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Highly oxidation-resistant imidazolium-modified
catechol for stable wet adhesion under alkaline
conditions
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Premature oxidation of catechol drastically reduces its adhesion strength and utility. This study chemically

linked catechol to an imidazolium group, which functioned as an intrinsic protecting group that retarded

catechol oxidation and enabled stable wet adhesion under basic conditions. Johnson–Kendall–Roberts

(JKR) contact mechanical testing was performed to determine the work of adhesion (Wadh) of

imidazolium-modified catechol (VIMCAT), which remained unchanged for up to 48 hours when incubated

at pH 7.4. Contrastingly, Wadh values of unprotected catechol were quickly reduced by over 25% within 30

minutes. VIMCAT still retained its initial adhesion strength even after incubation at pH 9 for over 2 hours.

Electron spin resonance (ESR) and ultraviolet-visible (UV-vis) spectra confirmed that VIMCAT resisted

conversion to quinone under alkaline conditions. VIMCAT is intrinsically more resistant to oxidation as

demonstrated by a higher anodic potential observed from the cyclic voltammetry (CV) experiment and a

lower highest occupied molecular orbital (HOMO) energy level calculated using density functional theory

(DFT) analysis when compared to unmodified catechol. The direct conjugation of imidazolium with

catechol offers a metal-free and intrinsically stabilizing molecular design for a high-performance adhesive

polymer, capable of long-term operation in alkaline environments.

Introduction

The outstanding underwater adhesion of mussels has
inspired the development of functional adhesive materials
over the past decades.1,2 Mussels secrete adhesive proteins
that are rich in the catecholic amino acid, 3,4-dihydroxy-L-
phenylalanine (DOPA), which enables these mussel foot
proteins (mfps) to bind to wide ranges of wet surfaces.3,4

Catechol engages in multiple interfacial and intermolecular
interactions such as hydrogen bonding, metal coordination,
π–π stacking and π–cation interactions, which impart
catechol-conjugated polymers with strong adhesive
properties.5 Many researchers have created catechol-
functionalized adhesives and coatings for many applications,
ranging from cell encapsulation and delivery, adhesive
hydrogels for localized immunomodulation, to non-cytotoxic
wound closure tapes.6–8 However, the adhesive property of
catechol drastically decreases upon autoxidation in neutral to

basic pH conditions.9,10 This decrease in adhesion and
premature oxidation greatly limit the utility of catechol-
containing adhesives. While the formation of transient
complexes with boronic acid and metal ions such as Fe3+ or
Al3+ can temporarily stabilize catechol against oxidation,11–14

these approaches only provide temporary protection and
adhesion strength of the protected catechol is diminished.15

Therefore, more effective strategies are needed to prevent
catechol oxidation while maintaining its adhesive
functionality.

Natural mfps found at the adhesive-surface interface (e.g.,
mfp-3 and mfp-5) remained highly adhesive despite the
alkaline nature of seawaters (pH 7.5 to 8.5).16,17 These
proteins contain a large abundance of lysine residues, which
enables cation–π complexation between the positively
charged lysine and the electron-rich catechol groups.18 The
cation pulls electron density away from the aromatic ring,19,20

making the catechol moiety more resistant to oxidation.
Synthetic analogues that combined catechol with a cationic
functional group have demonstrated reduced rate of catechol
oxidation.21–24 Similarly, chemical modification of catechol
with an electron-withdrawing group (EWG) has also increased
the oxidation resistance of catechol.25–28 The EWG pulls
electrons from the phenol moiety through resonance and
inductive effects, which increases the oxidation potential of
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catechol.29 However, these studies have only demonstrated
short-term stability in preserving the adhesive property of
catechol (e.g., up to 30 minutes at pH 7) and catechol quickly
oxidized at elevated pH levels.21,30 Thus, a longer-lasting and
stable adhesive analogue with improved oxidation resistance
will be needed to improve the utility and flexibility in
utilizing catechol as the adhesive moiety.

In this work, we explored the effect of imidazolium-
catechol conjugation on the oxidation resistance and
adhesion preservation of catechol under basic conditions
(Scheme 1). Direct coupling of the electron-poor imidazolium
to catechol provides an electron-withdrawing effect on the
catechol group.31,32 Additionally, the positively charged
imidazolium group can form cation–π interaction with
catechol and provide an additional electron-withdrawing
effect on the catechol group.33,34 π–π interactions between
the imidazolium ring and aromatic ring of catechol can also
provide added protection. The cationic ring acts as a π

acceptor to form π+–π electron donor–acceptor interactions
with the electron-rich aromatic ring of catechol functioning
as the π donor.35,36 Imidazolium-based ionic liquids have
also been reported to promote polyphenol extraction
potentially through enhancing the stability of the
polyphenols.37–39

Inspired by these findings, we functionalized catechol
with an imidazolium group to mitigate catechol oxidation
and to preserve its adhesive property under alkaline pH
conditions. We synthesized a polymerizable monomer
consisting of a vinyl imidazolium group and a catechol
moiety abbreviated as VIMCAT (Scheme 1b) and
copolymerized it with 2-methoxyethyl acrylate (MEA) to form

an adhesive polymer, P(MEA-co-VIMCAT). Catechol
containing monomer, dopamine methacrylamide (DMA), and
polymer (P(MEA-co-DMA)) were utilized as the controls. The
effect of prolonged incubation (0.5 to 72 hours) in a
solution with an alkaline pH (pH 7.4, 8, 8.5 and 9) on the
adhesive property of P(MEA-co-VIMCAT) was evaluated
through Johnson–Kendall–Roberts (JKR) contact mechanics
testing using four different surface substrates: borosilicate
glass (SiO2), amine-functionalized glass (NH2), titanium (Ti),
and polystyrene (PS). Complementary characterization
techniques, including electron spin resonance (ESR) and
ultraviolet-visible (UV-vis) spectroscopy were employed to
elucidate the oxidation state of imidazolium-modified
catechol. Cyclic voltammetry (CV) and density functional
theory (DFT) simulations were employed to evaluate the
redox potential of catechol as a result of imidazolium
conjugation.

Results and discussion
Synthesis and characterization of VIMCAT and adhesive
polymers

VIMCAT was synthesized through a one-step Menshutkin
reaction to obtain a polymerizable monomer bearing vinyl,
imidazolium chloride, and catechol moieties (Fig. S1). The
reaction proceeded with an excellent yield exceeding 90%.
Proton nuclear magnetic resonance (1H NMR) spectroscopy
confirmed the expected chemical structure of VIMCAT,
including the imidazolium ring (9.53, 8.32 and 7.87 ppm),
benzene ring (7.50, 7.48, and 7.46 ppm), phenolic hydroxyl
group (10.41 and 9.68 ppm), and vinyl protons (6.02, 5.99
and 5.47 ppm) (Fig. S2). The FT-IR spectrum of VIMCAT (Fig.
S3) displays a peak at 1161 cm−1 corresponding to C–N
stretching of the imidazolium ring, confirming successful
quaternization. A broad absorption between 3243–3515 cm−1

is attributed to O–H stretching vibrations from the catechol
group. Linear adhesive copolymers were subsequently
synthesized via thermally initiated free-radical polymerization
using MEA as the backbone monomer and either VIMCAT or
DMA as the adhesive comonomer. The copolymer
compositions, determined from 1H NMR integration,
revealed consistent molar ratios of MEA to adhesive
monomer (10 : 1) in both adhesive polymers (Fig. S4 and S5).
The resulting polymers were designated as P(MEA-co-
VIMCAT) and P(MEA-co-DMA), respectively.

GPC analysis showed that P(MEA-co-VIMCAT) possessed a
substantially higher M̄n (274.2 kDa) compared to P(MEA-co-
DMA) (7.3 kDa) (Table S1 and Fig. S6). The polydispersity
index (Đ) values were 4.7 and 3.0 for P(MEA-co-VIMCAT) and
P(MEA-co-DMA), respectively. The markedly lower molecular
weight of P(MEA-co-DMA) is attributed to the partial
inhibition of radical polymerization by the unprotected
catechol groups.40 The catechol sidechain possesses a strong
radical-scavenging ability, reducing effective chain
propagation and resulting in shorter P(MEA-co-DMA) chains.
In contrast, the radical-scavenging ability of the VIMCAT is

Scheme 1 (a) The imidazolium cation engages in multiple stabilizing
interactions with the catechol group, including electron-withdrawing
effect through direct conjugation as well as cation–π and π–π

interactions. These interactions enhance the oxidation resistance of
catechol. Chemical structures of (b) VIMCAT, (c) P(MEA-co-VIMCAT),
(d) DMA and (e) P(MEA-co-DMA).
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attenuated by the presence of the imidazolium moiety,
leading to a weaker inhibitory effect on free-radical chain
growth. Additionally, imidazole-based monomers are highly
reactive and often results in polymers with elevated
molecular weights.41,42 As a result, chain propagation is more
favorable, ultimately yielding P(MEA-co-VIMCAT) with a
significantly higher molecular weight than P(MEA-co-DMA).
However, the elevated reactivity of imidazole-based
monomers often results in uneven chain growth and large Đ
values using conventional free radical polymerization
approach.41,42

Nevertheless, the adhesive monomer content in both
copolymers was identical based on 1H NMR (Fig. S4 and S5),
suggesting that molecular weight differences would not
significantly affect the interfacial bonding energy measured
using JKR contact mechanics testing.43 Unlike bulk adhesion
tests (e.g., lap shear test) where the mechanical property and
the performance of the adhesive is highly dependent on the
molecular weight of a polymer,44 JKR contact mechanics test
probes the interfacial binding interactions between the
adhesive coating and the contacting surface with minimal
contribution from the bulk cohesive properties.45

Adhesion testing using JKR contact mechanics test setup

JKR contact mechanics test was utilized to determine the
work of adhesion (Wadh) between a borosilicate glass surface
and the adhesive coating wetted by a buffer solution (Fig. 1,
S7 and S8). To investigate the effect of solution pH on the
adhesive property of catechol, adhesive coatings were
incubated for 0.5 to 72 hours in solutions buffered at pH 7.4,
8, 8.5 and 9.0 prior to adhesion contact. For P(MEA-co-
VIMCAT), Wadh values averaged around 1.0 J m−2 after 30
minutes of incubation regardless of the pH of the buffer.
When incubating at pH 7.4, Wadh values did not change for
over 48 hours and the value did not decrease until the 72-
hour time point. When the pH of the buffer was increased,
Wadh values started to decrease at an earlier time point.
However, P(MEA-co-VIMCAT) still demonstrated remarkable
resistance to autoxidation and was able to maintain its initial
Wadh values for 24, 4, and 2 hours when incubated at pH 8,
8.5, and 9, respectively. Adhesion results for P(MEA-co-
VIMCAT) demonstrated the exceptional stability of catechol
when tethered to an imidazolium group.

In contrast, P(MEA-co-DMA) exhibited rapid loss of
adhesion under basic conditions. For comparison purposes,
Wadh values were compared with P(MEA-co-DMA) incubated
at pH 3 (Wadh = 0.95 ± 0.06 J m−2) to provide the adhesive
property of the unoxidized form of catechol.46 This Wadh

value is comparable with that of initial value for P(MEA-co-
VIMCAT) (1.0 J m−2), which confirmed that molecular weight
of the polymers had minimal impact in the measured values.
The Wadh values of P(MEA-co-DMA) decreased progressively
with increasing pH, showing a decrease of 23%, 61%, 78%,
and 79% after exposure to pH 7.4, 8.0, 8.5, and 9.0,
respectively, for merely 30 minutes. This rapid decrease in

adhesion is consistent with the well-established autoxidation
of catechol at neutral to basic pH.37 Within only 2 to 4 hours
of incubation, Wadh values have decreased by more than 90%

Fig. 1 Wadh of (a) P(MEA-co-VIMCAT) and (b) P(MEA-co-DMA)
contacting borosilicate glass after the adhesive coatings were
incubated for different amounts of time at different pH levels. Dashed
line in (b) corresponds to P(MEA-co-DMA) tested after 1 hour
incubation in pH 3. %,$,*,#P < 0.05 when compared to the initial Wadh

measured at pH 7.4, 8, 8.5, and 9, respectively. (c) Wadh of P(MEA-co-
VIMCAT) and P(MEA-co-DMA) when contacting different surfaces
before and after incubation at pH 7.4 buffer for 24 hours. For P(MEA-
co-VIMCAT), the initial value was obtained after 1 hour of incubation at
pH 7.4. For P(MEA-co-DMA), the initial value was obtained after 1 hour
of incubation at pH 3. *P < 0.05 when compared to the initial
adhesion.
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and remained at this low level thereafter, indicating near-
complete deactivation.

To examine the interfacial bonding behavior of P(MEA-co-
VIMCAT) with various types of surfaces, four different surface
substrates (SiO2, Ti, NH2, and PS) were brought into contact
with the adhesive coating (Fig. 1c, S9 and S10). Initially, both
polymers exhibit strong adhesion to all four surfaces through
interfacial hydrogen bonds (SiO2 and NH2), metal
coordination bonds (Ti), and π–π interaction (PS).46,47 After
24 hours of incubation at pH 7.4, P(MEA-co-VIMCAT) retained
its initial Wadh values across all the substrates tested,
demonstrating excellent chemical stability and wet adhesion.
On the other hand, P(MEA-co-DMA) exhibited complete loss
of adhesion to all substrates after 24 hours of incubation at
pH 7.4. Although in situ oxidization of catechol promote
Schiff-base and Michael addition reactions with primary
amine groups, the amine-coated surface was brought into
contact with P(MEA-co-DMA) after it had been incubated in
pH 7.4 solution for 24 h and had ceased to be reactive. While
the adhesion between catechol and PS occurs primarily
through π–π interaction, P(MEA-co-DMA) demonstrated weak
adhesion to PS after 24 hours of incubation. This observation
suggests the autoxidation of catechol to quinone with a
conjugated cyclic dione structure that cannot effectively
engage in π–π interaction with PS.48 This result further
confirms that the loss of adhesion originates from the
oxidation of catechol moieties in P(MEA-co-DMA).

The adhesion results underscore the stabilizing effect of
imidazolium in preserving catechol's adhesive properties.
While the imidazolium protection is temporary, it
significantly retarded the rate of catechol oxidation when
compared to the unmodified catechol and prolonged
adhesive functionality under basic conditions. Cationic
functional groups have previously been reported to promote
interfacial bonding to negative charged surfaces.24,25,48 The
pKa values for silica vary from 4.5 to 8.5 depending on the
arrangement of the SiOH surface,49–51 and the SiO2 surface
will carry negative charges at the pH ranges tested in our
experiments. However, the initial Wadh values for P(MEA-co-
VIMCAT) and P(MEA-co-DMA) are comparable and Wadh

values decreased over time, which indicates that catechol
moieties contributed the most towards interfacial bonding
behavior in our system.

Chemical analysis on the oxidation state of catechol

The oxidative stability of catechol was assessed using ESR
with 5,5-dimethylpyrroline N-oxide (DMPO) as a spin-
trapping agent (Fig. 2). For VIMCAT, no detectable signals
corresponding to semiquinone or quinone species were
observed for the first 4 hours of incubation at pH 9,
indicating a pronounced delay in the onset of oxidation. The
combined signal for semiquinone and quinone was not
observed until after 6 hours of incubation.52,53 For DMA,
distinct ESR signals corresponding to semiquinone radicals
appeared immediately after incubation in a pH 9 buffer.54

The signal intensity increased over time with the appearance
of quinone peaks at the 4-hour time point that is consistent
with the oxidation pathways of catechol. The observed
temporal shift demonstrates the oxidation-inhibiting effect of
the imidazolium group and preserving the adhesive
properties of catechol.

From UV-vis spectra of both P(MEA-co-VIMCAT) and
P(MEA-co-DMA) exhibited a characteristic catechol absorption
peak at 280 nm (Fig. 3).55 P(MEA-co-VIMCAT) exhibits an
additional peak at 316 nm can be attributed to the π → π*
transition of the catechol group in VIMCAT and the n → π*
transition originating from the lone pair electrons of CO.56

Under alkaline conditions, the merging and shifting of these
peaks can be explained by solvation effects arising from the
interaction between dimethyl sulfoxide (DMSO) and the
buffer system. However, even with increasing pH, P(MEA-co-
VIMCAT) displayed no discernible oxidation-related
absorption in the 400–600 nm range, which typically
corresponds to the formation of quinone species.57 In
contrast, P(MEA-co-DMA) exhibited a new absorption peak at
around 510 nm characteristic of catechol oxidation, which is
accompanied by a decrease in intensity for the catechol
characteristic peak (280 nm) indicating a conversion of
catechol to o-quinone.57

To elucidate the molecular mechanism underlying the
long-term adhesive stability of VIMCAT, we extended our
investigation to analyze its antioxidant capacity from the

Fig. 2 ESR spectra of (a) VIMCAT and (b) DMA incubated at pH 9
measured at different time points.
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perspectives of electronic structure and electrochemical
properties. The highest occupied molecular orbital (HOMO)
energy level serves as a key indicator for evaluating the
electron-donating ability of a molecule.58 A lower HOMO
energy level indicates greater resistance to oxidation due to a
higher ionization potential.59 DFT calculations were
performed to compare the HOMO energy levels of the

VIMCAT and DMA monomers (Fig. 4). The calculated HOMO
energy of VIMCAT (−5.45 eV) was lower than that of DMA
(−4.77 eV), suggesting that VIMCAT is intrinsically more
resistant to oxidation.

From CV experiments, VIMCAT exhibited two anodic
peaks (A1, A2) and two cathodic peaks (B1, B2) (Fig. 4c, Table
S2). The first anodic peak (A1) corresponds to the loss of one
electron from the catechol group to form a semiquinone
radical, followed by a second oxidation step at A2 leading to
complete conversion into o-quinone. During the reduction,
the semiquinone intermediate regains one electron at B1,
accompanied by Li+ ion insertion, and acquires a second
electron at B2 to regenerate the catechol structure. These
observation compared favorably with previously reported
imidazolium-conjugated catechol.31,32 In contrast, DMA
displayed three pairs of anodic and cathodic peaks (Fig. 4d).
Peaks C1 and C2 correspond to the stepwise oxidation of
catechol groups, whereas C3 is attributed to oxidation of the
imine moiety in the DMA unit.60 The corresponding
reduction processes are represented by peaks D1, D2, and D3
(Table S3). Importantly, the second anodic peak (A2) of
VIMCAT appeared at +0.76 V, substantially higher than the
corresponding oxidation peak of DMA at +0.48 V. This anodic
shift signifies that VIMCAT requires a higher potential to
oxidize, consistent with its lower HOMO energy level and
enhanced oxidative stability.61 Together, the computational
and electrochemical analyses confirm that incorporation of
the imidazolium moiety effectively stabilizes the catechol
group by lowering its HOMO energy level, thereby impeding
oxidation. These findings align closely with the JKR adhesion
results, reinforcing that VIMCAT maintains superior
oxidation resistance and adhesion durability under alkaline
conditions.

Taken together, we developed a molecular strategy to
overcome the intrinsic oxidation instability of catechol-based

Fig. 3 UV-vis spectra of (a) P(MEA-co-VIMCAT) and (b) P(MEA-co-
DMA) after 2 hours of incubation with different alkaline pH buffers.

Fig. 4 Calculated HOMO energy level of (a) VIMCAT and (b) DMA. CV curves of (c) VIMCAT and (d) DMA recorded at a scan rate of 50 mV s−1 for
solutions containing 5 mM of the monomer and 0.5 M of LiTFSI in anhydrous DMSO.
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adhesives by designing an imidazolium modified catechol
monomer, VIMCAT. Through adhesion testing and combined
spectroscopic, electrochemical, and computational analyses,
we demonstrated that the incorporation of imidazolium
cation greatly stabilized catechol under oxidative conditions.
Most notably, VIMCAT demonstrated unprecedented
adhesion stability after incubation at pH 7.4 for over 48
hours. The adhesive property of VIMCAT did not change even
after incubation for over 2 hours at pH 9. These observations
significantly increased the utility and flexibility when using
catechol as an adhesive molecule, while minimizing risks
associated with premature catechol oxidation. Our DFT
experiment examined the electronic structure of a single
molecule of VIMCAT, which can be attributed to the electron
withdrawing effect associated with the direct conjugation
between catechol and imidazolium. However, our modeling
experiment did not investigate the added electron
withdrawing effects associated with intermolecular π–π,
cation–π and H-bonding interactions,35,36 which will be a
subject of future investigations. Nevertheless, our reported
data collectively demonstrated the contribution of
imidazolium-conjugation on retarding the rate of catechol
oxidation and preservation of catechol adhesion in an
alkaline environment.

Various chemical modification strategies have been
reported to improve the oxidation resistance of catechol.25–28

Particularly, a catechol analogue, hydroxypyridinone (HOPO),
was reported by Degen et al.21 to demonstrate pH-tolerant
wet adhesion at a neutral pH. Additionally, incorporation of
an anionic carboxylic acid into a polymer network has been
utilized to buffer pH within the adhesive matrix and retarded
catechol oxidation.46 However, these strategies have only
preserved catechol adhesion for up to 30 min at pH 7, and
catechol quickly oxidized at a higher pH. Although reversible
complexes formed between boronic acid with catechol limits
its oxidation, the adhesive property of catechol also
decreased.15,62,63 Recently, salicylhydroxamic acid (SHAM)
was reported as a new catechol analogue that demonstrated
equivalent of better adhesive properties when compared that
of catechol and chemical stability against irreversible
oxidation.64,65 However, SHAM's adhesive properties
diminish with increasing pH.48 In contrast to these prior
reports, VIMCAT demonstrated a significant improvement in
increasing the stability of catechol while preserving its
adhesive properties at basic pH.

Although adhesive monomer prepared via direct
conjugation between catechol and an imidazolium salt was
previously reported, a 4-step synthesis was required to
prepare the catechol-vinyl imidazolium monomer in these
prior reports.31,32 Additionally, oxidation resistant nature of
the adhesive was not investigated in these prior studies. In
contrast, the polymerizable VIMCAT monomer reported here
was synthesized using a simple 1-step synthesis with a high
yield (>90%), which makes it a more viable synthetic route in
creating large batches of adhesive polymers. This molecular
design deepens our understanding of redox-controlled

adhesion mechanisms and provides a scalable framework for
developing next generation mussel-inspired adhesives that
are resilient under chemically and mechanically demanding
environments.

Conclusions

The imidazolium modified catechol adhesive demonstrated
exceptional oxidation resistance and stable wet adhesion
under basic conditions. Adhesion of VIMCAT remained stable
in pH 7.4 for as long as 48 hours, while the unmodified
catechol rapidly lost its adhesion strength through
autoxidation within 30 minutes. ESR and UV-vis spectra
verified that imidazolium functionalization retarded the rate
of catechol oxidation. DFT and CV analyses revealed a lower
HOMO energy level and higher oxidation potential for
VIMCAT, respectively, rendering the adhesive molecule more
resistant to autoxidation. Our data correlated the stable
adhesion of VIMCAT with its enhanced oxidation resistance
at basic pH. This self-protecting molecular design offers a
robust platform for long-lasting adhesives that maintain
strong, reliable performance in alkaline environments.

Experiments
Materials

2-Chloro-3′,4′-dihydroxyacetophenone (CCDP), 1-vinylimidazole
(VIM), MEA, ethanol, hydrochloric acid (HCl), sodium
hydroxide (NaOH), silver nitrate (AgNO3), DMSO (HPLC grade),
dimethylformamide (DMF), poly(vinylidene fluoride) (PVDF) in
1-methyl-2-pyrrolidinone (NMP), diethyl ether, phosphate-
buffered saline (PBS), acetonitrile, silicon oil, dimethyl
sulfoxide-d6 (DMSO-d6), DMPO, (3-aminopropyl)
trimethoxysilane (APTS), and LiTFSI were purchased from
Sigma-Aldrich (St. Louis, MO). 2,2′-Azobis(isobutyronitrile)
(AIBN) was purchased from Wako Pure Chemical Industries,
Ltd. (Osaka, Japan). SiO2 hemispheres (1/4″ diameter) were
purchased from ISP Optics (Orlando, FL). NH2 was prepared
by treating SiO2 with APTS following a published protocol.62

Ti (1/4″ diameter) and PS (1/4″ diameter) balls were
purchased from McMaster-carr (Elmhurst, IL). The buffers,
including pH 7.4, pH 8, pH 8.5 and pH 9, were prepared
using deionized (DI) water, PBS, and NaOH. DMA was
synthesized following a previously published protocol.66

Preparation of VIMCAT

VIMCAT was synthesized via a Menshutkin reaction between
CCDP and VIM (Fig. S1). CCDP (373 mg, 2.0 mmol, 1.0 equiv)
and VIM (207 mg, 2.2 mmol, 1.1 equiv) were dissolved in 10
mL of absolute ethanol (200 proof). The reaction mixture was
stirred at 500 rpm under a nitrogen atmosphere at 80 °C for
16 h. The resulting precipitate was collected by vacuum
filtration, washed with ethanol (3 × 5 mL), and dried under
vacuum overnight to afford VIMCAT as a pale gray solid (530
mg, 95% isolated yield).
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Preparation of adhesive polymers

Adhesive polymers were synthesized by free-radical
polymerization (Fig. S1). 10.0 mmol MEA (1.3 mL), 1.0
mmol VIMCAT (266 mg), and 0.3 mmol AIBN (49 mg)
were dissolved in 10 mL DMF. The solution was stirred at
500 rpm and heated in a 70 °C silicone oil bath under
nitrogen atmosphere 12 hours. The synthesized linear
polymer was precipitated in diethyl ether. The product was
subsequently dialyzed against deionized water acidified to
pH = 3 using concentrated HCl for 48 hours to remove
unreacted monomers and lyophilized to yield P(MEA-co-
VIMCAT) (40% isolated yield). A catechol-containing
polymer was prepared following the same procedure using
DMA instead of VIMCAT to prepare P(MEA-co-DMA) (60%
isolated yield).

Characterization of adhesive monomers and polymers

For 1H NMR characterization, 20 mg of monomer or polymer
was dissolved in 0.5 mL of DMSO-d6 and analyzed using a
500 MHz spectrometer (Ascend, Bruker, MA). The relative
integration values of characteristic peaks were used to
determine the molar composition of functional groups within
the adhesive polymers. Molecular weight characterization
was performed using GPC (Shimadzu HPLC Nexera Series,
Kyoto, JP) equipped with a Shodex OHpak LB-803 column, a
UV detector (SPD-40, Shimadzu), a refractive index detector
(RID-20A, Shimadzu), and a multi-angle light scattering
detector (miniDAWN, Wyatt). Polymers were dissolved in
HPLC-grade DMSO at a concentration of 5 mg mL−1 and
filtered with a polypropylene filter (25 mm diameter; 0.2 μm
pore size; VWR). Elution was carried out using HPLC-grade
DMF as the mobile phase at a flow rate of 0.5 mL per
minutes and a column temperature of 40 °C. The weight
average molecular weight (M̄w), number-average molecular
weight (M̄n), and polydispersity index (Đ) of the synthesized
linear polymers were evaluated.

To assess catechol oxidation under basic conditions, 0.05
mmol of VIMCAT or DMA and 0.10 mmol DMPO were
dissolved in 1 mL of pH 9 PBS buffer. At predetermined time
intervals (0–6 hours), solution samples were withdrawn using
glass capillaries and immediately analyzed by ESR
spectroscopy (Magnettech ESR5000, Bruker, Billerica, MA,
USA). UV-vis spectroscopy was performed using solutions
from mixing 20 μL of polymer solution (20 mM of polymer in
DMSO) with 1980 μL of PBS buffered at pH 7.4, 8.0, or 9.0 by
UV-vis spectrophotometer (MAPADA, China). CV analysis was
performed using an electrochemical workstation (CHI660F,
Chenhua, China) in an anhydrous DMSO solution containing
5 mM VIMCAT or DMA and 0.5 M LiTFSI as the supporting
electrolyte. A standard three-electrode configuration was
employed, comprising a glassy carbon working electrode
(area = 0.07 cm2), a platinum wire counter electrode, and a
silver reference electrode (0.01 M AgNO3 in acetonitrile).
Voltammetric curves were recorded at scan rates of 50 mV s−1

at room temperature.

JKR contact mechanics test

A custom-built JKR contact mechanics device was used to
study adhesive properties. The JKR setup consists of an
indenter (ALS-06, Transducer Techniques), a 10 g load cell
(Transducer Techniques), and a high-resolution miniature
linear stage stepper motor (MFA-PPD, Newport).15,63 One of
four types of hemispheric surfaces was affixed to the indenter
and utilized as the contacting surface. The hemispheres
included SiO2, Ti, NH2, or PS.

Adhesive precursor solutions were prepared by dissolving
the adhesive polymer and PVDF in NMP at a weight ratio of
9 : 1 and further diluted to a final polymer concentration of
150 mg mL−1. PVDF was utilized as the non-adhesive binder
to form a cohesive film.65 20 μL of the precursor solution was
drop-cast onto pre-cleaned glass slides and allowed to dry
overnight in a fume hood to ensure complete solvent
evaporation. The resulting adhesive coatings were rinsed
several times with DI water to remove residual NMP and then
air-dried prior to testing. The adhesive coatings were
incubated in buffer solutions with pH values ranging from
7.4 to 9 for 0.5–72 hours prior to adhesion testing.

Prior to each test, the coating surface was wetted with 15 μL
of buffer solution (same pH as the incubation buffer). The
hemisphere was brought into contact with the adhesive coating
at a speed of 1 μm s−1 until a preload of 10 mN was reached.
The surface contact was maintained at the same force for 60
seconds and the indenter was retracted at the same speed.
Based on a rigid spherical surface onto a thin coating JKR
model, the work of adhesion (Wadh) is equal to the critical
energy release rate (Gc), calculated by the maximum adhesion
force (Fmax) and the radius (R) of the hemisphere:43,67,68

Wadh ¼ Gc ¼ 2
3πR

Fmax (1)

DFT simulation

HOMO energy levels of VIMCAT and DMA were calculated
using the DMol3 module in Materials Studio based on DFT
within the generalized gradient approximation (GGA). The
Perdew–Burke–Ernzerhof (PBE) functional was employed for
all calculations. Structural optimization was performed with
the following convergence criteria: energy change <1.0 × 10−5

Ha, maximum force <0.002 Ha Å−1, and maximum
displacement <0.005 Å. Following geometry optimization, the
orbital energies were computed at the GGA-PBE level to
determine the HOMO values.

Statistical analysis

Statistical analysis was performed via R Project software.
One-way analysis of variance (one-way ANOVA) with Tukey
method was used for comparing multiple groups, using a
p-value of 0.05.
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