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In this study, we synthesized a gallol-functionalized PSA and generated micropatterns on its surface to improve
its underwater adhesion. Compared to the adhesive-substrate interactions of benzyl and phenol-functionalized
PSAs in water, Gallol PSA exhibited greater interactions with the substrate. Furthermore, the micropattern on
the PSA surface provided a drainage channel for water during the bonding process so that water is not trapped at
the substrate-adhesive interface. Moreover, the drainage channel allows the formation of small and uniform
adhesion defects, which minimize the deterioration in adhesion caused by water. And the adhesive

manufacturing process is also simple, without any gallol protection and deprotection steps, and can be achieved
using the current adhesive industry infrastructure. This facile fabrication strategy and its adhesive properties
could promote the commercialization of gallol-functionalized PSAs with underwater adhesion.

1. Introduction

Pressure-sensitive adhesives (PSAs) are designed to adhere to various
surfaces through simple contact under light pressure. Due to their user-
friendly adhesion, they are widely used in industries. Recently, there has
been a growing demand for PSAs capable of maintaining strong adhe-
sion in wet environments, owing to their potential applications in
medical, electronic, and conventional marine sectors [1,2]. Nonetheless,
conventional PSAs often exhibit inadequate wet adhesion, underscoring
the need to develop PSAs with robust wet adhesion properties.

The presence of a thin hydration layer on substrate surfaces hampers
PSA adhesion to substrates [3-5]. This issue arises due to water droplets
trapped at the interface, which diminishes the contact area and leads to
notable defects. Consequently, the key to achieving wet adhesion is to
break down the hydration layer, enabling the adhesive to interact with
the substrate surface (Fig. 1a). Moreover, the intrusion of water into the
adhesive material can compromise its cohesion, causing plasticization
and even hydrolysis in severe cases [6,7]. Thus, safeguarding the bulk
properties of PSAs in aqueous environments is of paramount
importance.

Underwater adhesives are often designed based on inspiration taken

* Corresponding authors.

from nature. Researchers have created drainage channels by micro-
patterning the adhesive surface to mimic the inner surfaces of a snail [8],
frog toe pads [9], and clingfish adhesive disc [10]. This micropattern
allows water to escape without being trapped at the interface during the
bonding process and delays crack propagation during the debonding
process [11,12]. The underwater adhesion of mussel threads in marine
environments is another example. While the exact adhesion mechanism
remains unclear, extensive investigation has pointed to the significant
role of the catechol moiety within mussel foot proteins in both interface
interactions and cohesion [13-15]. Consequently, many researchers
have incorporated catechol groups into adhesive materials utilizing L-
3,4-dihydroxyphenylalanine (L-DOPA). However, the relatively high
cost of L-DOPA and its tendency to discolor upon oxidation present
obstacles to commercialization [16]. In recent times, gallol groups have
garnered attention due to its resemblance to catechol’s structure. gallol
plays a crucial role in the wound healing of tunicates, and it is effective
for underwater adhesion like catechol (Fig. 1c). Gallic acid, a precursor
to gallol, offers advantages such as affordability and greater trans-
parency compared to L-DOPA. Additionally, triphenolic gallol groups
demonstrate superior underwater adhesion compared to biphenolic
catechol groups [17-20].
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This study involves the synthesis of a micropatterned Gallol PSA,
with a focus on exploring its underwater adhesion attributes. Design
strategies at different length scales were combined to improve the un-
derwater adhesion of PSA, and a more practical and economical
approach was considered. At the molecular level, Scaffold polymer
featuring an epoxy group was fabricated and subsequently modified
through post-esterification with gallic acid to circumvent radical scav-
enging by the gallol monomer in the polymerization step [21,22]. For
comparison purposes, PSAs with a structure analogous to Gallol PSA but
varying in the number of hydroxyl groups on the aromatic ring were
synthesized (Fig. 1b). Industrial scalability was considered during the
fabrication of Gallol PSA. Hence, the protection and deprotection steps
to prevent the oxidation of gallol, which would increase the cost of
manufacturing, were omitted from the synthesis process. Although
gallol group oxidation generally compromises adhesive performance,
Gallol PSA exhibited markedly enhanced underwater adhesion in com-
parison to control group PSAs. Furthermore, microstructural patterning
was applied to the surface of the PSA. To expedite the patterning pro-
cess, patterned release films were utilized instead of the conventional
molding approach, which is time-consuming. The microstructure of the
PSA surface facilitated drainage during bonding, resulting in smaller and
more uniform interface defects, thus further enhancing adhesion
(Fig. 1d).

2. Experimental
2.1. Materials

Lauryl methacrylate (LMA, 96 %), glycidyl methacrylate (GMA, 97
%), azobisisobutyronitrile (AIBN, 12 % wt.% in acetone), gallic acid (97
%), benzoic acid (99.5 %), 4-hydroxybenzoic acid (99 %) were pur-
chased from Sigma-Aldrich. 1-methylimidazole (1ML, 99 %), tetrahy-
drofuran (THF, 99 %), acetone (99.5 %) were purchased from
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2.2. Polymerization of Scaffold PSA

The scaffold polymer was synthesized by free radical polymerization
in THF using LMA, GMA. 100 ml of THF, AIBN (1.35 g as a solution),
LMA (98.30 g, 0.39 mol), GMA (1.7 g, 0.01 mol) were mixed in a 250 ml
flask using Teflon stirring bar. And the flask was filled with nitrogen gas.
The polymerization was initiated by immersing the flask in an oil bath at
80 °C, and the reaction was carried out for 7 h. The polymer was then
precipitated in acetone to remove unreacted monomers and others.
Approximately 150 ml of THF was used to re-dissolve the polymer, and
the precipitation cycle was repeated three times. After the final pre-
cipitation, the polymer was dried under a high vacuum to remove sol-
vents. Molecular weight, monomer conversion ratio, and actual polymer
composition of Scaffold PSA were characterized by GPC, 'H NMR.

2.3. Esterification of Scaffold PSA (post-modification)

Modified PSAs were synthesized by esterifying a Scaffold PSA and
three aromatic acids (benzoic acid, 4-hydroxybenzoic acid, gallic acid).
Scaffold PSA (10 g, 4.5 mol% of the epoxide group in polymer backbone,
1.0 eq.) and 2 eq. of aromatic acids (0.292 g of benzoic acid for Benzoic
PSA, 0.33 g of 4-hydroxybenzoic acid for Phenolic PSA, 0.407 g of gallic
acid for Gallol PSA, respectively), and 1MI (0.1 wt% of Scaffold PSA)
were dissolved in THF then poured into the refluxing flask. The mixture
was stirred for 30 min at room temperature. Then esterification was
carried out in 95 °C oil bath with constant stirring. After the reaction, the
mixture was cooled to room temperature. The mixture was then
precipitated in acetone to remove unreacted aromatic acids. Approxi-
mately 10 ml of THF was used to redissolve the polymer, and the pre-
cipitation cycle was repeated three times. Epoxide conversion of
modified PSAs were calculated by H NMR (Fig. S5, S6, S7).
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Fig. 1. (a) Bonding processes of a pressure-sensitive adhesive (PSA) tape in a wet environment. (b) synthetic routes for Scaffold, Benzoic, Phenolic, and Gallol PSAs.
(c) expected interaction of the Gallol adhesives in the bulk and at the interface of the substrate. (d) Effect of PSA surface structure on dehydration.
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2.4. Rheological properties

Rheological properties were measured by using rheometer (ARES
G2, TA Instruments) with 8 mm parallel plates. The evaluation condi-
tions are as follows.

Modulus: 1.0 % strain, 1 Hz frequency, 5 °C/min heating rate with
ranging —50 °C to 100 °C, Frequency sweep: 25 °C, 1.0 % strain, 0.01 to
1 Hz, Stress relaxation: 25 % shear strain, 1 min, 25 °C, Creep & Re-
covery: 1 kPa stress for 3 min, recovery for 9 min after stress removed,
25 °C.

2.5. Confocal microscopy

The surface structure of PSAs was analyzed by laser confocal mi-
croscope (VK-X3000, Keyence) equipped with laser confocal optics to
measure the depth of PSA surfaces. This microscope uses both 404 nm
laser light sources and white light sources to obtain height information
and images.

2.6. Adhesion properties

The 180° peel strength and probe tack were measured using a
Texture Analyzer (TA.XT plus, Stable Micro Systems) at 25 °C. Samples
for underwater adhesion test were prepared by being immersed in
deionized water.

180° peel strength: test speed for the peel test was 5 mm/sec, and the
test angle will be 180°. All measurements were repeated more than five
times. And peel strength was obtained as the average force from 20 % to
80 % of the operating range.

Probe tack: A cylindrical probe (stainless steel, diameter: 5 mm) was
used for the probe tack test. After contact of the probe to the surface of
PSA with 100 g for 1 s, the probe was detached with 0.2 mm/sec. All
measurements were repeated more than five times, and the average
value was used.

3. Results and discussion
3.1. Design, synthesis, and characterization of Gallol PSA

We considered the following aspects during the design of the Gallol
PSA: (1) The scaffold polymer has a hydrophobic structure for dehy-
dration and water repulsion; (2) The scaffold polymer should be first
polymerized and then modified with gallic acid to avoid radical scav-
enging by the gallol monomer [21]. (3) The scaffold and modified
polymers must have sufficiently low glass transition temperatures and
moduli [23] (Tg < 25 °C and G' < 0.1 MPa at 25 °C) to exhibit sufficient
chain mobility that enables rapid wetting of the substrate with little
pressure. The G’ value of 0.1 MPa is determined by the Dahlquist cri-
terion. The Dahlquist criterion is a critical modulus mentioned by Carl
Dahlquist, who worked at 3 M in 1969. Dahlquist asserted that, for a
standard surface characterized by a bump radius of 5 pm and a bump
height of 1 pm, PSA should exhibit a G’ value below 0.1 MPa (1 Hz,
25 °C) to facilitate flow and establish effective contact. This criterion is
not absolute for all situations but is a valuable rule of thumb in designing
a new PSA. The glass transition temperature (Tg) was considered to
ensure minimal fluidity at room temperature, considering the intended
usage temperature [24].

Based on these design considerations, lauryl methacrylate (LMA) was
selected as the monomer for designing a hydrophobic scaffold polymer
with alow Tg and G'. LMA is hydrophobic owing to the 12 carbons in the
side group, and its homopolymer has a sufficiently low T (-65 °C) [25].
Additionally, glycidyl methacrylate (GMA) with an epoxy group was
selected as a co-monomer for the esterification reaction with gallic acid.
Although LMA is rarely used as a main monomer in PSA, another reason
for choosing it is that general acrylic monomers of PSA, such as butyl
acrylate and 2-ethylhexyl acrylate, have significant differences in
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reactivity from that of GMA; therefore, GMA is consumed faster than
acrylic monomers in the initial stage of polymerization [26]. But, the
combination of LMA and GMA results in a polymer with a random
composition compared to the combination of general acrylic monomers
due to little difference in the reactivity ratio.

Scaffold PSAs were synthesized through the free-radical polymeri-
zation of LMA and GMA using azobisisobutyronitrile (AIBN) as the
initiator in tetrahydrofuran (Fig. 2). The feed ratio of LMA and GMA was
adjusted from 99:1 to 90:10, followed by an assessment of the adhesive
properties of the resultant polymerized Scaffold PSAs. By considering
their initial stickiness and peel strength, the most suitable balance was
found to be the 97:3 feed ratio of LMA to GMA, which maximized GMA
content without significantly compromising adhesive properties
(Fig. S10). GPC analysis of Scaffold PSA (LMA 97: GMA 3) revealed an
M, of 213 kDa (Fig. S1). The actual molar ratio of LMA to GMA deter-
mined by 'H NMR spectroscopy was 95.5:4.5 with a conversion
exceeding 96 % (Fig. S2, Fig. S3). Scaffold PSA was then reacted with
gallic acid to afford Gallol PSA. Employing analogous procedures,
Benzoic PSA and Phenolic PSA were synthesized by utilizing benzoic
acid and 4-hydroxybenzoic acid, respectively. A minor amount of 1-
methylimidazole was employed as a catalyst to mitigate unintended
crosslinking between secondary hydroxyl and epoxy groups [27]. After
the post-esterification step, the consumption of epoxy groups in the
modified polymers was measured at 4.3 %, 3.6 %, and 3.3 % for Benzoic,
Phenolic, and Gallol PSA, respectively. And gelation was not observed
during the post-esterification process. The reaction conditions of all
three PSAs were the same, but the epoxide conversion decreased as the
number of hydroxyl groups on the aromatic ring increased owing to the
difficulty in proton dissociation. This post-modification method is ad-
vantageous because the molecular weights of the prepared PSAs are
comparable. As the adhesive properties depend on the molecular
weight, an accurate comparison of the effects of the different functional
groups in the three PSAs can be achieved.

3.2. Rheological properties

The PSAs should have a low Tg and G’ to establish contact with the
substrate surface under weak pressure. The synthesized PSAs demon-
strated a G’ value of 0.1 MPa or below at a frequency of 1 Hz under room
temperature conditions, coupled with a Ty below 0 °C. These attributes
align with the essential criteria for establishing favorable contact,
facilitated by the PSA’s ability to conform to the substrates through its
flow characteristics (Table 1, Fig. 3a). Incorporation of diverse func-
tional groups led to an elevation in both the Ty and G’ values; never-
theless, these values remained within the acceptable range for effective
PSAs. Intriguingly, the G’ values for the modified PSAs exhibited
opposite trends between sub-zero temperatures and those above room
temperature. In the low-temperature region, G’ increased as the number
of hydroxyl groups on the benzene ring decreased. The G’ values for
Benzoic, Phenolic, and Gallol PSAs were 8.7, 4.8, and 2.6 MPa, respec-
tively at —20 °C. In contrast, at room temperature and higher, G’ values
increased with an increasing number of hydroxyl groups. The relatively
large side groups of Gallol PSA increase the free volume of the polymer,
thereby reducing its low-temperature G’ value [28]. This unique char-
acteristic of exhibiting a low modulus at low temperatures and main-
taining the modulus as the temperature increases indicates that Gallol
PSA has the potential to be applied over a broad range of temperatures
without loss of adhesion strength. The tan § data also indicate that the
loss of elasticity begins at higher temperatures as the number of hy-
droxyl groups increases (Fig. S8).

The viscoelastic window stands out as the preeminent instrument for
assessing the suitability of fabricated PSAs regarding their viscoelastic
attributes. The measured G’ and G” values within the frequency range of
0.01 Hz to 100 Hz serve as predictive indicators for the conceivable
applications of the PSA (Fig. 3b). With the sole exception of the Scaffold
PSA, wherein no functional groups are introduced and consequently falls
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Fig. 2. Synthetic routes for Scaffold, Benzoic, Phenolic, and Gallol PSAs.

Table 1

Characterization of Scaffold and functionalized PSAs.
Polymer G (MPa) Tg Relaxation time Creep Recovery

°C % %
_20°C  25°C (9] () (%) %)

Scaffold 0.4 0.01 —-21.8 0.03 1,747 3
Benzoic 8.7 0.07 -8.6 0.05 44 60
Phenolic 4.8 0.09 -11.3 0.29 5.3 92
Gallol 2.6 0.10 -10.3 6.08 0.8 99

outside the low modulus region, the modified PSAs exhibit suitable G’
and G”’ values, rendering them suitable for general adhesive applica-
tions as well as those necessitating high shear forces (Fig. 3c).

The stress relaxation of the PSAs was characterized at a strain of 25 %
(Fig. 3d). The relaxation time was defined as the time required to relax
to 1/e of the initial modulus. All the PSA samples reached this value
within a matter of seconds. As the modified PSAs were all derived from
Scaffolds PSA with identical composition, molecular weight, and mo-
lecular weight distribution, the observed dissimilarity in relaxation
characteristics can be attributed to the incorporated functional groups.
Given the relatively limited introduction of functional groups in Gallol
PSA, it becomes evident that the Gallol moiety exhibits more robust
intermolecular or intramolecular interactions in comparison to the
benzyl or phenol groups. This was corroborated by the creep recovery

results (Fig. 3e). Creep and recovery tests were performed to evaluate
the degree of recovery of the PSAs upon removing the constant stress (1
kPa for 180 s). While Scaffold PSA and Benzoic PSA exhibited con-
strained recuperation capacity following creep deformation, Phenolic
PSA and Gallol PSA demonstrated marked recovery capabilities. This
observation underscores the substantial impact of the presence or
absence of hydroxyl groups on the recovery process. Notably, Gallol
PSA’s nearly flawless recovery from deformation highlights its prom-
ising applications in contexts involving deformations, such as human
joint skin and flexible electronic devices [29].

3.3. Film fabrication with surface micropatterning

Surface micropatterning on adhesives has the potential to enhance
underwater adhesion greatly. This micropattern implementation estab-
lishes an interfacial drainage channel that effectively counteracts sig-
nificant defects stemming from water entrapment [11,30]. Furthermore,
the creation of independent and regularly spaced fibrillar bonds be-
tween the adhesive and the substrate results in heightened resistance to
peeling [31,32]. This fibrillar bonding pattern offers advantages over
continuous bonding, as the detachment of an individual fibril does not
propagate to neighboring fibrils, necessitating the reinitiation of
cracking in each fibril during detachment. Numerous studies exploring
underwater adhesives have exploited this principle to achieve notable
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improvements in adhesion strength. However, the predominant molding
approach employed in these studies typically demands long durations,
particularly evident in the case of hydrogels where patterning may
extend to up to 10 h [11,30]. To address this limitation, we employed
patterned release films for rapid patterning by a continuous liquid-
coating process (Fig. 4a). This technique, commonly employed in the
display industry, has excellent industrial scalability owing to its
patterning speed of several tens of meters per minute. Each patterned
modified PSA film was prepared by coating the patterned release film
with PSA, drying, lamination with 50 pm polyethylene terephthalate
(PET) backing film, and subsequent delamination. The PSA surface was
analyzed with a confocal microscope (Fig. 4b). Confocal microscope
analysis of the PSA surface revealed the patterned structure, which
comprised a cube with side lengths of approximately ~ 175 pm and a
height of 3.5 pm. The cumulative thickness of the patterned PSA film
measured 8 pm. An 8 pm flat-surfaced PSA film was also prepared in
parallel for comparative analysis of adhesion properties.

Scaffold Gallol

Phenolic

Benzoic
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3.4. Adhesion properties

The adhesion properties of the PSAs were investigated using a 180°
peel test. The PSA tapes were attached to stainless steel in air or water
and then passed twice through a 2 kg rubber roller. The peel strength
was measured after allowing the PSA samples to stand under ambient
(dry) or underwater (wet) conditions for 24 h. The modified PSAs
showed higher peel strength under dry conditions, suggesting that the
modifications to the aromatic ring improved the adhesion (Fig. 5a). The
modified flat PSAs (Benzoic PSA: 14.5 + 0.1 N/25 mm, Phenolic PSA:
15.6 + 0.1 N/25 mm, Gallol PSA: 12.2 + 0.1 N/25 mm) showed over a
five-fold increase of peel strength from that of Scaffold PSA (2.4 + 0.3
N/25 mm). All modified PSAs failed at cohesion (Fig. 5b). Notably,
Gallol PSA showed the highest adhesion under underwater conditions.
All PSAs except for Gallol PSA exhibited a rapid drop in adhesion
strength of more than 85 % [Scaffold PSA: 0.3 £+ 0.1 N/25 mm (87 % |),
Benzoic PSA: 2.1 4+ 0.4 N/25 mm (86 % |), Phenolic PSA: 1.8 & 0.5 N/
25 mm (88 % |)] under underwater conditions compared to that in dry

§15_Wet 7 |

Scaffold Phenolic Gallol

Benzoic

* I: Interfacial failure, C: Cohesive failure, M: Mixed failure

Scaffold

Large defect

Gallol

Scaffold

Benzoic Phenolic

Dry

Wet

Small & uniform defect

Fig. 5. (a) 180° peel strength results of flat PSAs (left) and patterned PSAs (right) on stainless steel substrates. (b) Images of the substrate surfaces after the peel test
with flat PSAs (left) and patterned PSAs (right). Microscopic images of substrate surfaces after the peel test with flat Gallol PSA (left) and patterned Gallol PSA (right).
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conditions. The failure mode changed from cohesive to interfacial,
indicating that water weakened the interactions at the interface.
Although the peel strength of Gallol PSA in water decreased by 62 % (4.5
+ 0.5 N/25 mm) compared to that under dry conditions, the failure
mode exhibited a mixed characteristic, not exclusively interfacial. This
was attributed to the fact that the bonding force at the interface sur-
passed the cohesive force, leading to the presence of PSA residues on the
substrate’s surface. These fracture mode changes in the PSAs indicate
that, unlike the benzoic or phenolic moieties, the gallol moiety exhibited
better interactions with the substrate surface under underwater condi-
tions. In general, adhesives that are more hydrophobic are preferred for
successful dehydration [5,18,33,34]. In underwater adhesion, a critical
factor is eliminating the hydration layer on the adherend’s surface. The
predominant approach for achieving dehydration involves the utiliza-
tion of hydrophobic materials. Numerous researchers have employed
strategies incorporating hydrophobic monomers, polymers, or solvents
[35,36]. The hydrophobic characteristics of the adhesive deter dehy-
dration and prevent water infiltration into the bulk, thereby safe-
guarding the adhesive performance from deterioration [37]. From this
perspective, Gallol PSAs are at a disadvantage under dehydration. The
contact angle values revealed by measurement show that Gallol PSA is
more hydrophilic than other PSAs (Scaffold: 107.5°, Benzoic: 103.2°,
Phenolic: 99.4°, Gallol: 98.7°). Also, It has the highest theoretical hy-
droxyl group content (Scaffold: OH0%, Benzoic: OH4.3 %, Phenolic:
OH7.2 %, Gallol: OH13.2 %) (Fig. S12). However, despite these
dehydration-related drawbacks, Gallol PSA exhibits the most robust
adhesion in water. This result suggests that the gallol group possesses a
distinctive structural property capable of overcoming the hindering ef-
fects of water molecules attributed to its hydrophilicity, promoting
strong interactions with adherends. Additionally, it demonstrated the
worst performance in the probe tack evaluation, which reflects the
bonding characteristics of the adhesive on a short time scale; therefore,
sufficient time is required for Gallol PSA to create strong interactions
with the substrate in water (Fig. S11).

Surface patterning also effectively improved underwater adhesion
(Fig. 5a). All patterned PSAs demonstrated improved underwater
adhesion compared to their respective flat PSA counterparts. The failure
modes of Scaffold (0.4 + 0.1 N/25 mm), Benzoic (4.1 + 0.8 N/25 mm),
and Phenolic (3.6 + 0.2 N/25 mm) PSAs remained unchanged (Fig. 5b),
the surface pattern increased the interaction between the adhesive and
the substrate at the interface despite the reduced contact area. Among
the patterned PSAs, the Gallol PSA displayed the highest underwater
peel strength of 8.8 + 0.4 N/25 mm, approximately double that of the
flat surface. In a microscopic image showing the peeled substrate surface
with patterned Gallol PSA (Fig. 5c), adhesive residues were observed
within a distance of less than 100 pm, alongside traces of net-shaped
drainage channels. Conversely, the flat surface showed larger adhesion
defects that exceeded the size of those on the patterned surface.
Therefore, drainage by the surface pattern reduces the size of the
adhesion defects and improves the underwater adhesion by uniformly
distributing the defects. While surface patterning had a considerable
impact on enhanced underwater adhesion, no discernible trend was
observed under dry conditions. Given that all PSAs displayed cohesion
failure under dry conditions, the bulk cohesion exerted a more sub-
stantial influence than interfacial cohesion.

4. Conclusion

In this study, we synthesized a PSA functionalized with gallol group
and introduced micropatterns on its surface to enhance its underwater
adhesion capabilities. In contrast to PSAs modified with benzyl or
phenol groups, Gallol PSA exhibited pronounced substrate interaction in
aqueous environments. And the surface micropatterning of the PSA
introduced a drainage pathway during the bonding process, effectively
preventing water entrapment. This design element minimized adhesion
defects by ensuring their small and consistent dimensions, thereby
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mitigating the deteriorating effects of water on adhesion.

Furthermore, the synthesis of Gallol PSA proved straightforward,
eliminating the need for a gallol protection step. A thin and uniformly
patterned PSA film was rapidly produced using a pattern liner tech-
nique. This manufacturing approach relies on simple processes
including free-radical polymerization, esterification, and continuous
liquid coating, all well-aligned with existing adhesive industry infra-
structure and requiring no additional facilities. This pragmatic approach
provides new insights into the catechol chemistry of PSAs for under-
water adhesion, which has been challenging to commercialize over the
past decade.
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