SCIENCE ADVANCES | RESEARCH ARTICLE

ENGINEERING

Supramolecular silicone coating capable of strong
substrate bonding, readily damage healing, and

easy oil sliding

Meijin Liu1, Zhaoyue Wang‘, Peng Liu1, Zuankai Wangz, Haimin Yao3, Xi Yao'"**

Polymer coatings with a combined competence of strong bonding to diverse substrates, broad liquid repellency,
and readily damage healing are in substantial demand in a range of applications. In this work, we develop damage-
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healable, oil-repellent supramolecular silicone (DOSS) coatings to harvest abovementioned properties by molecular
engineering siloxane oligomers that can self-assemble onto coated substrates via multivalent hydrogen bonding.
In addition to the readily damage-healing properties provided by reversible association/dissociation of hydrogen
bonding motifs, the unique molecular configuration of the siloxane oligomers on coated substrates enables both
robust repellency to organic liquids and strong bonding to various substrates including metals, plastics, and even
Teflon. We envision that not only DOSS coatings can be applied in a range of energy, environmental, and biomedical
applications that require long-term services in harsh environmental conditions but also the design strategy of the
oligomers can be adopted in the development of supramolecular materials with desirable multifunctionality.

INTRODUCTION

Liquid-repellent surfaces that repel low-surface tension liquids have
been extensively studied because of their promising applications in
self-cleaning (I1-3), antifouling (4, 5), flexible electronics (6), catalysis
(7, 8), and heat transfer (9). In practice, these coatings are commonly
required to firmly adhere to various substrates, are transparent, and
are persistent to harsh conditions [such as ultraviolet (UV) irradiation
and heat] and mechanical damages (2, 10). Although individual features
have been realized in various materials, it remains a major challenge
to fulfill all the requirements without compromising each other. For
example, self-healable superhydrophobic (11) and superoleophobic
(12) polymer coatings have been reported to recover from plasma-
induced chemical damages, but they are not tolerant to mechanical
damages when the sophisticated microstructure is destroyed. Incor-
poration of perfluorooctanoate (PFO) anions onto layer-by-layer
deposited polymer films could also provide healable coatings with
low oil sliding angles (13). Despite the complicated fabrication pro-
cedure and elusive interfacial bonding properties, the use of PFO will
also raise concerns on health and environmental impact (14). Slippery
liquid-infused porous surfaces (SLIPS) show improved damage tol-
erance (15) with the help of lubricant reconfiguration on the porous
substrates; however, these healing mechanisms cannot fully solve
the issues of physical damages on solid substrates (16, 17). Recently,
there are a couple of supramolecular organogels showing persistent
self-healing and water-sliding properties under multiple scratches
(18, 19) because the damaged surface becomes flat after healing,
which would facilitate the restoration of surface slipperiness. How-
ever, their molecular design does not allow them to repel common
hydrocarbon solvents, which will severely affect the lubricating oils
that serve as lubricating layer. Furthermore, the lubricating oil on
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the organogel surface would also largely reduce the interfacial adhesion
onto the coated substrates (20). To address these issues and challenges,
a holistic consideration of the molecular engineering of the coating
material is highly desired.

Silicone-based polymers and elastomers containing polydimethyl-
siloxane (PDMS) backbones are responsible for waterproof properties,
chemical resistance, biocompatibility, and ease of material integration
for multifunctionality (8, 21, 22). Recently, by taking the advantages
of supramolecular chemistry (23, 24) in regulating mechanical integ-
rity through reversible cross-linking (25-27), people have developed
silicone-based supramolecular materials with unique features of intrin-
sic healing, stimuli responsiveness, flexibility, elasticity, and toughness
(28). These properties make them promising candidates in the emerg-
ing and developed fields, such as artificial skin (29), soft robotics (30),
and advanced coating applications (18-20). However, in accordance
with coating applications, current supramolecular silicones lack
satisfactory stiffness and mechanical strength, their bonding capacity
on various substrates has not been well studied, and the effect of
incorporated chemical motifs that provide dynamic bonding on liquid
repellency remains unknown.

We here report the development of damage-healable, oil-repellent
supramolecular silicone (DOSS) coatings harvesting a combination
of features that have been rarely reported including broad liquid
repellency to various alkyl oils, high mechanical strength and strong
adhesion to diverse surfaces, reliable damage healing, and ease of
manufacturing. The DOSS coatings are prepared by molecular en-
gineering telechelic siloxane oligomers, which have functional groups
as the end groups and can self-assemble onto various substrates
to form a large-scale network via multivalent hydrogen bonding.
The synthesized siloxane oligomer has a unique three-arm design
with a trifunctional center and a terminal 2-amino-4-hydroxy-6-
methylpyrimidine (UPy) motif and a siloxane backbone on each arm
(Fig. 1). Compared to linear polymers, these oligomers could offer
higher cross-linking density when self-assembled into large-scale
networks and thus a DOSS coating, which would globally benefit the
surface and mechanical properties of the obtained coating. Furthermore,
complementary hydrogen bonding provided by the UPy motifs could
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Fig. 1. Schematic illustration of the preparation of the healable DOSS coatings.

Substrate Healable

. (A) Chemical structure of three-arm siloxane oligomer and preparation of the DOSS

coating with small oil slide angles. The coatings are prepared by melting siloxane oligomer grind and then casting them onto the substrate. (B) Structure of the DOSS
coating on a substrate. The PDMS domains enriched in the surface of the DOSS coating offer the properties of oil sliding and dewetting; the multiple hydrogen bonds in

the interior of the DOSS coating make it healable. The strong interaction between th
firmly adhere to various substrates.

enhance the damage-healing and mechanical properties of the coating
(31); the siloxane motifs at suitable molecular weights (MWs) would
facilitate the dewetting of impinging oils and thus contribute to oil
repellency, and the high-density UPy motifs at the coating/substrate
boundary also contribute to strong interfacial adhesion due to the
intensive hydrogen bonding (32). The correlation between the mo-
lecular architecture and coating properties is revealed.

RESULTS
Preparation and characterizations
The synthesis method of the siloxane oligomer has been reported in
our previous work (31), and the synthesized siloxane oligomers are
thermal-casted onto different substrates to form coatings with
thickness of 15 to 360 um. The MWs of siloxane backbones in the
oligomers are tuned at ~870, ~3000, and ~5000 for comparison. It is
found that the overall mechanical properties of the DOSS coatings
decrease exponentially with the increase of the chain length of the
siloxane backbones (fig. S1 and table S1), probably because the longer
siloxane backbones in the oligomers would reduce the density of
physical cross-linking points originated from the hydrogen-bonded
UPy dimers and the microstructures in the interior of the coating
(33). This is confirmed by powder x-ray diffraction—that the DOSS
coatings with the siloxane backbone at ~870 MW are characteristic
semicrystalline and the DOSS coatings with the siloxane backbones
at ~3000 and ~5000 MW are amorphous (figs. S1 and S2). Therefore,
coatings prepared from siloxane oligomers with ~870-MW siloxane
backbones are used as typical samples in most characterization tests.
The molecular configuration of the DOSS coating casted on bare
glass slides is first studied via attenuated total reflectance infrared
(ATR-IR), x-ray photoelectron spectroscopy (XPS), and atomic force
microscopy (AFM). The top surface layer of the coating is examined
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e DOSS coating and the substrate through hydrogen bonding enables the coating to

directly, and the coating is peeled from the glass slide to expose the
bottom layer at the coating/substrate interface and sectioned to expose
the interior layer inside the coating, respectively. Higher relative in-
tensity of the peak assigned to siloxane groups and higher silicon
atom content in the surface layer (Fig. 24, figs. S3 to S6, and tables
S2 and S3) are observed in ATR-IR and XPS spectra, implying that
the siloxane motifs are enriched in the surface layer of the DOSS
coating. Furthermore, the ATR-IR spectra also reveal that there are
abundant dissociated UPy motifs in the bottom layer at the coating/
glass interface (34). In contrast, most UPy motifs are in the form of
associated dimers and stacks in the interior of the coating, and both
associated and dissociated UPy motifs exist in the surface layer of
the coating, respectively. Therefore, AFM measurements on the ad-
hesion forces of each layer are subsequently performed (31, 35), and
an area of 9 um x 9 pum is scanned with 256 x 256 test points to ac-
quire the mapping and averaged adhesion forces of each sample (Fig. 2,
B to G, and fig. S7). The average adhesion force of the bottom layer
is 8.3 nN, which is higher than that in the interior (6.9 nN) and in
the surface layer (0.31 nN). The sharp increase on the adhesion force
from the surface layer to the bottom layer correlates very well with
the distribution of the dissociated UPy motifs and the siloxane
backbones in the two layers. There are more dissociated UPy motifs
and less siloxane backbones in the bottom layer, which is favorable
to the strong bonding capability at the coating/substrate interface,
and there are less UPy motifs and more siloxane backbones in the
surface layer, which is expected to facilitate the dewetting of oils on
the surface of the coating (36-40).

Adhesive properties

The adhesion strength on various substrates is subsequently evaluated.
The siloxane oligomers are deposited on a glass slide and processed
by heating to produce a uniform film with a thickness of ca. 0.2 mm.
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Fig. 2. Molecular configuration and adhesion force analyses of DOSS coatings. (A) ATR-IR spectra showing the comparison intensities of featured groups in the sur-
face layer (green line), interior section (blue line), and bottom layer (black line) of the DOSS coating adhered on a substrate. The two colored boxes indicate peaks of
methyl group (light yellow) and methylene group (light blue), respectively. Dashed lines indicate peaks regarding UPy motifs in aggregated state (blue) and dissociated
state (black), respectively. (B to D) AFM adhesion force images (9 um x 9 um) of the surface layer, interior section, and bottom layer of the DOSS coating. (E to G) Distribu-
tions of adhesion forces measured between the bare AFM tip and the surface layer, interior section, and bottom layer of the DOSS coating. The adhesion force increases
sequentially from the surface layer (B and E), to the interior section (C and F), and to the bottom layer (D and G) of the DOSS coating.

Then, another glass plate is pressed on that adhesive layer. Subsequent
cooling to room temperature (25°C) for 10 min enabled the reformation
of the siloxane oligomer network between the two glass slides, result-
ing in uniform contact and firm bonding. A weight of 1 kg can be
hung up under the two adhered glass slides with a glued area of 1 cm?,
and the siloxane oligomer-based adhesives work well on a variety of
substrates including hydrophilic cellulose (paper), aluminum, copper,
and hydrophobic Teflon following the same protocol (fig. S8). Quan-
titative tests show that a shear strength above 20 MPa is recorded
(Fig. 3A) for cellulose (paper) and all tested metal substrates and about
10 MPa for Teflon, outstanding among the commercial glues and
other adhesive materials that have ever been reported (32, 33, 41-52).
This high shear strength can be ascribed to the high mechanical
strength of the siloxane oligomers and the high-density H-bonds
between the urea and UPy motifs, especially the dissociated UPy
motifs at the DOSS coatings/substrate interface, which can form
hydrogen bonding with either the hydroxyl groups of hydrophilic
surfaces or the fluorine groups of the hydrophobic Teflon surface
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(Fig. 3B, fig. S3, and table S2). The high mechanical strength and the
strong adhesion strength over a variety of substrates highlight the
versatility of the siloxane oligomers as universal adhesives.

Oil-repellent and self-healing properties

The DOSS coatings are prepared on various substrates with little change
to the appearance of the coated substrates due to the native transpar-
ency of the coating. By using n-hexadecane as a probing liquid, all
the DOSS coatings on tuning substrates exhibit small contact angle
hysteresis [CAH; i.e., difference between the advancing (844y) and
receding (Brec)] (Fig. 4A). This is consistent with the reported results
of polysiloxane-based coatings with easy oil sliding/dewetting prop-
erties (36-40). However, the CAH increases with the increase of the
chain length of the siloxane backbone in the oligomers (fig. S9). That
is, the coating prepared from oligomers with ~870-MW siloxane
demonstrates lower CAH and better oil repellency than the coatings
prepared from oligomers with ~3000- and ~5000-MW siloxane, al-
though there is higher siloxane content in the surface layer of the
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Fig. 3. Comparison of shear strengths between DOSS coatings and reported adhesive materials/commercial glues. (A) The shear strength between the DOSS
coating and various substrates (blue columns) and, as a comparison, the results of reported adhesive materials/commercial glues (black columns) are listed (32, 33,471-52).
The shear strength reported in this work is competitive with the results of reported adhesive materials/commercial glues. (B) Schematic illustration of the strong interaction
between the coating and the adhered substrate through hydrogen bonding. PTFE, polytetrafluoroethylene.

latter two DOSS coatings (figs S10 and S11 and table S4). SEM data
show that there are denser microcracks on the surfaces of DOSS
coatings prepared from oligomers with ~3000- and ~5000-MW si-
loxane (fig. S12), and these microcracks will serve as topography
defects and affect CAHs (53), which explains well the CAH increase
of the three coatings.

In further evaluation, nonpolar organic solvents, including n-hexane,
n-octane, n-dodecane, n-hexadecane, and commercial edible oils (e.g.,
grape seed oil and olive oil), and polar organic solvents, such as alcohol
(EtOH), ethyl ether, acetone, toluene, chloroform, tetrahydrofuran
(THF), and dimethyl formamide (DMF) with various surface tensions
(labeled below the x axis of Fig. 4, B and C), are taken as the probe
liquids. All the nonpolar probe liquids exhibit CAH lower than 5°
on the DOSS coatings, indicating the easy sliding/dewetting of the
nonpolar liquids on top of the coatings. Note that the DOSS coatings
can repel most commercial edible oils with high viscosity, assisting
their potential values in daily life. Varying the coating thickness
from 15 to 360 um or exposing the coating upon continuous heat
treatment and UV irradiation (365 nm and 5 mW/cm?) for 30 days
does not affect the CAH of the coating, indicating outstanding sta-
bility (fig. S13). In contrast, the coating shows increased CAH to
a couple of tested polar organic liquids (Fig. 4C). The ease of oil
dewetting to the nonpolar liquids on DOSS coatings could be as-
cribed to the weak interaction between the oil droplet and the
siloxane-enriched surface where the UPy motifs on the surface layer
are shielded by the siloxane motifs, while the high CAH of the DOSS
coating to polar organic liquids indicates stronger interaction (54)
of the solvent molecules with the surface layer of the coating. This is
probably because the siloxane backbones are of better mobility in
the polar organic solvents, which will expose the shielded UPy mo-
tifs and thus results in strong molecular interaction and high CAH
(Fig. 4D) (55).
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In addition to the abovementioned features, the as-prepared DOSS
coating exhibits excellent damage-healing properties. To demonstrate
the healing/recovery behavior, we probe the oil repellency of the coat-
ing by incorporating crosscutting lines to the coatings via a blade and
subsequently monitoring the liquid sliding on the surfaces, as shown
in Fig. 5. The n-hexadecane drop readily slides down the original
surface of the DOSS coating casted on a glass slide (Fig. 5A). When
the crosscut damage is introduced, the n-hexadecane drop is blocked
and pinned at the damage region of the coating (Fig. 5, B and E).
Subsequently, we remove the residual oil on the surface by blowing
nitrogen gas for 20 s and heat the coating at 90°C for 15 min to facil-
itate the coating recovery (fig. S14). The crosscutting lines disappear
accordingly after the treatment, and the oil drop slides smoothly on
the healed surface (Fig. 5, C and F). We further study the durability
of the oil repellency by measuring the recovery of the CAH during
30 cycles of cut and heal. It turns out that the repeated treatments
will not affect the morphology and chemistry of the coating, implying
excellent cyclic reproducibility and high reliability of the oil-repellent
surface.

DISCUSSION

The highly ordered assembly of three-arm siloxane oligomers, as well
as the configuration of the oligomer network on various substrates,
provides an easy-to-use strategy for the fast fabrication of robust
coatings featuring strong interfacial bonding, broad liquid repellency,
and damage-healing properties. We investigated the structure of the
assembled oligomers on the substrate systematically. It is interesting
to find that the siloxane domains are enriched in the surface layer,
while the UPy domains, especially the dissociated ones, are enriched in
the bottom layer of the coatings. We revealed that the supramolecular
assembly with high cross-linking densities plays synergistic roles in
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Fig. 4. Wettability of the DOSS coatings. (A) The siloxane oligomer material-based coatings with small oil slide angles can be applied to various substrates such as glass, Al, and
Cu sheets, and 10-ul n-hexadecane drops can be repelled by all these coated surfaces. Credit: Meijin Liu, City University of Hong Kong. (B and C) CAH of various liquids on glass slides
coated with siloxane oligomer materials. Nonpolar liquids can be repelled by the DOSS coating with a low CAH, while a couple of polar liquids can be repelled by the DOSS
coating with a higher CAH. (D) Schematic illustrations of the interactions between the drops of nonpolar liquid or polar liquid and the DOSS coating, respectively. The interaction
between the drop of nonpolar liquid and the DOSS coating is weak, as UPy motifs on the surface layer are shielded by the siloxane motifs, while the drop of polar liquid will
strongly interact with the surface layer of the coating, particularly the dissociated UPy motifs, leading to higher CAHs.

the healable behaviors and mechanical properties of the coating, and
the siloxane motifs enriched in the surface layer of the DOSS coating
contribute to the robust oil repellency. Furthermore, the dense dis-
sociated UPy motifs in the bottom layer facilitate strong interfacial
bonding of the DOSS coating to a variety of substrates.

Different from traditional liquid-repellent surfaces such as super-
hydrophobic surfaces or SLIPS that demonstrate limited perfor-
mances in damage healing and substrate bonding, the liquid-repellent
coatings reported here are based on supramolecular polymers as-
sembled from multiple hydrogen bonding. They can not only repel
various alkyl oils but also exhibit reliable damage healing and strong
adhesion with diverse surfaces, endowing them with great promise
in a range of energy, environmental, and biomedical applications
that require long-term services in harsh environmental conditions.

Furthermore, compared to linear polymers with an indefinite
structure, these supramolecular polymers are more designable and
manufacturable for multifunctionality because of the particularly
oligomeric unit with a well-described structure. In addition, the UPy
motif can be replaced with other hydrogen bonding suppliers such
as catechol to incorporate multiple bonding mechanisms. The connec-
tor center can also be substituted with other molecules with specific
geometry to tune the molecular assembly, and the MW of siloxane
motifs can be tuned or other alternative polymer backbones can be
selected to replace the siloxane motifs to adjust the mechanical and
surface properties of the supramolecular materials. This strategy
provides a new and powerful route to fabricate and engineer a wide
range of supramolecular materials with desirable multifunctionalities.
We envision that the results and insights obtained in this work can be
applied in a wide variety of areas including self-cleaning, antifouling,
catalysis, and heat transfer.
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MATERIALS AND METHODS

Materials

PDMS bis(3-aminopropyl) terminated (H,N-PDMS-NH,; M, =
~870, ~3000, and ~5000) was purchased from Gelest. UPy was pur-
chased from Fisher Scientific (Acros Organics). Trifunctional homo-
polymer of hexamethylene diisocyanate was purchased from Bayer
MaterialScience (Pittsburgh, PA, USA) and used as received. The
other chemicals and solvents were purchased from Sigma-Aldrich.
All chemicals were used as obtained, unless otherwise specified.

Methods

The optical images were obtained with an upright optical microscope
(Nikon Eclipse Ni-U). Infrared spectra were recorded on a Fourier
transform infrared spectrometer (PerkinElmer Spectrum Two,
equipped with a Universal ATR sampling accessory and diamond
crystal; PerkinElmer Instruments, The Netherlands). Transmission
spectra were recorded at room temperature in the range from 4000
to 650 cm ™ at a resolution of 4 cm™* and with an accumulation of
16 scans. A sample of free-standing siloxane oligomer film was
placed on the crystal. To achieve good contact between the sample
and the crystal, force was applied on top of the sample. The semi-
crystalline properties of the elastomers were examined under a po-
larizing optical microscope (Carl Zeiss microscope, Axioplan2
imaging) and an x-ray diffraction analysis instrument (Bruker AXS,
D2 PHASER). Photographs of the membrane were taken using a
digital camera (Nikon DSVR). The healing process was recorded
with an upright optical microscope (Nikon Eclipse Ni-U). Mechanical
tensile stress tests were performed using INSTRON-5566 based on
the ASTM D2256 standard. For mechanical tensile stress tests, a
sample size of 40 mm length x 5 mm width x 2 mm height, a gauge
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length of 10 mm, and a strain rate of 10 mm min~" were adopted.
The test was repeated at least three times, and the average values
were recorded. Young’s modulus was determined from the initial
slope of the stress-strain curves. Dynamic mechanical analysis (DMA)
was conducted with TA instruments (Q800 DMA). For self-healing
tests, the polymer film was crosscut and then heated at 90°C for
15 min for healing. Depth-sensing indentation measurements were
performed by indentation at room temperature with a maximum
depth of 1100 nm at a loading and unloading rate of 1100 nm min ™",
Before each measurement, a height calibration of the local sample
surface was performed. Unloading curves were used to determine
the elastic modulus according to the Oliver and Pharr model using
CSM nanoindentation software (56). Contact angle and CAH mea-
surements were carried out with OCA 20 equipment (Data Physics,
Germany) under ambient conditions. To measure the CAH, the
surface was tilted with respect to the horizontal plane until the lig-
uid droplet started to slide along the surface. Then, advancing (8ady)
and receding (Ogec) contact angles were measured by a single 10-ul
droplet of liquid with tilt angles of less than 10° unless otherwise
specified. Each reported contact angle or CAH was an average of
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at least 10 independent measurements. XPS was performed with a
Scanning Auger XPS (PHI5802). AFM measurements were performed
on a bioscope catalyst AFM (Bruker) using SizNy tips (DNP-B,
Bruker) in the PeakForce quantitative nanomechanical property
mapping mode. For shear strength tests, the siloxane oligomer
grind was heated to yield a viscous material, subsequently deposited
onto a substrate. The deposition area was fixed as 1.00 cm?. After
the deposition, another substrate was used to hot-press the deposited
siloxane oligomer material. The thickness of the supramolecular
polymer between the two substrates was 0.2 mm. The shear strength
tests were performed with INSTRON-5566. The two substrates
adhered between two fixtures in a vertical direction. The strain rate
applied was 10 mm min~', and the data were recorded in real time.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/11/eaaw5643/DC1

Fig. S1. Mechanical properties of siloxane oligomer materials with different MWs.

Fig. S2. Structures of siloxane oligomer materials with different MWs.

Fig. S3. Full ATR-IR spectra of different parts in DOSS coatings.

Fig. S4. Surface chemistry of the surface layer of DOSS coatings.
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Fig. S5. Surface chemistry of the interior section of DOSS coatings.

Fig. S6. Surface chemistry of the bottom layer of DOSS coatings.

Fig. S7. Morphologies of different parts in DOSS coatings.

Fig. S8. Application of siloxane oligomer materials as adhesive materials.

Fig. S9. Oil repellency and contact angle/CAH values of DOSS coatings with different MWs.

Fig. $10. Surface chemistry of the surface layer of DOSS coatings with MW of ~3000.

Fig. S11. Surface chemistry of the surface layer of DOSS coatings with MW of ~5000.

Fig. S12. Morphologies of the surface layers in DOSS coatings with different MWs.

Fig. $13. Stability of DOSS coatings.

Fig. S14. Self-healing properties of the DOSS coatings (~870-MW siloxane oligomers) in
different healing conditions.

Table S1. Mechanical properties of DOSS coatings with different MWs.

Table S2. Assignment of the feature ATR-Fourier transform infrared bands of the spectra of the
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