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ABSTRACT: A facile synthetic strategy for introducing
catecholic moieties into polymeric materials based on a readily
available precursor (eugenol) and efficient chemistries [tris-
(pentafluorophenyl)borane-catalyzed silation and thiol−ene
coupling] is reported. Silyl protection is shown to be critical
for the oxidative stability of catecholic moieties during
synthesis and processing, which allows functionalized poly-
siloxane derivatives to be fabricated into 3D microstructures as
well as 2D patterned surfaces. Deprotection gives stable catechol surfaces whose adhesion to a variety of oxide surfaces can be
precisely tuned by the level of catechol incorporation. The advantage of silyl protection for catechol-functionalized polysiloxanes
is demonstrated and represents a promising and versatile new platform for underwater surface treatments.

■ INTRODUCTION

The harsh aqueous environments endured by different marine
species have inspired the development of a range of synthetic
materials based on the functional groups/nanostructures1,2 and
assembly processes3,4 present in the natural systems. This is
especially true for adhesive proteins derived from marine
fouling organisms (e.g., mussels, hydroids, and tubeworms),
which have attracted considerable interest because of their rapid
and strong binding to nearly all surfaces.5−7 A key chemical
functionality present in the adhesive proteins of mussels and
sandcastle worms is the amino acid 3,4-dihydroxy-L-phenyl-
alanine (DOPA),8,9 the catecholic moiety of which has an
attractive and diverse range of chemistries, including (a) the
formation of strong coordination complexes with diverse metal
ions, (b) the ability to undergo covalent cross-linking, (c) rich
oxidation/reduction chemistry, and (d) a variety of energetic
surface interactions.10−14 Mussels appear to have spatial control
over all four of the above features within their adhesives,11,15−17

but with the exception of adhesion to living tissues, most efforts
using synthetic catechol-functionalized polymers have been
stymied by the oxidative instability of unprotected catechols in
the neutral to basic pH range. Our goal was to develop a
strategy that overcomes this instability, thereby enabling the
preparation of a diverse range of two-dimensional (2D) and
three-dimensional (3D) features for demanding underwater
applications.

Synthetically, the strategy relies upon the preparation of
catechol-functionalized polyorganosiloxanes (alternatively
called silicones or polysiloxanes) from readily available building
blocks that are designed to serve as broadly applicable and
cross-linkable artificial adhesives. Silicones, as a general class of
materials, are ubiquitous in technology, with applications
ranging widely from electrical materials to biomaterials as a
result of their unique properties, such as low glass transition
temperatures, low surface energies, transparency, good thermal
and oxidative stability, low moduli, high flexibility, and excellent
moldability.18−23 Although polysiloxanes are capable of
molding and patterning as cross-linked microstructures, their
inherently low mechanical and antiadhesive properties, as well
as side reactions that occur during traditional thermal curing
processes, pose complications for their use as catechol-based
wet adhesive materials. Lee and co-workers reported poly-
siloxane structural pillars having wet/dry adhesiveness resulting
from a coating of an adhesive polymer onto prefabricated
polysiloxane pillars inspired by gecko and mussel24 biological
nanostructures. While this method forms polysiloxane arrays
that are useful for a reversible wet/dry adhesive, it is costly and
complicated, requiring the formation of nanostructured
polysiloxanes through electron-beam lithography followed by
coating with underwater adhesive polymers. Of particular note
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is the care that must be taken to prevent catechol oxidation,
which significantly undermines the polymer adhesion.25,26

Our strategy overcomes these issues by employing a
common building block, eugenol (the active ingredient of
clove oil, which is readily available in large quantities), and two
efficient and orthogonal react ions , namely , tr is -
(pentafluorophenyl)borane (TPFPB)-catalyzed silation and
thiol−ene coupling, to prepare adhesive catechol-functionalized
polysiloxanes. In turn, this new class of marine-inspired
adhesive polysiloxanes has a number of advantages, including
ease of synthesis, versatility, and inherent stability, with the
resulting air- and moisture-stable materials being activated
through a simple deprotection process. The first enabler in our
strategy, the TPFPB-catalyzed silylation, has been used for
hydrosilylation of various nucleophilic groups,27−35 including
ethers, and is highly efficient and insensitive to moisture.36−38

Moreover, the orthogonal reactivity of TPFPB allows the facile
one-step transformation of eugenol into a reactive, bis-silyl-
protected DOPA mimic. The silyl protecting groups are key to
maintaining the stability of the catechol unit throughout the
thiol−ene polymer functionalization, processing, and subse-
quent cross-linking reactions. Moreover, these silyl protecting
groups serve to provide a long shelf life to the assembled
materials but can be selectively removed under mild acidic or
basic conditions, such as during conventional contact printing
strategies, essentially activating the adhesive properties just
prior to use.
The second enabler is the thiol−ene reaction, which allows

the attachment of the protected eugenol moieties to the
polymer backbone. Significantly, this reaction proceeds in high
yields with tolerance for various functional groups even under
solvent-free conditions, and it has been widely used for the
modification of polymers,39−44 thin-film fabrication,45−47 and
dendrimer synthesis.39,48,49 Because of its high efficiency and
simplicity, the thiol−ene reaction is an ideal partner for
quantitative functionalization of the siloxane backbone and
subsequent preparation of thin films and functionalized
polymers.50−52

Herein we demonstrate the preparation of novel bioinspired
polysiloxanes with controlled catechol functional group
incorporation through facile and efficient chemistry. These
building blocks are then used to fabricate 3D microstructures
with tunable adhesion and high stability due to the suppression
of oxidative side reactions of the key catechol units.

■ RESULTS AND DISCUSSION

The investigation of marine organisms has provided insights
into the design criteria needed for the preparation of synthetic
underwater adhesive polymers. First of all, the synthetic
materials should have unoxidized catecholic moieties for
adhesion, and the concentration of catecholic moieties should
be adjustable to mimic the various adhesive proteins of marine
organisms and, conversely, various potential applications.
Second, facile fabrication strategies for both surface mod-
ification and the construction of 3D microstructures are highly
desirable. In addition, minimal loss of material through
solubilization in the surrounding aqueous solution is required
for the molded structures to endure, necessitating a degree of
hydrophobicity. Lastly, simple protection and deprotection
methods are desired to prevent premature oxidation of the
catecholic moieties during synthesis and storage of the
synthetic adhesive materials. Traditionally, during synthesis
and processing catecholic units are prone to be oxidized to o-
quinone groups, which then undergo secondary reactions with
nucleophiles such as amines, thiols, and other catechols, causing
extensive cross-linking and aggregation that result in reduced
adhesion and poor performance. To address these challenges,
silyl-protected catechol (SPC)-functionalized polysiloxanes,
employing eugenol as a naturally derived and economically
viable precursor, were prepared, and their fabrication into thin
films and microstructures was studied.
The synthetic strategy for the key silyl-protected catecholic

intermediate, 3, and the corresponding SPC-functionalized
polysiloxane, 5, is illustrated in Scheme 1. Hydrosilylation of
both the phenolic and methyl ether units of eugenol (1) was
achieved through a one-pot transformation catalyzed by TPFPB
in the presence of triethylsilane (2). The reaction of 1 and 2
proved to be facile at room temperature under ambient
conditions, with complete consumption of starting materials
occurring within 10 min. The crude silyl-protected derivative 3
was then filtered through neutral alumina to remove the
TPFPB, giving 3 as a pure product in quantitative yield without
any need for further purification. Auspiciously, 3 retains the
terminal alkene group of 1, which can be used as a reactive
handle for attachment to a wide variety of polymer backbones
through thiol−ene chemistry. With commercially available
poly[(mercaptopropyl)methylsiloxane] (PMMS, 4) (Scheme
1) as the thiol-functionalized siloxane precursor, polymers
functionalized with SPC units could be routinely prepared with
varying levels of SPC incorporation (5−50 mol %). Because of
the facile nature of this chemistry, photoirradiation of a neat
mixture of 4, varying mole percentages of silyl-protected

Scheme 1. Synthesis of Silyl-Protected Catecholic Derivative 3 and Reactive Silyl-Protected Catechol (SPC)-Functionalized
Polysiloxane Building Block 5
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catechol 3, and 2,2-dimethoxy-2-phenylacetophenone (DMPA)
at room temperature for 30 min resulted in quantitative
incorporation of the protected catechol, allowing the percent
SPC incorporation to be controlled simply by varying the ene/
thiol feed ratio (Figure 1b). It should be noted that all of the
SPC-functionalized polymers were stable and could be kept
under ambient conditions for weeks or stored at 0 °C for
months without any observable degradation.
Figure 1a displays the 1H NMR spectra for a series of SPC-

functionalized polysiloxanes, which clearly exhibited unique
resonances for each repeat unit that allowed the calculation of
the percent incorporation of the SPC units as a function of the
feed ratio. While the PMMS backbone could be fully
functionalized with catecholic units (100 mol %), the highest
loading used for this study was 50 mol %. In comparison,
naturally occurring mussel foot protein 5 (mfp-5) of the Mytilus
genus, which contains the highest DOPA loading found in
nature, has a ∼30 mol % loading of DOPA units along the
backbone.53 From a total catechol concentration viewpoint, the
polymers in this study are therefore good analogues of those
employed by a wide range of marine organisms. Indeed, there
are no other reports of polymers functionalized with catecholic
moieties to 50 mol % levels, presumably because of oxidative
instability and uncontrolled cross-linking. Notably, the silyl
protecting groups were stable throughout the synthesis and
handling of these materials (as indicated by the resonances at
0.98 and 0.74 ppm in the 1H NMR spectra), and their presence
ensured that the catechol groups would not participate in any
undesirable, premature adhesion and would be stable toward
unwanted side reactions involving oxidative pathways.
The availability of SPC-functionalized polysiloxanes bearing

both protected catechol and unreacted thiol groups presents a
stable and highly functional platform for the fabrication of
cross-linked microstructures. We were particularly interested in
the generation of micropillar arrays using imprint lithography
and the measurement of adhesive forces with a modified atomic
force microscopy (AFM) strategy. A liquid prepolymer mixture

of the SPC-functionalized PMMS 5, triallyl cyanurate (TAC),
dimethacrylate of ethoxylated bisphenol A (BPADMA), and
DMPA was therefore applied to a patterned soft-imprint mold
and cured through UV irradiation (λ = 365 nm, 4.6 mW cm−2)
for 4 min under ambient conditions (Figure 2b). This soft mold

was prepared from a hard Si master through soft-imprint
lithography methods using thiol−ene chemistry50 (see
Supplementary Figure S2 in the Supporting Information).
The photocured SPC-functionalized polysiloxane-based replica
film was then easily peeled from the soft mold. To ensure that a
uniform contact area would be measured in each case, the
pillars were designed with dimensions smaller than the contact
area of the tipless AFM cantilever (100 μm length × 13.5 μm
width) and with sufficient spacing between pillars to ensure that

Figure 1. Characterization of the level of catechol incorporation for the SPC-functionalized polysiloxanes. (a) 1H NMR spectra of SPC-
functionalized polysiloxanes with different mole percentages of silyl-protected catecholic units attached. All of the spectra were normalized to the
intensity of the Si methyl resonance at ca. 0.1 ppm. (b) Plot of the catechol/Si methyl (C/A) 1H NMR integral ratio vs the catechol/thiol repeat unit
feed ratio.

Figure 2. Process for fabrication of microstructures using SPC-
functionalized polysiloxane and imprint lithography. (a) Fabrication of
the soft-imprint mold. (b) Casting of a mixture of SPC-functionalized
polysiloxane and alkene cross-linkers onto the patterned soft-imprint
mold with subsequent photocuring. (c) Removal of the mold to give
SPC-functionalized polysiloxane-based microstructures.
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the contact adhesion of a single pillar would be measured.
Figure 3a shows a representative scanning electron microscopy
(SEM) image of the fabricated microstructures based on SPC-
functionalized polysiloxane-based materials with a pillar
diameter of 5 μm and a height of 10 μm (2:1 aspect ratio).
To demonstrate the ability to fabricate microstructures with

photocured SPC-functionalized polysiloxane-based materials
while retaining and tuning their adhesive properties, surface
forces were measured in aqueous solutions using an AFM
system coupled with a tipless cantilever (Si3N4). The cantilever
was coated with a 10 nm thick layer of TiO2 by e-beam
evaporation of Ti followed by O2 plasma treatment. The oxide
surface then provided specific and reversible binding with the

catecholic moieties on the surface of the photocured SPC-
functionalized microstructures/films.54 After the TiO2 coating
was applied, the spring constant of each cantilever was
calibrated on the basis of its thermal vibration factor before it
was used to measure adhesive force. In a typical adhesion
experiment, the tipless cantilever first approached the wet
surface of the film/microstructure, and then the retracting force
was measured as a function of extension during separation. The
force measurements were performed in aqueous solution
buffered at pH 3.0 in order to deprotect the SPC units at the
surface of the photocured polysiloxane-based films.
Following initial experiments with microstructures having

different contact areas (i.e., 5, 10, 20, and 50 μm diameter

Figure 3. Measurement of adhesive force for fabricated microstructures based on catechol-functionalized polysiloxanes after deprotection. (a) SEM
images of fabricated microstructures (5 μm diameter, 10 μm height, 2:1 aspect ratio). (b) Plot of adhesive force vs concentration of catechol units in
the starting polysiloxane. (c) Histogram of adhesive force vs concentration of catechol units in the starting polysiloxane. (d) Representative force−
distance curves of fabricated microstructures incorporating different concentrations of catechol from 0 to 20 mol %.

Figure 4. (a) SEM image of a patterned catechol-functionalized polysiloxane film: (A) catechol-functionalized polysiloxane areas; (B) Ti/Au metal-
coated areas. (b) Measured adhesive force vs position on the wafer.
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pillars), it was determined that 5 μm pillars were best suited for
the measurable range of adhesion values based on the AFM
strategy described above (see Supplementary Figure S6). In
addition, to demonstrate the correlation between the adhesive
force and the concentration of catecholic moieties, five different
concentrations (0, 5, 10, 15, and 20 mol %) of silyl-protected
catecholic moieties were examined. Significantly, the mean
values and standard deviations of single-pillar adhesive forces
were found to vary from 9.8 to 83 nN as the concentration of
catechol was varied from 0 to 20 mol % (Figure 3b,c). The
linear relationship between adhesive force and concentration of
catechol units clearly demonstrates the power of this strategy to
synthesize and functionalize the surface of cross-linked films
with a defined number of catechol moieties in order to
modulate physical properties, analogous to marine organisms
and the various proteins they produce.17 The representative
force−distance curve is shown in Figure 3d, in which the
adhesive force was determined from an average of 60 curves.
To demonstrate further the utility of SPCs as building blocks

for adhesive materials, continuous polysiloxane-based films
were patterned by coating with metal (Au on Ti) films
deposited by e-beam evaporation using transmission electron
microscopy (TEM) grids as a shadow mask. Figure 4a shows an
SEM image of a patterned polysiloxane/metal film, in which
dark regions (A) are the thiol−ene-derived films with catecholic
moieties and bright regions (B) are the areas covered with
evaporated metal. As the tipless AFM cantilever was moved
across the surface, a dramatic change in adhesive force was
observed as the surface changed from catechol (ca. 60 nN) to
metal (<5 nN), exactly correlating with the patterned areas
(Figure 4b). This is a further indication of the specific and
reversible interaction of the oxide cantilever surface with the
catechol groups. While these results were obtained using thin
films containing 15% catechol groups, it should be noted that
similar differential adhesion was observed for other patterned
films with different catechol loadings. These results also
demonstrate the versatility and robustness of SPC moieties,
as the adhesive properties of the final films were not changed
during micropatterning, which employed harsh metal deposi-
tion techniques. Attempts to perform the same experiments
with unprotected catechol groups or after deprotection of the
SPC units were not successful, presumably because the catechol
units underwent unwanted oxidation/side reactions during
patterning, processing, or deposition.
The tunable building-block nature of the materials described

above, coupled with the oxidative stability of the silyl-protected
catechol groups, now permits a wide range of formats and
functions to be developed for these systems, which in turn
allow control over macroscopic properties such as adhesion. To
illustrate these features, applications of these materials as
bioinspired underwater adhesives and as active surfaces for
capturing/retaining oxide particles were investigated.
A simple, quantitative strategy was therefore developed

through a combination of soft-imprint lithography55 and
transfer printing56,57 to investigate the 3D assembly and
adhesion of microparticle-based oxide superstructures. The
design of these experiments allowed many aspects of the power
of this protected catechol strategy to be illustrated, such as the
stability of the SPC units during processing and 3D fabrication
and the ability to control the assembly of complex micro-
structures through predefined adhesion properties.58 It should
also be noted that this 3D assembly strategy represents a
variation of the recent subtractive patterning via chemical lift-off

lithography developed by Weiss and Andrews. In this strategy,
strong reversible interactions (catechol−oxide) are exploited
for lift-off in comparison with covalent (Si−O) bonding.59 As
shown schematically in Figure 5, arrays of microstructured

pillars were brought into contact with oxide particles supported
on a solid substrate, and as a result of the lower modulus of the
polymeric pillars, these particles were transferred to the tops of
the pillars after lift-off. Sonication and extensive washing then
provided a quantitative analysis of the adhesion between the
particle and the pillar. First, arrays of pillars (10 μm diameter ×
20 μm height; Figure 6b) were prepared using SPC-
functionalized polysiloxanes with a 20% catechol loading. The
silyl protecting groups were then removed by acidic hydrolysis,
and a layer of silica particles was transferred to the top surface
(Figure 6c). As a control, the same assembly was fabricated
using pillars from which the silyl protecting groups were not
removed (Figure 6d). Significantly, after sonication and
washing of the surfaces, the silica particles remained strongly
attached to the tops of the pillars only in the case of the
deprotected materials, where there was a direct interaction
between the oxide surface of the particles and the catechol units
of the pillars (Figure 6e). In direct contrast, the silica particles
were easily and completely dislodged from the tops of the
pillars made using the silyl-protected system (Figure 6f).
A further demonstration of the biomimetic nature of this

system was obtained from the fabrication of metal oxide particle
assemblies on the surfaces of flexible films. In this example,
continuous films were prepared from the SPC-functionalized
polysiloxane-based thiol−ene mixture followed by photo-cross-
linking, and the silica particles were transferred by contact
printing between an “inked” conventional polydimethylsiloxane
(PDMS) elastomeric stamp and the adhesive surface. With this
approach, various patterns of silica microparticles were easily
assembled on the adhesive catechol surfaces (Figure 7) with
strong anchoring that resisted washing and sonication.

■ CONCLUSION
The importance of silyl protection in the synthesis, processing,
and utilization of catechol-based materials has been demon-
strated through the development of a facile and efficient
strategy for the preparation of polysiloxane derivatives. These

Figure 5. General strategy for qualitative testing of the adhesion of
silica particles to functionalized siloxane-based micropillars. (a)
Preparation of silica-particle-coated Si substrate. (b) Fabrication of
SPC-functionalized polysiloxane-based microstructures and activation
of catechol. (c) Stamping of activated catechol-functionalized
polysiloxane-based microstructures on coated silica particles. (d)
Removal of the catechol-functionalized polysiloxane-based film from
the Si substrate.
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silyl-protected catechol (SPC)-functionalized polysiloxanes
were fabricated into a variety of 2D and 3D patterned surfaces
using thiol−ene chemistry with straightforward pH-activated,
catechol-mediated adhesion. Significantly, the adhesion was
tunable by simply increasing or decreasing the concentration of
protected catechol units along the polysiloxane backbone. A

key feature of these SPC-functionalized materials is their
oxidative stability, which is not affected by processing or
fabrication procedures and provides long shelf life under
ambient conditions. The user-friendly nature of their synthesis
and subsequent activation chemistry makes these SPC-
functionalized polysiloxanes a promising and versatile new
platform for underwater surface treatments, including paints,
coatings, adhesive tapes, and glues.
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