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Scratch-Resistant Hydrophobic Coating with
Supramolecular-Polymer Co-Assembly

Pin-Wei Lee, Adrian Saura-Sanmartin, and Christoph A. Schalley*

Supramolecular assembly for superhydrophobic coatings is known for its
efficiency and efficacy. However, the mechanical fragility of the coatings limits

their use as coating materials. Herein, the combination of

(z)-N,N’-(trans-cyclohexane-1,2-diyl)-bis(perfluorooctanamide) CF7, a
cyclohexyl diamide-based low molecular weight gelator, with acrylate
polymers for the generation of semi-transparent omniphobic coatings with
significantly enhanced scratch proofness is presented. CF7 has shown the
ability to self-assemble in common solvents into highly entangled fibrous
networks with extreme water repellency. The incorporation of covalent
polymers, specifically poly(methyl methacrylate) (PMMA) and
poly(trifluoroethyl methacrylate) (PTFEMA), helps to fixate the
supramolecular CF7 fibers without interfering with the self-assembled
structures. The resulting coatings, namely CF7/PMMA and CF7/PTFEMA,
show significantly improved mechanical resistance as well as optical
transparency while maintaining excellent water and oil repellency.
Furthermore, the homogeneity of the coating in bulk is confirmed by depth
profiling of the 3D distribution of the components using time-of-flight
secondary ion mass spectrometry imaging, which turns out to be an essential

technique in order to characterize such materials.

1. Introduction

Low molecular weight gelators (LMWGs) are materials of great
interest due to their versatility and ease of fabrication.['®] Fur-
thermore, these materials are postulated as ideal scaffolds for
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different applications -1

bioengineering,'>®l  and  materials
science, 71 among others, due to
the tailorable properties and functions
that can be obtained through a rational
design.

The use of LMWGs as coating materials
offers advantages, such as low cost, short
curing time, and scalability. However, one
major disadvantage of LMWGs is their
mechanical fragility. Thus, applications
where the coating needs to withstand
mechanical stress or abrasion are limited
by this drawback. To overcome this lim-
itation, researchers have tried to change
the design of the gelator and equipped
it with polymerizable groups like acrylic
esters, acrylic amides and diacetylene,[20-23]
used metal coordination,**?], or added
commercially  available polymers.[2627]

Polymer coatings, on the other hand,
are highly resistant to abrasion. Excellent
mechanical properties make them an at-
tractive alternative to LMWG coatings, es-
pecially in applications where durability
is a critical factor. One of the primary
drawbacks of polymer coatings is that they usually have mod-
erate water repellency compared to LMWG coatings, although
some exceptions of functionalized polymer coatings have been
reported with high water contact angles and low sliding
angles.I®%] Creating surface roughness on the polymers is
one of the most popular solutions to enhance the hydropho-
bicity, but often involves nanoparticles®**32! or requires elab-
orate protocols like lithography, chemical etching, or plasma
treatment.[33-38]

In our previous study of superhydrophobic xerogel coat-
ings made from (+)-N,N*(trans-cyclohexane-1,2-diyl)-bis(per-
fluorooctanamide) (CF7),3**! we found the coating to be quite
resistant to intense water flows, since after five cycles of flush-
ing 4 L of deionized water to the xerogel over a minute, the wa-
ter contact angle (WCA) values hardly decreased (from 153° +
3° to 150° + 6°). However, gravimetric analyses indicated a loss
of around 13% of the deposited material after these five flush-
ing cycles. Therefore, we decided to conduct further studies to-
ward the preparation of more resistant materials. En route to pre-
pare such improved coatings, the deposition of our CF7-based
xerogel coatings together with a stabilizing covalent polymer
should provide materials with improved iterability and longer
lifespans, which is essential to waterproof materials that need

in catalysis,
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to be exposed to more abrasive conditions. In 1996, Gankema
et al. demonstrated the first example of embedding xerogel net-
works inside a polymer matrix.*”) Monomers and crosslinking
reagents thatare UV curable are used as solvents in the organogel
system to create the aggregates-embedded resin. The aggregates
can be later removed to provide nanostructured porous poly-
meric materials.[*~*] The groups of Stupp,!**’] Kostopoulus,**]
and Korley!*! have reported the toughening of polymers using
supramolecular polymers or gels. In addition, the composition
of organogelators and polymerizable components used particu-
larly in dental composite to reduce shrinkage and/or to improve
mechanical properties have been reported.5%5!l However, to the
best of our knowledge, no examples of fixating a xerogel network
with polymers for a more durable hydrophobic coating have been
reported.

Here, we report the combination of polymers and LMWG
in superhydrophobic coatings with improved mechanical stabil-
ity. Acrylate monomers are considered for their availability, va-
riety, and the ease of curing. Simple acrylate monomers, like
methyl acrylate and methyl methacrylate (MMA), are very com-
mon in industrial applications. One of the most appealing fea-
tures about these monomers is that they can undergo photo-
polymerization without complicated setup. The fabrication can
be done with low power bench-top UV chambers and can be
scaled up easily. Although a decrease in the value of WCAs is
expected, a significant enhancement of the mechanical resis-
tance is envisioned due to the robustness provided by the poly-
meric matrix. For this work, MMA was chosen for the poly-
mer’s exceptional mechanical properties and low cost. In addi-
tion, trifluoroethyl methacrylate (TFEMA) was included in or-
der to investigate the effect of a fluorine-containing monomer
in the mixture with fluorinated gelators. The microstructure
of the supramolecular-polymer co-assembly was examined with
scanning electron microscopy (SEM). X-Ray photoelectron spec-
troscopy (XPS) was used to characterize the outer surface of
the coatings. Furthermore, imaging and depth profiling with
time-of-flight secondary ion mass spectrometry (ToF-SIMS) were
used to investigate the uniformity of the co-assembly coating.
The iterability of the coating was tested by repeating water
flushing.

2. Results and Discussion

2.1. Coating Characterization

The supramolecular-polymer coatings, namely CF7/PMMA and
CF7/PTFEMA, are prepared by mixing the corresponding
monomer with the organogel of CF7,] treating the mixture
with UVA for a short time, and then applying the mixture to
the substrate before final curing. In order to achieve homo-
geneity of the coating, the irradiation time before drop casting
is crucial. Insufficient time will lead to phase separation be-
tween the organogel and the monomer/polymer phase, while
excessive time will cause the mixture to be overly viscous,
resulting in considerably thick filaments in the co-assembly
that reduce surface roughness. This irradiation time will dif-
fer between the choice of monomer, the photoinitiator, and its
concentration.

Adv. Funct. Mater. 2024, 34, 2309140 2309140 (2 of 8)

www.afm-journal.de

The morphology of CF7/PMMA and CF7/PTFEMA coatings
was examined by SEM, showing that both materials retain the fi-
brous network obtained from the pristine CF7 xerogels through-
out the surface (Figure 1). Consequently, the presence of the
monomer did not disturb the formation of the fibrous network
of CF7. Moreover, the presence of fluorine on the outer surface
of both co-assemblies was confirmed with XPS analysis (see Sup-
porting Information).

The uniform distribution of CF7 and PMMA or PTFEMA
throughout the surface of the coatings was confirmed by
the reconstruction of the 3D distribution of CF7/PMMA and
CF7/PTFEMA coating samples using ToF-SIMS. While sputter-
ing using a 5 kev Arj,, cluster ion beam allowed to record the
spectrometric data of the CF7 coating, both co-assemblies re-
quired to increase the energy of the cluster ion beam to 20 kev
in order to carry out such analysis. This observation already in-
dicates a higher coating robustness caused by the presence of
a polymeric matrix in the xerogel coatings. ToF-SIMS imaging
together with depth profiling suggest a thin layer of material in
the pristine CF7 xerogel coating (Figure 2a), while the thickness
increases in those samples having polymers (Figure 2b,c). Ions
with m/z value of 906.04 attributed to CF7 were detected in all
the samples (see Figures S1- S3, Supporting Information). Addi-
tional ions having m/z values of n * 100.05 and n * 154.02 (where
n=1,2,3,4,5..) for different fragments of PMMA and PTFEMA,
respectively, were also detected throughout the CF7/PMMA and
CF7/PTFEMA coatings (see Figures S2 and S3, Supporting Infor-
mation), thus confirming the desired uniform distribution which
would result in the envisioned hydrophobic properties and high
mechanical resistance.

Fourier transform infrared (FT-IR) analyses shows shifts of
several PMMA and PTFEMA bands for the CF7/PMMA and
CF7/PTFEMA coatings (see Figures S4— S8, Supporting Infor-
mation), highlighting those related to sp* C-H and ester C=0
stretching. The amide C=O0 stretching band of CF7 also experi-
ences a shifting in both co-assemblies, thus suggesting interac-
tions between the components of the aggregates.

2.2. Contact Angles

The hydrophobicity of the coatings was tested by the measure-
ment of the WCAs. As above mentioned, coatings made from
CF7-based xerogels turned out to be superhydrophobic, showing
a WCA of 153° + 3° (Table 1, entry 1). The coatings of the co-
assemblies show slight decreases in the WCA values as expected,
due to the homogeneous distribution of polymer and CF7, which
leads to a smaller fluorinated surface area. Thus, the WCA de-
creases by 2.6% (WCA 149°) in the CF7/PMMA coating (Table 1,
entry 2) and by 9.8% (WCA 138°) in the CF7/PTFEMA coating
(Table 1, entry 3). This difference between both polymer-bearing
coatings can be attributed to the distinct morphology of the sur-
faces. Possible nanostructures are visible in the CF7/PMMA co-
assembly (see Figure S9, Supporting Information), while they are
not found in the CF7/PTFEMA co-assembly. These nanostruc-
tures could lead to an enhancement in the WCAs of CF7/PMMA.
The obtained results show that the use of polymeric precursors
in the preparation of the xerogel coatings can still well retain
the hydrophobic properties of the materials. Nevertheless, both

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOLLLIOD BA 1810 3(edl|dde ayy Aq peuseno aJe ssjpiie YO ‘8sn JO 3| 1o} AriqiT8uljuO A3|IA UO (SUONIPUOD-PUR-SLLIBYALIOD" A 1M AeIq U1 [UO//SANY) SUORIPUOD PUe SWLB | 8L 88S *[720Z/T0/LT] Uo AriqI8ullUO A8]IM @RININ 8 PepS.RAIUN AQ OV TE0EZ0Z WIPR/Z00T OT/I0p/L00" A3 1M Ake.q 1 |BulUo//:SdNY Wo.j pepeojumod ‘€ ‘¥Z0Z ‘8Z0E9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

PO
100um

Figure 1. SEM images of the coatings of a) CF7 xerogel (reprinted with permission from Lee et al.[3°1. Copyright 2021 American Chemical Society.), b)

CF7/PMMA co-assembly, and c) CF7/PTFEMA co-assembly.

co-assemblies show drastic increases in hydrophobicity and oleo-
phobicity compared to the polymer coatings without the fluori-
nated gelator (Table 1, entries 4 and 5).

Yang et al. prepared a lignin-based hydrophobic xerogel with
WCA of 146°.152] The xerogel film made from organosiloxanes
by Shang et al. have WCAs up to 105°.33] Storm et al. re-
ported a N-diazeniumdiolate-modified xerogel film with WCA
of 103°, which can be increased to 157° by adding nanopar-
ticles to the coating.**! The xerogel coatings reported in this
work show similar or superior hydrophobicity and, additionally,
an enhanced mechanical strength without the need for further
modification.

2.3. lterability and Durability

Aiming to fabricate coatings with improved mechanical prop-
erties, we evaluated the stabilities of the polymer-infused coat-
ing from several aspects. An enhanced mechanical stability of
CF7/PMMA and CF7/PTFEMA coatings was obtained com-
pared to that of pristine CF7 xerogel coatings as determined by
gravimetric analyses of the material loss after five water flush-
ing cycles (Table 1 and Table S1, Supporting Information). In-
deed, the presence of polymers in the coatings turns out to be

an important factor that substantially increases the mechanical
stability of the materials, while maintaining their hydrophobic
properties. Although the data included in this text refer to the
weight percent of the material, elemental analyses of the coat-
ings before and after water flushings suggest that these data
are analogous to those referring only to weight percent of the
gelator (see Table S2, Supporting Information). Thus, while the
pristine CF7 coating lost 13% of mass of the material after
five water flushing cycles, these values were significantly re-
duced to 3.7% and 3.5% for CF7/PMMA and CF7/PTFEMA
coatings, respectively (Figure 3a,b). The WCA has dropped to
142° + 3° for the CF7/PMMA coating, and 135° + 6° for the
CF7/PTFEMA coating (Figure 3c,d). These values suggest that
the mechanical stability of the coatings having polymers is en-
hanced to almost 400% compared to that of the CF7 xerogel
coating, thus compensating for the slight decrease in WCAs
when coatings having improved reusability and iterability are
required.

The thermal stabilities of CF7/PMMA and CF7/PTFEMA
coatings were evaluated by using thermogravimetric analysis
(TGA) under nitrogen stream (see Experimental Section). Pris-
tine CF7 and the polymers were also tested as control mea-
surements. TGA plots show analogous thermal stabilities of

Figure 2. ToF-SIMS 3D imaging of a) CF7 xerogel, b) CF7/PMMA co-assembly, and c) CF7/PTFEMA co-assembly. Color key: yellow = CF7 or CF7-based

co-assemblies; brown = glass support.
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Table 1. Characterizations of the pristine and five-times-flushed coatings.

Entry Coating WCA DCA WCA Material removal
(flushed) (flushed) [wt%)]

1 CF7139 153°+3°  147°£3°  150°+6° 13

2 CF7/PMMA 149° + 3° 85° +6° 142° + 3° 3.7

3 CF7/PTFEMA  138° + 4° 84° + 2° 135° + 6° 3.5

4 PMMA 50°+ 1° 25° +3° - -

5 PTFEMA 101° + 3° 76° + 3° - -

the pristine materials and the coatings made from the mix-
tures, revealing that all the samples exhibit a high thermosta-
bility upon heating to above 150°C (see Figure S10, Supporting
Information).

In addition to high temperature resistance, the coatings also
showed excellent frost resistance. After five cycles of freez-
ing/defrosting, the WCAs of CF7/PMMA and CF7/PTFEMA
coatings remain in the same range of the pristine materials
(Figure 3e,f). These measurements together with the TGA reveal
a high stability of the coatings against drastic changes in temper-
ature.

For real-life applications, the coating can be damaged by un-
avoidable scratching during the process of transportation or
usage. Therefore, we simulated the situation by performing
scratches using a sclerometer. This test shows that the co-
assemblies have a significantly higher scratch resistance. CF7
coating is completely removed when scratching using the scle-
rometer with a preset force of 0.05 N, as can be observed with
the eye (Figure 4a). In stark contrast, only a residual trace of
the path of the tip of the sclerometer is shown in the optical
micrographs of CF7/PMMA and CF7/PTFEMA with the above-
mentioned preset force. The scratching test was repeated by
increasing the force in the intervals of 0.05 N, observing that
CF7/PMMA coating is partially removed at 2.5 N and com-
pletely removed at 2.7 N. In the case of CF7/PTFEMA co-
assembly, these numbers decrease to 0.6 N and 0.7 N, respec-
tively (see Figures S11 and S12, Supporting Information). Con-
sequently, the scratch resistance is improved by a factor of 50
for CF7/PMMA and a factor of 12 for CF7/PTFEMA, com-
pared to that of CF7 coating. Thus, the preparation of the
supramolecular-polymer co-assemblies turns out to be an ef-
fective strategy toward the improvement of the mechanical sta-
bility of the coatings, affording materials having scratch resis-
tance properties.

2.4. Practical Implementations

We further evaluate the strength-improved hydrophobic coat-
ings with several applications. One of the typical applications
for polymer films is to prevent corrosion of the material
underneath.>>>7] The co-assemblies were coated on piranha-
washed copper plates, then stored in 30 mL of deionised wa-
ter for 7 days. After the time period, the sample was dried and
the polymeric coating was removed to expose the copper sur-
face underneath. An uncoated copper plate was used as a con-
trol. The uncoated copper plate shows significant color change
due to corrosion, while the coated samples preserve the shiny
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surface (Figure 4b), indicating that the co-assembly successfully
functioned in corrosion prevention.

Moreover, the oleophobicity of the coatings was evaluated by
dropping 100 L of silicon oil colored with ~2 wt% of green
marker ink on the coated samples. On non-coated glass cover
slips, the oil wetted the entire traveled surface. In contrast,
the major fraction of the deposited oil rolled off the surface of
CF7/PMMA and CF7/PTFEMA coatings, while the residue ap-
pears to be in a beaded shape or has left a much narrower trace
than on the glass (Figure 4c).

3. Conclusion

While LMWGs are an easy-to-handle material for many applica-
tions, their mechanical fragility limits the potential as a coating
material. The combination of LMWG with polymers can over-
come this limitation and results in the development of tough and
water-repellent coatings that have a broad range of applications,
including industrial and biomedical applications. In our work,
we have demonstrated how the formation of co-assembled coat-
ings from CF7 xerogels and PTFEMA or PMMA can be applied to
obtain enhanced mechanical stability of the coatings. These ma-
terials were characterized using different techniques, including
ToF-SIMS which allow to unambiguously confirm the uniform
distribution of the polymer and the gelator in the coatings.
Interestingly, the iterability of these materials has been im-
proved to almost 400% as a means of the water flushing re-
sistance while retaining the hydrophobicity. Additionally, the
CF7/PMMA and CF7/PTFEMA co-assemblies turn out to be sig-
nificantly more scratch resistant compared to the pristine CF7
coating. Properties of the resulting coating can be fine-tuned
through the choice of the components. Future research should be
focused on the combination of different LMWGs and polymers
toward the preparation of co-assembled coatings having both su-
perhydrophobicity and high mechanical and scratch resistance.

4. Experimental Section

Materials: ~ All reagents were purchased from either abcr, Acros Or-
ganics, Apollo Scientific, Sigma-Aldrich/Merck, TCI, or VWR Chemicals.
Reagents except the acrylate monomers were used directly without purifi-
cation. The acrylate monomers were distilled under reduced pressure to
remove the inhibitors. Menzel glass coverslips (22 mm X 22 mm x 13-16
mm) were purchased from VWR. Copper plates were acquired from the
mechanic workshop of Institut fiir Chemie und Biochemie, Freie Univer-
sitdt Berlin. Both glass cover slips and copper plates were cleaned with
freshly prepared piranha solution, followed by rinsing with Milli-Q water
and acetone.

Sample Preparation: The organogel was prepared by dissolving 10 mg
of CF7 in the corresponding amount of diethyl ether (Table 2) and sonicat-
ing for 10 min. Then the corresponding amount of monomer (with 0.5 wt%
of 2,2-dimethoxy-2-phenyl-acetophenone) was added to the organogel and
the mixture was sonicated for another 10 min. Afterward, 5.6 pL of triethy-
lamine was added to the mixture, and the mixture was irradiated with UVA
for 20 min while stirring vigorously. 0.40 mL of the mixture was then drop-
casted on a piranha-cleaned substrate, followed by UVA irradiation until
dried. The coatings were further dried in a vacuum chamber overnight be-
fore any measurements or tests.

X-Ray Photoelectron Spectroscopy:  XPS analysis was carried out using
a SPECS EnviroESCA instrument with an excitation energy of 1486.71 eV,
a detector voltage of 1650V, and a bias voltage of 100 V.
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Figure 3. a) Gravimetric analyses of CF7/PMMA and b) CF7/PTFEMA coatings measured after flushing with water. ¢) WCAs of CF7/PMMA and d)
CF7/PTFMEA coatings measured before and after flushing with water. e) WCAs and DCAs of CF7/PMMA and f) CF7/PTFMEA coatings measured

before and after the freezing cycles.

Time-of-Flight Secondary lon Mass Spectrometry: ToF-SIMS analyses
were recorded using a IONTOF M6, using a Bi** primary liquid metal
ion gun (LMIG) and an argon gas cluster sputter depth profiling ion
gun. Sputtering was carried out by using a 20 kev Arj . cluster ion
beam. A 100 x 100 um area was measured, repeating 30 sputtering

cycles.

Adv. Funct. Mater. 2024, 34, 2309140 2309140 (5 of 8)

Thermogravimetric Analysis: Thermogravimetric analyses of the sam-
ples were recorded using a PerkinElmer TGA 8000. Measurements were
performed under a nitrogen flow within the temperature range of 50-1000
°C with a heating rate of 40 °C min~'. All samples were held by ceramic
crucibles. Sample masses were in the range of 1-4 mg. A waiting time of
5 min was given before running the analyses with nitrogen flushing and
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Figure 4. a) Optical micrographs showing the scratches performed with a constant force of 0.05 N with the sclerometer. Photographs of the full length
are shown in the insets. b) Copper corrosion is successfully prevented by the polymeric coatings after storing in deionised water for 7 days. c) Observed

phenomena of silicon oil sliding on different surfaces.

temperature holding at 50 °C in order to ensure stable and inert conditions
for all measurements.

Scanning Electron Microscopy: SEM images were conducted using a
scanning electron microscope from Hitachi (SU 8030). All surfaces were
precoated with a 5 nm gold layer using the sputtering system SC 500
from Emscope.

Contact Angle Measurement: All CA measurements were performed
under ambient conditions using Milli-Q water or diiodomethane on hor-
izontally placed coated substrates. The measurements were performed
with a Dataphysics Contact Angle System (OCA). The analysis of the im-
ages was carried out using the software SCA 20. Laplace-Young fitting was
used to determine the CA from a digital photograph of the droplet profile
for static CAs, employing 3 uL of Milli-Q water (see Figure S13, Supporting
Information). A set of three samples were measured to obtain nine mea-

Table 2. The corresponding amount of solvent and monomer for the co-
assemblies..

Co-assembly Diethyl ether [mL] Monomer [mL]

CF7/PMMA 1.1 0.90
CF7/PTFEMA 1.2 0.80
Adv. Funct. Mater. 2024, 34, 2309140 2309140 (6 of 8)

surements (three measurements on each of the sample on random loca-
tions). The indicated average values and standard deviations were then
calculated from these nine measurements, omitting the highest and low-
est values. Due to the destructive note of most tests, a different set of
samples were used for different characterizations.

Gravimetric Analysis: ~ Gravimetric analyses of the coating stability were
carried out on the pristine co-assembled coatings and, also, after each
round of flushing on the surfaces. All rinsed surfaces were dried overnight
under ambient conditions before the measurement. The indicated average
values and standard deviations were calculated from three independent
measurements on three different samples.

Elemental Analysis: Elemental analysis measurements were con-
ducted using a Elementar Vario EL with two columns.

Optical Microscopy: Optical micrographs were recorded with a Zeiss
Microscope Axio Scope A1l using episcopal illumination with dark-
field contrasting.

Scratch Resistance: ~ Scratch resistance measurements were tested us-
ing a TQC SP0010 sclerometer. Different preset pressures were used in
an increasing sequence for testing to check the scratch resistance of the
corresponding coating. The sclerometer is moved along the surface with a
rate of 0.43 + 0.2 cm s~ and a total distance of 1.5 cm on every tested sur-
face.

Frost Resistance: Frost resistance measurements were analyzed mea-
suring the CAs after different freezing cycles. For every freezing cycle,
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samples are placed in the freezing compartment of a standard household
fridge for 2 h, then defrosted on the bench for 2 h before the measure-
ments. Condensation disturbance from air humidity during defrosting was
not observed.

Corrosion Resistance: Corrosion tests were conducted by soaking a
supramolecular-polymer coated copper plate in ~ 50 mL of deionised wa-
ter for 7 days. A non-coated copper plate was used as control.
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