFAS and other fluorinated materials that are environmentally
persistent as well as harmful.* In addition, with rare excep-
tions, rough omniphobic surfaces are optically translucent or
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friendly sustainable scheme for practical applications aimed at omniphobic purposes.

opaque that limits their applications where optical clarity is
desirable.""* Therefore, smooth omniphobic surfaces have
recently attracted significant attention.>**'*

Smooth omniphobic surfaces, characterized by low static
contact angles, have very low sliding angles for both polar and non-
polar liquids. Virtually all types of liquids readily slide off smooth-
omniphobic surfaces because of the dewetting properties imparted
by the conformational changes of the low surface energy materials,
often low T, fluorinated polymers, on their surface.**** For
example, in a pioneering work, slippery liquid-infused porous
surfaces' (SLIPSs),> where a fluorinated oil was infused into micro/
nanoporous surfaces, that imparted excellent omniphobic proper-
ties. However, SLIPSs are often plagued with poor clarity, and
tedious surface modification before fabrications. In addition,
SLIPSs approach is still less suitable where the surfaces are
encountering mechanical rubbing as the infused liquid can be
rubbed off the SLIPS; irrespective of some reported improve-
ments'®” of robustness in silicon oil-infused surfaces. The con-
structing self-restoring surfaces was also found to be useful as an
innovative approach of compensation for such scrubbed off
SLIPS.” Another commonly used approach to fabricate smooth
surfaces utilizes chemical grafting of a thin layer of low surface
energy polymers such as poly(hexafluoroisopropylene oxide) has
also been successfully used to obtain omniphobic surfaces.””
However, the resultant thin coatings have inferior mechanical
propetties, in addition to their reliance on the use of expensive and
environmentally unfriendly fluorinated materials. The layer-by-layer
method can also yield smooth self-cleaning coatings with accurate
thickness,**** which, as a downside, requires tedious fabrication
process making them less viable for real-life applications.
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To address the durability, conventional coating formulations
(e.g., epoxies, urethanes) are sometimes loaded with omni-
phobic polymers.>*** However, these omniphobic coatings are
rarely clear because of the phase separation of the constituting
components in conventional coatings.>*** In recent efforts, in
this regard, polyol-graft-Krytox- and polyol-graft-PDMS-
copolymers were incorporated into PU coating to improve the
clarity, besides bringing in excellent water and oil repel-
lency.”**® The presence of polyol-graft-Krytox- and polyol-graft-
PDMS enhanced the compatibility between low surface energy
PDMS (or Krytox) and the polar PU matrix, and as a result of
that, the formation of clear durable coatings was enabled.
Nevertheless, the graft copolymers prepared in this study
dependent on complicated synthetic processes as well as the
use of environmentally harmful chemicals and solvents.

Hydrophilic nanofillers such as nanoclays, graphene oxide
(GO), cellulose nanocrystals (CNCs), carbon nanotubes (CNTSs),
and pigments are often added to improve certain properties.>-*
A common problem with hydrophilic nanofillers could be their
poor dispersability in the presence of low surface energy
polymers/chemicals (e.g., PDMS, fluorochemicals). However,
due to their hydrophilic nature, such composites lose their
performance as a result of the absorption of moisture from
air.>**” To address this problem of these composites, hydro-
phobic nanofillers have been attempted.®® Nevertheless,
hydrophobic nanofillers have poor dispersibility in a relatively
hydrophilic matrix; and thus was found to result in flocculation
of nanofillers in the final coatings.***° Because of these reasons,
preparation of nanocomposites with concurrent omniphobic
properties as well as highly dispersed nanofillers is a chal-
lenging task.

Herein we report a facile approach for the fabrication of
durable and optically clear omniphobic urethane coatings and
their nanocomposites using PDMS instead of fluorochemicals.
This approach utilizes commercially available ingredients
(polyol, polyisocyanate, PDMS-NH,) without any modification,
instead of using tedious grafting chemistry. The resultant
coatings were tested for water-, oil- and ink-repellency as well as
their properties related to optical transparency. The methods
developed in this study is highly versatile as demonstrated by
the fabrication of clear and durable omniphobic PU coatings as
well as their composites with nanoclay, CNC, and GO.

Results and discussion

Our approach towards omniphobic PU coatings are based on
the use of low surface energy PDMS (surface energy = 20 mN
m’i).35 However, others and we observed that PDMS, if mixed
with urethane formulation, undergo phase separation in
urethane matrix due to the incompatibility of non-polar PDMS
and polar urethane matrix. This phase separation is illustrated
in Scheme 1 as “State of the art”.>**”*'*** Due to the phase
separation, PDMS chains aggregate in large domains, and thus
scatter visible light resulting in hazy/translucent films.

To address the phase separation of PDMS in the urethane,
we envisioned to apply PDMS on a semi-crosslinked PU coating
(see Scheme 1 “This study”). According to our strategy, once PU
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coating is vitrified (partially crosslinked) on a substrate, then,
PDMS-NH, solution will be applied as a top-layer onto the
partially crosslinked PU. Partial crosslinking was selected to
facilitate PDMS solution permeation into the PU matrix from
the top. To avoid phase separation, PDMS-NH, was chosen
because the NH, group of the PDMS-NH, reacts efficiently with
NCO of the partially crosslinked PU, and thus PDMS will cova-
lently bond to the PU matrix. PDMS, applied on top, is expected
to be distributed into bulk portions, and such diffusion will be
enabled due to the presence of partially crosslinked PU matrix.
The final obtained films will be single coating having incorpo-
rated PDMS chains dispersed throughout the matrix; but highly
enriched in the top layers where they are needed the most for
anti-smudge properties.

To prove the above hypothesis, various PU-based coatings
were prepared by the process illustrated in Scheme 2. PU coat-
ings were prepared using a polyol (the "H NMR spectrum and
chemical structure are shown in Fig. S11) and a hexamethylene
diisocyanate trimer (HDIT, the "H NMR spectrum and chemical
structure are shown in Fig. S27). Polyols and HDIT were mixed
in 1: 1.1 equivalent ratios. In certain coatings, nanofillers were
also added to the PU formulations. Once the polyol and isocy-
anate mixtures were applied on a glass substrate, PU coating
was allowed to vitrify by applying a short period of thermal
treatment. PDMS-NH, solution was then applied on top of the
vitrified coating via a drop cast method, which was followed by
full curing at 120 °C. ATR-FTIR analysis was used to monitor the
curing of urethane formulations at various time intervals. After
360 min, complete curing of the PU was achieved, as evident by
the disappearance of peak at 2270 cm™ " corresponding to the
NCO groups of the urethane (Fig. S31). Therefore, all urethane
coatings investigated in this study were cured at 120 °C for
360 min prior to further analysis.

To investigate the importance of the partial crosslinking
necessary for this dual-layer approach before PDMS treatment,
fully cured PU were prepared and treated with PDMS-NH,.
Fig. S41 shows the FTIR analysis of the completely cured
urethane as suggested by the absence of NCO peak at
2270 cm™ . The resultant coating obtained after the dip-coating
of the cured PU from PDMS-NH, followed by the subsequent
washing with hexane did not show anti-ink (Fig. S51) and self-
cleaning properties (Fig. S61). Thus, partial crosslinking is
critically important to impart self-cleaning properties in this
dual layer approach.

In this study, four sets of PU coatings were prepared with the
compositions listed in Table S1.f These included Urethane
without nanofillers (PU1-3), urethane/nanoclay (PU4-6),
urethane/CNC, (PU7-9), and urethane/GO (PU9-12). The
performance of each of these four sets of coatings were tested
against their respective controls. One control was the system
lacking PDMS, while the other control was prepared via direct
mixing of PDMS-NH, in the coating formulation referred as “in
situ” mixing in this article.

Samples PU1-3 corresponds to PU coatings without any
nanofiller. The PU2 coating, prepared by top-layer approach,
exhibited excellent water and oil-repellency relative to the in
situ-prepared analog, PU3. For example, PU2 showed water and

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Schematic illustrations of our novel top-layer approach (“This study’) versus the conventional approaches (“State of the art”) to

fabricate omniphobic surfaces.

hexadecane sliding angles of 16 £ 2° and 11 + 1°, respectively,
for the top-layer approach. Also, sample PU2 showed better
optical clarity (93 & 2 %T) than that observed for the translucent
PU3 (9.1 £ 4 %T) (Fig. 1). The superior optical properties
exhibited by the PU2 (see Fig. 2) coating obtained via top-layer
approach can be attributed to the absence of phase separation
of the PDMS in urethane matrix. For the “in situ” system, PDMS
underwent phase-separation in urethane matrix due to the
incompatibility between hydrophilic polyol-HDIT matrix and

=3 )
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hydrophobic PDMS chains, as is evident from the poor clarity of
PU3 samples.

Encouraged by the excellent performance offered by the top-
layer approach for omniphobic PU coating, we investigated the
effectiveness of this approach for fabrication of PU/nanoclay,
PU/CNC and PU/GO coatings (see Table S11). Nanofillers were
dispersed in the PU formulation via sonication. Among the PU/
Nanoclay composites, only that prepared by the top-layer
approach (sample PU5, Table S1t) showed good omniphobic

s

DuraClear Omniphobic Coating

—#>=PDMS-urea bond; % = nanofiller (optional); = =urethanes bond ‘

Scheme 2 Schematic illustration of the omniphobic PU coatings preparation using our novel top-layer approach.
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Fig.1 Transmittance with respect to the visible light and sliding angle corresponding to different compositions of the coating materials. On the
axes of sliding angle data, the purple bars represent the sliding angle of water while the red bars represent the sliding angle of hexadecane. The
absence of sliding angle data for any coated material indicates the wetting of the surface with hexadecane. The superscript notations indicate the
variation in composition and the method of preparation: a = no PDMS-NH, was used; b = prepared via "“in situ” mixing.

Fig. 2 Anti-smudge properties of various PU samples. Hexadecane droplets sliding behaviors on PU1-12 samples.
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performance. For example, the PU5 exhibited sliding angles of
18 + 3° and 10 + 1° for water and hexadecane, respectively.
Meanwhile, the “in situ” method yielded coating (sample PUS6,
Table S11) did not exhibit hexadecane repellency. The hex-
adecane sliding behavior of all samples is shown in Fig. 2. Also,
the PU5 sample prepared via top-layer approach had good
optical clarity (99.2 + 1 %7) (Fig. 1) in contrast to the optically
translucent PU6 sample (13.7 &+ 4 %7T) (Fig. 1) prepared via “in
situ” technique.

PU/CNC (samples PU7-9, Table S1t) and PU/GO (samples
PU10-12, Table S11) nanocomposites were prepared using the “in
situ” method as well as our novel top-layer approach. Samples
PU8 and PU11, which were prepared by the top-layer approach,
offered superior optical clarity as well as water- and oil-repellency
(Fig. 1). For example, sample PU8 had better optical clarity (99.2
+ 1 %T) than it's “in situ” derived counterpart, PU9 (29 + 2 %T).
Likewise, sample PU11 had better optical clarity than the corre-
sponding “in situ” - fabricated sample, PU12 (Fig. 1).

We also recorded static contact angles for all samples used in
this study (Fig. 3). As expected, the incorporation of PDMS
increased the static contact angles with respect to all test liquids.
The observed contact angles were also highly dependent on the
type of nanofillers used. The PU samples prepared by top-layer
approach (PU-2, -5, -8, -11) showed higher static contact angles
in case of both water and hexadecane droplets, which further
validated the effectiveness of our novel top-layer approach.

The contact angle hysteresis of samples PU1-12 were also
determined for water and hexadecane (Fig. 4). Samples lacking
PDMS (PU1, PU4, PU7, and PU10) showed no pinning of the
water on their surface. While samples having PDMS either
prepared by top-layer or in situ approach showed contact angle
hysteresis in the range of 0.38-0.78. For PU2 and PU3 having
incorporated nanofiller showed low hysteresis of ~0.4. Inter-
estingly, low hexadecane hysteresis were obtained for all
samples prepared by top-layer approach, while the in situ
samples, as well as the samples lacking PDMS were wet by
hexadecane.

Aside from exhibiting good omniphobicity and optical
clarity, our coatings also showed excellent resistance against
humidity. A coating, upon the absorbance of a significant
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Fig. 3 Static contact angle corresponding to samples PU1-12. Here,
the X denotes the number designated in nomenclature of the samples.
For example, the data corresponding to 1 on x-axis are representative
data for PUL.
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Fig. 4 Static contact angle hysteresis for water and hexadecane on
the PU1-12 coatings. The naming style of the PU-series was followed
as it was mentioned in case of Fig. 3. The absence of bar for any PUX
sample indicates that liquid wets the corresponding surface.

amount of water vapor (moisture), loses their adhesion perfor-
mance, become vulnerable to delamination and turns
mechanically weak. Bearing this practical consideration in
mind, we investigated the water vapor absorption of the PU1-12
samples (Fig. 5).

Samples lacking PDMS typically showed high water vapor
absorption. However, as anticipated, the addition of PDMS via
the “in situ” approach reduced the water absorption of resultant
coatings due to the water-repellent nature of PDMS. More
importantly, a remarkable reduction in water vapor absorption
was observed for the films prepared via the top-layer approach.
For example, the water vapor absorption was decreased by
97.5% for the PU2 coating developed by the top-layer procedure
relative to the PDMS-free PU1 coating. In the case of nanoclay-,
CNC-, and GO-containing composites, the respective water
absorption values exhibited by the top-layer-derived coatings
were also reduced by approximately 92%, 90%, and 90%,
respectively, relative to their PDMS-free counterparts (see
Fig. 5). Thus, the coatings prepared via top-layer approach
showed excellent barrier characteristics against moisture
absorbance. The superior water vapor barrier properties for PU
samples carrying PDMS correspond to the better water
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Fig. 5 Water vapor absorption of PU1-12 coatings.
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Fig. 6
had been subjected to wiping treatment are also shown.

Table 1 Mechanical properties of the selected urethane coatings

Young's

Sample# Strain (%) Stress (MPa) modulus (MPa)
PU1 7.8 £23 47 £8 1402 £ 24

PU2 8.4 £ 0.4 49+ 6 1368 £+ 51

pPU7 7.2+£1.5 54 +9 1813 £ 51

PUS 5.8 £ 0.6 35+13 1135 £ 241
PU10 8.5 £ 0.4 31+ 10 1327 £ 130
PU11 5.4 £ 0.7 40+ 6 1308 £+ 157

resistance and the resultant anticipated reduced swelling of the
coating by the water vapor relative to the PU without PDMS. PU-
2 showed better performance relative to PU-5, PU-8, and PU-11,
possibly due to the very hydrophilic nature of the nanofillers
causing more water vapor absorption than neat urethane. The
water vapor barrier properties are in corroboration with the
better water contact angle hysteresis of the PU-2 compare to PU-
5, PU-8, and PU-11 (see Fig. 4). Detail investigation of the PU
and nanofillers systems will be explored in the future.

Fig. 6 depicts the response of PU1 and PU2 against perma-
nent sharpie marker. As can be seen, PU1 not only receives ink
with ease but also ink cannot be erased from their surface. In
contrast, PU2 showed good ink-resistance. For example, ink
shrank on their surfaces, as well as permanent ink was easily

Ink traces left behind by a permanent ink marker on PU1- and PU2-coated glass plates. Photos were taken before and after the samples

wiped away with a Kimwipe as shown in Fig. 6b, indicating
excellent anti-graffiti nature of the PU2 samples.

Tensile tests were also used to determine the mechanical
properties of omniphobic PU coatings. One would expect an
increase in tensile strain, decrease in tensile stress as well as
Young's modulus for the PU containing PDMS relative to
reference PU due to the addition of more elastic PDMS into the
matrix. However, we are using very little amount of the PDMS in
the PU matrix, therefore, no significant change was anticipated
in the tensile properties (Table 1). Overall, Young's moduli
remained essentially unchanged except for PUS. Tensile strain
increased for the PU2 with respect to PU1 because of the addi-
tion of PDMS, while tensile stress did not change significantly
except for PU8 and PU11. Considering the excellent tensile
properties of tested samples, this novel top-layer approach can
be used to prepare omniphobic films with excellent mechanical
durability.

SEM images of the PU coatings (PU1, PU2, and PU3) are
shown in Fig. 7. As shown in Fig. 7a and b, the coatings are
relatively smooth with no visible evidence of phase separation.
In contrast, PU3 shows the non-uniform distribution of phase-
separated PDMS as is demonstrated by the brighter domains in
the SEM image. Also, the phase-separated PDMS domains, of
various shapes and of various sizes ranging from ~50 nm to
several microns in diameter, were possibly caused by the

Fig. 7 SEM images of (a) PU1; (b) PU2; and (c) PU3.
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aggregation of small phase-separated domains into larger ones.
Thus, SEM characterization confirmed that the opaque PU3
films prepared via the “in situ” approach had indeed undergone
phase segregation. Besides, AFM analysis were performed to
understand the surface texture for selected samples. As shown
in Table S2,f PU1, PU2, PU3, PU5, and PU11 coatings had
smooth surfaces with root means square below 1 nm.

Conclusions

In this study, we have developed an environmentally friendly
novel approach to fabricate omniphobic PU and PU/
nanocomposites coatings that are optically clear and mechan-
ically durable, in addition to possessing excellent water-, oil-
and ink-repellency. Besides, the prepared coatings showed
a remarkable reduction in the water vapor absorption. SEM
analysis confirmed the absence of phase separation of the
PDMS in the PU matrix prepared by the top-layer approach.
Considering the fluorine-free nature as well as the use of
commercial ingredients, along with the characteristic proper-
ties of resultant coatings, this facile approach will benefit
various areas of basic and applied sciences. Therefore, this
study embodies a simplistic, yet practically applicable method
and materials with wide window of potential exploration and
tunability in the field of omniphobic materials. We are currently
working on the additional aspects (e.g., PDMS distribution in
the matrix, weather-resistance and formulations to further
increase the omniphobic performance) of this novel dual-layer
method.

Experimental

Materials

Acetone (Fischer scientific, 99.7%), PDMS-NH, (mono-
aminopropyl terminated polydimethylsiloxane, M,, = 2000 g
mol ', GELEST, Inc.), hexadecane (Sigma Aldrich, 99%), cook-
ing oil (local Meijer store, Canola oil), montmorillonite clay
(Sigma, 99%) were used as received. Graphene oxide (Sigma
Aldrich, dispersed in water) was dialyzed against acetone to
remove water prior to use. Propylene oxide-based triol (polyol)
and hexamethylene diisocyanate trimer (HDIT) were generously
donated by Covestro and were characterized before 'H NMR.

Methods

Preparation of urethane and urethane/nanofiller coatings
without PDMS. Polyol (P1, 0.70 mL, 2.4 mmol) was dissolved in
acetone (1.0 mL) and then HDIT (1.1 mL, 2.5 mmol) was added
to this solution. The mixture was then sonicated at room
temperature for 1 h. Subsequently, 0.7 mL of this solution was
cast onto a glass slide (2.54 cm X 7.62 cm), which was then left
at room temperature until the solvent had evaporated. After
complete evaporation of the solvent, the sample was cured at
120 °C for 6 h. The urethane coating had a thickness of ~267 &+
8 pm.

During the preparation of urethane/nanofiller films (without
PDMS), a polyol (P1, 0.70 mL, 2.4 mmol) was initially dissolved

This journal is © The Royal Society of Chemistry 2019
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in acetone (1.0 mL). The nanofillers (nanoclay, GO or CNC, 4 mg
dispersed in 0.2 mL of acetone) were subsequently added to this
solution and sonicated for 20 min at room temperature. HDIT
(1.1 mL, 2.5 mmol) was added to this solution and stirred with
a vortex mixer for ~1 min and then sonicated at room
temperature for 1 h. Subsequently, 0.7 mL of this solution was
cast onto a glass slide (2.54 cm x 7.62 cm) and left at room
temperature until the solvent had evaporated. After complete
evaporation of the solvent, the sample was cured at 120 °C for
6 h. The urethane coating had a thickness of ~267 £+ 8 pm.

Preparation of omniphobic urethane and urethane/
nanofillers coating via the top-layer approach. The polyol (P1,
0.70 mL, 2.4 mmol) was dissolved in acetone (1.0 mL) and then
HDIT (1.1 mL, 2.5 mmol) was added. The mixture was sonicated
at room temperature for 1 h and 0.7 mL of this solution was cast
onto a glass slide of (2.54 cm x 7.62 cm). After solvent evapora-
tion, the coatings were placed in an oven at 120 °C for 5 min to
trigger partial crosslinking. The coatings were then cooled to
room temperature. PDMS-NH, (M, = 2000 g mol™ ', 4.9 mg
dissolved in 0.6 mL of acetone) was added onto the top-layer
using a syringe. The sample was left to allow for solvent evapo-
ration to occur at ambient conditions, and subsequently cured at
120 °C for 6 h. The final coating had a thickness of ~267 + 8 um.

The following top-layer approach was used to obtain omni-
phobic urethane/nanofiller coatings. First, the polyol (P1, 0.70
mL, 2.4 mmol) was dissolved in acetone (1.0 mL). A nanofiller
(nanoclay, GO or CNC 4.0 mg dispersed in 0.2 mL of acetone)
was then added to this solution and sonicated for 20 min at
room temperature. Subsequently, HDIT (1.1 mL, 2.5 mmol) was
added to this solution and vortexed for ~1 min before it was
sonicated at room temperature for 1 h. A 0.7 mL portion of the
resulting solution was then cast onto a glass slide with dimen-
sions of 1 x 3, and left to allow solvent evaporation to occur
under ambient conditions. After solvent evaporation, the coat-
ings were placed in an oven at 120 °C for 5 min to trigger partial
crosslinking. The coatings were then cooled to room tempera-
ture. PDMS-NH, (M, = 2000 g mol™', 4.9 mg dissolved in
0.6 mL of acetone, 0.0025 mmol of NH,) was added on the top-
layer using syringe. The sample was left to allow solvent evap-
oration to proceed under ambient conditions, and then cured at
120 °C for 6 h. The final coating had a thickness of ~267 + 8 um.

Preparation of urethane and urethane/nanofiller coatings
via the “in situ” mixing of PDMS. The polyol (P1, 0.70 mL, 2.4
mmol) was dissolved in acetone (1.0 mL) and HDIT (1.1 mL, 2.5
mmol) was then added prior to the addition of PDMS-NH, (M,
= 2000 g mol™', 4.9 mg dissolved in 0.2 mL of acetone,
0.0025 mmol of NH,). This mixture was subsequently sonicated
at room temperature for 1 h, and then 0.6 mL of the resulting
solution was cast onto a glass slide, and left to allow solvent
evaporation to occur. This sample was subsequently cured at
120 °C for 6 h in an oven.

In the case of urethane/nanofiller coatings prepared via “in
situ” PDMS mixing, the polyol (P1, 0.70 mL, 2.4 mmol) was first
dissolved in acetone (1.0 mL) and, then, HDIT (1.1 mL, 2.5
mmol) was added afterwards. A nanofiller (nanoclay, GO or
CNC, 4 mg dispersed in 0.2 mL of acetone) was subsequently
added to this solution followed by sonication for 20 min at room
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temperature. This was followed by the addition of PDMS-NH,
(M, = 2000 g mol™", 4.9 mg dissolved in 0.2 mL of acetone,
0.0025 mmol of NH,) and sonication of the resultant solution at
room temperature for 1 h. Subsequently, 0.6 mL of the resulting
solution was cast onto a glass slide and the solvent was allowed
to evaporate at room temperature prior to curing at 120 °C for
6 h in oven.

Sliding angle measurements. The sliding angles of the
coatings were measured with a coefficient of friction tester (MTS
Tensile Testing Machine Type T5001) using deionized water
(droplet volume of 75 pL), and hexadecane (droplet volume of
10 pL) as test liquids at room temperature.

Optical transmittance measurements. The optical trans-
mittance of the coating samples was recorded in the range of
190-800 nm using a PerkinElmer Lambda 25 UV-vis spectrom-
eter. The values reported in the article correspond to the
transmittance (%7) at 540 nm where an uncoated glass slide
was used as a reference.

ATR-FTIR analysis. ATR-IR analysis of the urethane coatings
was performed using a Schimadzu IR Affinity-1S spectrometer
equipped with a diamond crystal stage. Urethane coatings were
cured for various durations at 120 °C, and the films were
scratched from their glass substrates and placed on the dia-
mond crystal stage and 64 scans were run for each sample.

Anti-graffiti tests. Ink was applied onto selected coatings via
a Sharpie® permanent marker. The anti-graffiti performance of
the coating samples was evaluated by visual observation of the
ink that was transferred onto different coating samples as well
as the ink left behind after wiping with a Kimwipe tissue.

Water gain analysis of the PU coatings. PU1-12 samples were
prepared in aluminum baking pan. Prior to the water absorp-
tion testing, samples were first conditioned in an oven at 120 °C
for 1 h without detaching it from aluminum cup. These samples
were then placed in humidity chamber at 85% relative humidity
and at 37 °C for different timespans, including 1, 2, 3, 4 and
24 h. The weight gain due to water vapor absorption was
recorded using a microbalance.

SEM analysis of PU coatings. Scanning electron microscopy
(SEM) images were recorded using a JEOL 7500F system that
was equipped with a cold field emission emitter. The samples
were cut with the aid of a sharp surgical blade and then, with
help of EP resin, were adhered to a disc and kept under vacuum
overnight. These samples were subsequently coated with
Osmium via aero-spray method prior to imaging.

Mechanical properties of the PU coatings. The tensile
properties were evaluated on films cut into 2.5 cm x 0.6 cm
sections and were tested using an Instron 5565P6021 testing
system following ASTM D882.

Funding information

The authors declare no funding for this work.

Author contributions

MR conceived the idea. MR and FK designed the experiments,
while FK run most of the experiments. ZL helped in the

26710 | RSC Adv., 2019, 9, 26703-26711

View Article Online

Paper

characterization of the samples as well as manuscript write up.
MT helped with characterization, and analysis. MN help to
create make up data for the revisions. MR is thankful to TSGTD-
MSU for the partial support of this research work.

Conflicts of interest

The authors declare no competing interests.

References

1 D. Quéré, Wetting and roughness, Annu. Rev. Mater. Res.,
2008, 38, 71-99.

2 T. Wong, S. H. Kang, S. K. Tang, E. J. Smythe, B. D. Hatton,
A. Grinthal and J. Aizenberg, Bioinspired self-repairing
slippery surfaces with pressure-stable omniphobicity,
Nature, 2011, 477, 443.

3 W. Barthlott and C. Neinhuis, Purity of the sacred lotus, or
escape from contamination in biological surfaces, Planta,
1997, 202, 1-8.

4 A. Tuteja, W. Choi, M. Ma, J. M. Mabry, S. A. Mazzella,
G. C. Rutledge, G. H. McKinley and R. E. Cohen, Designing
superoleophobic surfaces, Science, 2007, 318, 1618-1622.

5 Y. Lu, S. Sathasivam, J. Song, C. R. Crick, C. J. Carmalt and
I. P. Parkin, Repellent materials. Robust self-cleaning
surfaces that function when exposed to either air or oil,
Science, 2015, 347, 1132-1135.

6 X. Deng, L. Mammen, H. J. Butt and D. Vollmer, Candle soot
as a template for a transparent robust superamphiphobic
coating, Science, 2012, 335, 67-70.

7 S. Pan, R. Guo, M. Bjornmalm, J. J. Richardson, L. Li,
C. Peng, N. Bertleff-Zieschang, W. Xu, ]J. Jiang and
F. Caruso, Coatings super-repellent to ultralow surface
tension liquids, Nat. Mater., 2018, 17, 1040.

8 T. P. Nhung Nguyen, P. Brunet, Y. Coffinier and
R. Boukherroub, Quantitative testing of robustness on
superomniphobic surfaces by drop impact, Langmuir, 2010,
26, 18369-18373.

9 L. Bocquet and E. Lauga, A smooth future?, Nat. Mater., 2011,
10, 334.

10 F. M. Hekster, R. W. Laane and P. de Voogt, Environmental
and toxicity effects of perfluoroalkylated substances, in
Reviews of Environmental Contamination and Toxicology
Springer, 2003, pp. 99-121.

11 R. Poetes, K. Holtzmann, K. Franze and U. Steiner,
Metastable underwater superhydrophobicity, Phys. Rev.
Lett., 2010, 105, 166104.

12 T. Verho, C. Bower, P. Andrew, S. Franssila, O. Ikkala and
R. H. Ras, Mechanically durable superhydrophobic
surfaces, Adv. Mater., 2011, 23, 673-678.

13 D. F. Cheng, C. Urata, M. Yagihashi and A. Hozumi, A
statically oleophilic but dynamically oleophobic smooth
nonperfluorinated surface, Angew. Chem., Int. Ed., 2012, 51,
2956-2959.

14 D. F. Cheng, B. Masheder, C. Urata and A. Hozumi, Smooth
perfluorinated surfaces with different chemical and physical
natures: their unusual dynamic dewetting behavior toward

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra04923a

Open Access Article. Published on 27 August 2019. Downloaded on 6/22/2026 1:34:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

15

16

17

18

19

20

21

22

23

24

25

26

27

28

polar and nonpolar liquids, Langmuir, 2013, 29, 11322-
11329.

D. F. Cheng, C. Urata, B. Masheder and A. Hozumi, A
physical approach to specifically improve the mobility of
alkane liquid drops, J. Am. Chem. Soc., 2012, 134, 10191-
10199.

B. Jin, M. Liu, Q. Zhang, X. Zhan and F. Chen, Silicone oil
swelling slippery surfaces based on mussel-inspired
magnetic nanoparticles with multiple self-healing
mechanisms, Langmuir, 2017, 33, 10340-10350.

C. Wei, G. Zhang, Q. Zhang, X. Zhan and F. Chen, Silicone
oil-infused slippery surfaces based on sol-gel process-
induced nanocomposite coatings: A facile approach to
highly stable bioinspired surface for biofouling resistance,
ACS Appl. Mater. Interfaces, 2016, 8, 34810-34819.

J. Cui, D. Daniel, A. Grinthal, K. Lin and J. Aizenberg,
Dynamic polymer systems with self-regulated secretion for
the control of surface properties and material healing, Nat.
Mater., 2015, 14, 790.

D. F. Cheng, B. Masheder, C. Urata and A. Hozumi, Smooth
perfluorinated surfaces with different chemical and physical
natures: their unusual dynamic dewetting behavior toward
polar and nonpolar liquids, Langmuir, 2013, 29, 11322-
11329.

L. Yu, G. Y. Chen, H. Xu and X. Liu, Substrate-independent,
transparent oil-repellent coatings with self-healing and
persistent easy-sliding oil repellency, ACS Nano, 2016, 10,
1076-1085.

L. Wang, Y. Lin and Z. Su, Counterion exchange at the
surface of polyelectrolyte multilayer film for wettability
modulation, Soft Matter, 2009, 5, 2072-2078.

J. Yang, Z. Zhang, X. Men, X. Xu, X. Zhu and X. Zhou,
Counterion exchange to achieve reversibly switchable
hydrophobicity and oleophobicity on fabrics, Langmuir,
2011, 27, 7357-7360.

W. Ming, M. Tian, R. Van de Grampel, F. Melis, X. Jia, J. Loos
and R. Van der Linde, Low surface energy polymeric films
from solventless liquid oligoesters and partially fluorinated
isocyanates, Macromolecules, 2002, 35, 6920-6929.

W. Ming, J. Laven and R. van der Linde, Synthesis and
surface properties of films based on solventless liquid
fluorinated oligoester, Macromolecules, 2000, 33, 6886-6891.
W. Ming, M. Tian, R. Van de Grampel, F. Melis, X. Jia, J. Loos
and R. Van der Linde, Low surface energy polymeric films
from solventless liquid oligoesters and partially fluorinated
isocyanates, Macromolecules, 2002, 35, 6920-6929.

M. Rabnawaz and G. Liu, Graft-Copolymer-Based Approach
to Clear, Durable, and Anti-Smudge Polyurethane
Coatings, Angew. Chem., Int. Ed., 2015, 54, 6516-6520.

M. Rabnawaz, G. Liu and H. Hu, Fluorine-Free Anti-Smudge
Polyurethane Coatings, Angew. Chem., Int. Ed., 2015, 54,
12722-12727.

H. Hu, ]J. Wang, Y. Wang, E. Gee and G. Liu, Silicone-infused
antismudge nanocoatings, ACS Appl. Mater. Interfaces, 2017,
9, 9029-9037.

This journal is © The Royal Society of Chemistry 2019

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

View Article Online

RSC Advances

A. A. Azeez, K. Y. Rhee, S. J. Park and D. Hui, Epoxy clay
nanocomposites—processing, properties and applications:
a review, Composites, Part B, 2013, 45, 308-320.

Q. Wang, J. Dai, W. Li, Z. Wei and ]J. Jiang, The effects of CNT
alignment on electrical conductivity and mechanical
properties of SWNT/epoxy nanocomposites, Compos. Sci.
Technol., 2008, 68, 1644-1648.

C. Bao, Y. Guo, L. Song, Y. Kan, X. Qian and Y. Hu, In situ
preparation of functionalized graphene oxide/epoxy
nanocomposites with effective reinforcements, J. Mater.
Chem., 2011, 21, 13290-13298.

S. Xu, N. Girouard, G. Schueneman, M. L. Shofner and
J. C. Meredith, Mechanical and thermal properties of
waterborne epoxy composites containing cellulose
nanocrystals, Polymer, 2013, 54, 6589-6598.

R. H. Patel and K. S. Patel, Synthesis of flame retardant
polyester-urethanes and their applications in nanoclay
composites and coatings, Polym. Int., 2014, 63, 529-536.

B. M. Yoo, H. J. Shin, H. W. Yoon and H. B. Park, Graphene
and graphene oxide and their uses in barrier polymers, J.
Appl. Polym. Sci., 2014, 131, 39628.

N. V. Medhekar, A. Ramasubramaniam, R. S. Ruoff and
V. B. Shenoy, Hydrogen bond networks in graphene oxide
composite paper: structure and mechanical properties, ACS
Nano, 2010, 4, 2300-2306.

G. Bouvet, N. Dang, S. Cohendoz, X. Feaugas, S. Mallarino
and S. Touzain, Impact of polar groups concentration and
free volume on water sorption in model epoxy free films
and coatings, Prog. Org. Coat., 2016, 96, 32-41.

P. Bonora, F. Deflorian and L. Fedrizzi, Electrochemical
impedance spectroscopy as a tool for investigating
underpaint corrosion, Electrochim. Acta, 1996, 41, 1073-
1082.

wW. and B. Vergnes, of
compatibilizer and processing conditions on the
dispersion of nanoclay in a polypropylene matrix, Polymer,
2005, 46, 3462-3471.

S. William, J. Hummers and R. E. Offeman, Preparation of
graphitic oxide, J. Am. Chem. Soc., 1958, 80, 1339.

D. C. Marcano, D. V. Kosynkin, J. M. Berlin, A. Sinitskii,
Z. Sun, A. Slesarev, L. B. Alemany, W. Lu and ]J. M. Tour,
Improved synthesis of graphene oxide, ACS Nano, 2010, 4,
4806-4814.

W. Ming, J. Laven and R. van der Linde, Synthesis and
surface properties of films based on solventless liquid
fluorinated oligoester, Macromolecules, 2000, 33, 6886-6891.
M. Rabnawaz and G. Liu, Graft-Copolymer-Based Approach
to Clear, Durable, and Anti-Smudge Polyurethane
Coatings, Angew. Chem., Int. Ed., 2015, 54, 6516-6520.

H. Hu, ]J. Wang, Y. Wang, E. Gee and G. Liu, Silicone-infused
antismudge nanocoatings, ACS Appl. Mater. Interfaces, 2017,
9, 9029-9037.

Lertwimolnun Influence

RSC Adv., 2019, 9, 26703-26711 | 26711


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra04923a

	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a

	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a
	A novel dual-layer approach towards omniphobic polyurethane coatingsElectronic supplementary information (ESI) available: 1H NMR spectra of polyol, HDIT and PDMS, ATR-FTIR spectra for the PU curing and AFM analysis. See DOI: 10.1039/c9ra04923a


