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Abstract: Debondable pressure-sensitive adhesives
(PSAs) promise access to recyclability in microelec-
tronics in the transition toward a circular economy. Two
PSAs were synthesized from a tetravalent thiol star-
polyester forming thiol-catechol-connectivities (TCC)
with either the biorelated DiDopa-bisquinone (BY*Q)
or the fossil-based bisquinone A (BQA). The PSAs
enable debonding by oxidation of TCC-catechols to
quinones. The extent of debonding efficiency depends
on the interaction modes, which are determined by the
chemical structure differences of both TCC-motifs.
BY*Q-TCC-PSA debonds with exceptional loss of 99 %
of its approx. 2 MPa shear strength in glass-on-glass
junctions. For BOQA-TCC-PSA, a debonding efficiency
of only approx. 60 % was found, irrespective of its initial
shear strength, which could be tuned up to approx.
7MPa. The efficiency of debonding for BY*Q-TCC-
PSA after TCC-oxidation is linked to the loss of
synergistic interactions without strongly affecting the
bulk glue properties, outperforming the purely catechol-
based BQA-analogue. )

Biomimetic polymers often successfully focus only on the
key features of their natural blueprints, reducing the
complexity and cost of synthesis.'! However, biorelated
building blocks with complex sets of functionalities, might

provide opportunities for deliberate design of efficient
functional systems, which would otherwise go unnoticed by
simplification.”? In light of recent legislative demands™
materials chemistry is challenged to foster the transforma-
tion toward circular economy with sustainable resources and
smart repair/recycling strategies. Therein, debondable adhe-
sives are considered as one of the key enabling platforms,
e.g. for integrated electronic devices, reducing waste streams
and the associated carbon footprint.®! Such glues are
deactivatable on demand by appropriate triggers, including
heat, chemicals and others.’! In polymer adhesives, the
interactions of chemical motifs integrated into the network
structure promote bulk cohesion and interfacial glue-sub-
strate adhesion. Debonding-on-demand requires the deliber-
ate implementation of stimulus-deactivatable interactions.

Recently, the thiol-quinone polyaddition route was
introduced as a platform for mussel-inspired adhesive
polymers, exhibiting thiol-catechol-connectivities (TCCs,
Figure 1a) showing strong adhesive interactions on various
substrate materials, even under water.'"**® Biogenic TCC-
structures abstract cysteinyldopa-linkages containing 1.-3,4-
dihydroxyphenylalanine (Dopa, Y*) as potent catechol
interaction motifs."! Such catechols experience significant
deterioration in adhesive properties upon oxidation to
quinones, as pioneered for Dopa-bearing peptides by
Messersmith et al.®® and further developed by Waite et al.”)
and Lee et al.[""
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Figure 1. Idealized synthesis pathways to TCC-PSAs. a) Thiol-quinone
Michael addition to form TCCs. b) TCC-polymer synthesis by reacting a
thiol star polyester with BQA or BY*Q (+AcDAQ) including ethane-
thiol-quenching of terminal quinones.

Here, we introduce TCC-adhesives that exhibit perma-
nent tack in the applicable state, representing debondable
pressure-sensitive adhesives (TCC-PSA). Catechol-bearing
PSAs have been demonstrated before."'! However, here the
TCC-polyaddition route was used to access modular adhe-
sive polymers with tunable properties aiming at a combina-
tion of high tack and shear strength. Two TCC-PSAs were
compared containing different TCC-entities, either the
dipeptide-based DiDopa-bisquinone (BY*Q) or bisquinone
A (BQA)."*® A chemically triggered adhesion deactivation
mechanism was revealed by correlating the selective chem-
ical oxidation of the TCCs with nanoscopic and macroscopic
changes in their adhesive properties.

To synthesize TCC-PSAs, the tetrafunctional thiol star
polyester,  polycaprolactone-tetra-(3-mercaptopropionate)
(PCL4MP, Figure S1 & S7 in Supporting Information - SI)
was applied as low-T, building block to react with BY*Q or
BQA (Figure 1). BY*Q can be sourced from amino acids,
while BQA is derived from the fossil-based bisphenol A
(BPA). BY*Q-TCC-polymers offer multiple interactions
among the peptidic TCC-entities, including interpolymeric
catechol-catechol and catechol-amide H-bonding, as well as
peptidic interactions.? Of these, BQA-TCC-polymers only
share catechol-catechol interactions, as their backbone is
comparatively simple (Figure 1b). Considering the different
interaction patterns present in these TCC-polymers, diverg-
ing debonding efficiencies might be anticipated upon TCC-
catechol oxidation.
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For the TCC-PSAs, different thiol:quinone-ratios (T:Q-
ratio) were screened (cf. Figure2 and SI-Section 2). By
adjusting the T:Q-ratio, the molecular weight distribution
changes from small unimers to large networks. A broader
distribution is associated with a stronger adhesive, as higher
molecular weight fractions promote cohesion and toughness
through stronger networks, while lower molecular weight
fractions enhance wetting and spreading. Finger tack tests
can be used to obtain a first impression on tackiness (Figure
S9). The optimal T:Q-ratios for the TCC-PSAs were
determined based on applicability and performance. Strong
adhesive properties and broad molecular weight distribu-
tions were targeted, balancing viscoelasticity, tack and
cohesion, while maintaining solubility. For BQA, the T:Q-
ratio could be adjusted down to 1:1.2, increasing M,,,,, to
140 kg/mol with D = 9.9 and establishing a high molecular
weight flank of up to 2x10° g/mol (Figure 2a), yielding the
ductile and tacky BQA-TCC-PSA with a 7, of +9°C. For
BY*Q, the optimization was more challenging, as BY*Q
synthesis required DiDopa-activation in solution with
sodium periodate (NalO,). This facilitated competitive
disulfide formation during the polyaddition. Moreover, the
pronounced self-interactions of peptides in BY*Q-TCC-
polymers led to non-tacky, brittle materials (Figure S9). To
broaden dispersity, while avoiding covalent crosslinking, the
bivalent BY*Q was partially replaced by monovalent N-
acetyl dopamine-quinone (AcDAQ), implementing non-
bridging TCC-motifs. The highly tacky, viscoelastic BY*Q-
TCC-PSA with a T, of -27°C was finally isolated with a T:Q-
ratio of 1:1.5 at a bisquinone:monoquinone-ratio (BQ:MQ-
ratio) of 1:3. GPC revealed M,,,,, = 47 kg/mol with D =
12.8 and a high molecular weight fraction reaching 10° g/mol
(Figure 2b).

"H-NMR spectroscopy of purified TCC-PSAs confirmed
their chemical structures, containing PCL4AMP cores and
aromatic TCC-functionalities (Figure S14-S15). Thereby, a
molecular ratio of PCLAMP to BQA of 1:2.2 was estimated
for BOQA-TCC-PSA. Due to the intricate nature of the
BY*Q-TCC-PSA network, NMR spectroscopy allowed only
a rough estimation of the ratios between PCLAMP, BY*Q-
TCC and AcDAQ-TCC to be 1:0.9:1.2, suggesting disulfides
as a pronounced network-forming motif (SI-Section 2.4-5).

For efficient oxidative debonding of the TCC-PSAs, the
chemical trigger (NalO,) requires access to the gluing
interface. Previously, Ravoo et al. demonstrated patterned
application of polymer-brush-adhesives e.g. with catechol-
boronate-interactions.” Both TCC-PSAs were compatible
with microcontact printing onto glass via micropatterned
polydimethylsiloxane (PDMS) stamps to print separated
bondlines with 5 um width (Figure S19). AFM in quantita-
tive imaging (QI) mode in air and water served as a tool for
analytical characterization of TCC-PSAs with minimal
material requirements (Figure 3, Figure S22). The QI-mode
can be described as a nano-tack experiment,'!! probing
interfacial interactions and reading multiple properties like
topography, Young’s modulus (YM) and adhesive parame-
ters with sub-micron resolution, yielding statistically reliable
values (Figure S20-S21). Measurements on micropatterned
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Figure 2. Product analysis by gel permeation chromatography (GPC, left) and schematic illustration of network structures corresponding to the
indicated ratios (right). The molecular weight distribution of TCC-polymers shows a dependence on the used thiol:quinone-ratio (T:Q-ratio) of the
monomers PCL4AMP and a) BQA or b) BY*Q (c¢f. Table S1 for extracted values).

substrates resulted in high material contrast, where uncoated
regions act as internal references.

In Figure 3, BY*Q-TCC-PSA formed vaulted stripes of
400 £ 90 nm height on the substrate. BQA-TCC-PSA
transferred less smooth and led to rather uneven lines of 160
+ 140 nm thickness. Viscoelasticity is a key property of
PSAs that greatly contributes to their adhesive profile, but
also defines applicability.'” With 1.8 & 0.3 MPa, the YM of
BY*Q-TCC-PSA was much lower than that of BQA-TCC-
PSA (10.3 £+ 4.6 GPa), explaining the smoother printing of
BY*Q-TCC-PSA. Both PSAs showed similar adhesion of
~100 nN, but differ strongly in work of adhesion (WoA,
Table S2, Figure S24). The softer BY*Q-TCC-PSA exhib-
ited a high WoA-profile (~30 fJ) associated with PSA-
characteristic fibrillation." BQA-TCC-PSA reached WoA
<1 {J and showed less tack than BY*Q-TCC-PSA. Overall,
the nano-tack tests confirmed that both TCC-PSAs present
interfacial adhesion, but BQA-TCC-PSA is less elastic than
BY*Q-TCC, while the latter shows more tack. In direct
comparison to commercial variants, only BY*Q-TCC-PSA
follows the typical guidelines for properties of PSAs with its
low YM and T,, and a characteristic force-distance-curve
(Figure S24a). However, BQA-TCC-PSA still presents a
tacky surface and can be tuned further towards PSA
characteristics by adjusting the T:Q-ratio (Figure S24b,c).

Furthermore, the AFM-QI measurements made it
possible to directly observe the oxidation effect (Figure 3b-
c). The adhesive properties of both TCC-PSAs deteriorated
after incubation with NalOg-solution, supposedly due to the
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oxidation of TCC-catechols to quinones.® The WoA was
reduced by approx. two thirds for both TCC-PSAs in air
(Table S2, Figure S24). Under water, the WoA decreased by
~93% for BY*Q-TCC and ~45% for BQA-TCC. The YM
of both TCC-PSAs, but especially that of BY*Q-TCC-PSA,
increased slightly in the dry state after oxidation, suggesting
changes in the cohesive network interactions caused by
oxidation of the TCC-functionalities (Table S3). Overall, the
measurements confirmed the importance of TCC-redox
states for adhesive properties by indicating a loss of
tackiness, which was consistent with previous measurements
of Dopa-derivatives.[!

The commonly used strong oxidant NalO, ensures high
reaction rates, whereby crosslinking between quinones with
catechols along the well-described mechanism of Dopa-
dimerization is effectively suppressed.'”’ Aging through
autooxidation by oxygen was not diminishing the adhesive
properties of bondlines stored for eight months in air,
justifying the need for a strong chemical trigger (cf. SI-
Section 5.4). Weaker oxidants such as H,O, or NalO; did
not have the desired effect. The application of basic pH
conditions, using solutions of either NaOH or the electro-
chemically accessible “green” periodate-alternative para-
periodate!"® (Na;10,(OH),) resulted in severe side reactions
and caused the PSA-films to turn black, immediately (cf. SI-
Section 4.5). Instead, incubation of both TCC-PSAs with
acidic meta-periodate (NalO,) resulted in the characteristic
color changes, turning deeply orange/red (Figure S25,
Videos “V1 BYQ-TCC oxidation”, “V2 BQA-TCC oxida-
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Figure 3. Deactivation of tack in TCC-PSAs through chemical oxidation. a) Schematic illustration of chemically triggered debonding in TCC-PSAs.
b,c) AFM-QI maps comparing stripes of TCC-PSAs on glass prior to (upper half) and after oxidation (lower half). Extracted parameters: 1)
topography, 2) Young’s modulus (YM), and 3) work of adhesion (WoA). d,e) Tan¥-spectra of infrared-spectroscopic ellipsometry (IRSE)

measurements of TCC-PSA films prior to (black, P) and after oxidation (green/red, POx) with ratioed spectrum (bottom). (Conditions: NalO, (100

mM), 15 min; YM scale is adjusted for contrast).

tion”). This was verified by UV-Vis spectroscopy, which
showed the quinone-characteristic absorption at ~370 nm.["?!
Thin-film sensitive infrared-spectroscopic ellipsometry
(IRSE)!"! measurements confirmed the chemical transfor-

mation of the TCC-moieties. The broad catechol v(OH)-
vibration ~3400 cm™ vanished upon oxidation, while a new
quinone-characteristic v(C=0)-band arose at 1670 cm
(Figure 3d-e).”” The disappearance of the catechol v(OH)-
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vibration suggests full catechol oxidation in the film. Time-
dependent UV-Vis measurements further support this
observation (Figure S26). IRSE and XPS measurements
suggested no severe additional chemical transformations
(Figure 3, Figure S27). In addition, GPC of the redissolved
oxidized polymer indicated no decomposition or crosslink-
ing of the TCC-PSAs, justifying the use of the strong oxidant
NalO, (Figure S28). The catechol-/quinone-band intensities
in the IRSE spectra were weaker for BY*Q-TCC-PSA than
for BOQA-TCC-PSA (Figure 3d-e, relative to PCL4MP
signals, Figure S10). This aligns well with the lower fraction
of TCCs in the network due to disulfide-bridges (SI-Section
2.4-5).

The nano-tack tests revealed impaired adhesive proper-
ties of the TCC-PSAs after oxidation, indicating the
potential for macroscopic debonding. This was investigated
using lap shear tests. Nano-tack and lap shear tests probe
different aspects of adhesives (tack vs shear strength).
However, predictions can be drawn from the earlier to the
latter. For instance, BY*Q-TCC-PSA is softer and should
withstand less load than BQA-TCC-PSA, while both should
be weakened by oxidation. Note that a direct correlation of
extracted values from both analyses is not straightforward
due to differences probed in these tests, such as timescale,
area of interaction, and direction of applied forces.

For lap shear tests, both TCC-PSAs were patterned in
200 pm wide bondlines by contact printing forming adhesive
junctions with open channels (Figure S33). Larger and
thicker bondlines were required for shear testing in compar-
ison to nano-tack tests to form strong junctions with
adequate adhesive wetting on both substrates. The channels
allow for the oxidant to penetrate sufficiently into the
adhesive layer for testing with and without oxidation
revealing the debonding effect (Figure 4, Figure S35). Glass
was chosen as the substrate, since it exhibited the highest
shear strength among various substrate materials in pre-tests
with BQA-TCC-PSA (Figure S34). Furthermore, glass is
advantageous due to being transparent and chemically inert
against the oxidant. Debonding of glass is especially
interesting, as weakening of the glue interface prior to
disassembly can prevent dangerous glass breakage.

Remarkably, upon oxidation the BY*Q-TCC-PSA re-
vealed a virtually complete breakdown of the initial 2.0 MPa
shear strength (5., median, Figure 4). While some samples
failed under their own weight during the oxidation, others
could be tested and failed at remarkably small shear forces
(Figure S35). BQA-TCC-PSA showed higher initial per-
formance with 7ygiymeay = 7.2 MPa, which declined to 3.4
MPa after oxidation. Both untreated TCC-PSAs failed
cohesively, indicating strong glass adhesion. Upon oxidation,
the glue-substrate interfaces were weakened, leading to
adhesive failure, where the PSAs peeled-off cleanly from
the glass (Figure 4d-e). Especially for ease of recyclability of
the substrates it is noteworthy that the residues of BY*Q-
TCC-PSA could be simply wiped off the glass immediately
after oxidation.

In general, the performance of PSAs results from a
complex interplay of several material parameters, defining
the dynamics in the bulk and at the adhesive interface.
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Figure 4. Macroscopic debonding tests. a,b) Shear tests performed on
glass bonded by a) BY*Q-TCC-PSA and b) BQA-TCC-PSA (T:Q-ratio as
indicated) applied in line patterns (200pm). c) Box plots of the joint
strength (7,,;,) of bonded substrates with untreated and oxidized TCC-
PSA bondlines. d,e) Pictures of the failed junction on oxidized d)
BY*Q-TCC-PSA and e) BQA-TCC-PSA (1:1.2).

However, despite this complexity, BY*Q-TCC-PSA could
be crafted carefully to achieve respectable joint strengths
and strong tack similar to typical PSAs."™ In contrast to this,
BQA-TCC-PSA exhibited higher YM and 7, broader
molecular weight distribution, and higher content of bivalent
TCC-crosslinks, all of which promote and rationalize the
considerably higher shear strength. It has been found for
monodisperse model systems that catechols accompanied
with amides can reach enhanced adhesion e.g. on glass,
beyond values of isolated catechols.'”! Taking this into
account, the smaller fraction of TCC-entities present in
BY*Q-TCC-PSA might be counterbalanced by additional
interactions that originate from the peptide backbone.

The chemical oxidation of BQA-TCC-PSA caused a
substantial decrease of 7., by 62% on average. Under the
same conditions, BY*Q-TCC-PSA exhibited a 99% reduc-
tion in shear strength, proving even higher suitability for
effective debonding. The considerably lower initial shear
strength of BY*Q-TCC-PSA compared to that of BQA-
TCC-PSA was excluded as a potential reason for the
effective debonding capability. A control experiment was
conducted, using a softer BQA-TCC-PSA with a T:Q-ratio
of 1:1.7 (cf. SI-Section 7). This PSA achieved 7jinmea) = 3-0
MPa and was only downregulated by 56% upon oxidation,
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as well (Figure 4). Hence, the differences in the debonding
efficiencies appear to originate from the structural and
compositional differences between the BQA- and BY*Q-
TCC-segments, which both undergo TCC-oxidation from
catechols to quinones. Furthermore, GPC analysis of the
oxidized adhesives showed no obvious crosslinking, which is
in agreement with the use of the oxidant in excess (cf. SI-
Section 4)."*¢ Therefore, crosslinking could be excluded as
another potential explanation for the superior debonding
efficiency of BY*Q-TCC-PSA.

Nevertheless, the complete loss in adhesion of BY*Q-
TCC-PSA remains a remarkable feature. Considering the
underlying chemistry, the oxidation of BY*Q-TCC-catechols
is expected to i) strongly decrease enhanced catechol-
substrate-adhesion, ™ ii.) alter network cohesion by replac-
ing catechol-catechol and catechol-amide H-bonding, while
iii.) preserving the rather polar character of the TCC-
connectivities due to the nature of the peptidic backbone.
Hence, the chemical debonding is caused by distinct changes
of the relevant catechol-interaction motif. The mechanism is
supported by the observed changes from cohesive fracture
before oxidation to adhesive failure after oxidation that
occurred for both TCC-PSAs, suggesting a strong change at
the adhesive interfaces. Furthermore, a slightly increased
YM after oxidation, revealed that the bulk polymer network
was not destabilized (Figure 3). This suggests that lost
cohesive interactions might be compensated by quinone-
amide H-bonding or hydrophobic interactions of the
quinones.

In contrast, the oxidation of BQA-TCC-PSA has a
considerably smaller effect on shear strength reduction. To
understand this, the differences between the oxidized BQA-
TCCs and BY*Q-TCCs segments have to be elucidated.
Upon oxidation, the BQA-TCC-functionalities undergo a
more pronounced change in properties, transforming from
polar catechols to more hydrophobic quinonic structures
(biscatechol A is water soluble, bisquinone A is not). This
changes the interaction mode of the BQA-TCC-segments,
which apparently partially compensates for loss of catechol
adhesive interactions with increased hydrophobic interac-
tions at the substrate interface and in the network.
Comparable hydrophobic effects are expected to be much
less pronounced in BY*Q-TCC-PSA, since the polarity of
the network is preserved through the peptide-backbone
structures and the BY*Q-TCC-entities constitute a smaller
fraction of their respective polymer network. Apparently,
the cohesive strength in the BQA-TCC-PSA bulk was not
altered strongly, as neither the YM nor the shear stiffness
changed dramatically upon oxidation (Table S3).

Opverall, patterned TCC-polymers offer a platform for
debondable PSAs. In practical examples, which favored the
strength of the respective TCC-PSA, chemically triggered
debonding was demonstrated for constantly stressed junc-
tions (V3 BQA-TCC Weight stress test; V4 BYQ-
TCC Weight stress test). Depending on the initial shear
strength and debonding efficiency, these experiments were
designed with tailored loads reaching from 50 g to 1 kg (cf.
SI-Section 6).
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In conclusion, a direct correlation between the redox
state of TCC-catechols/quinones and the adhesive properties
of TCC-PSA-polymers was revealed. Distinct debonding
behaviors were observed for PSAs containing the peptidic
DiDopa-bisquinone (BY*Q) versus the less functional
bisquinone A (BQA). Depending on the network design,
the shear strength of the polymers varies ranging from
approx. 2 to 7 MPa on average. For both TCC-PSAs, the
oxidation of the TCC-catechols resulted in a deterioration of
adhesive properties as confirmed by independent nano-
scopic and macroscopic experiments. Remarkably, the
peptidic backbone of BY*Q-TCC-PSA offers synergistic
interactions with the TCC-groups, the loss of which down-
regulates shear strength by 99% after oxidation. In contrast,
the oxidation of the BOA-TCC-PSAs reduces bond strength
by approx. 60% as oxidation results in hydrophobic TCC-
quinones that compensate the loss of cohesive and adhesive
H-bond interactions through hydrophobic contacts. Ad-
vanced glue formulation strategies are expected to further
improve the material performance. The oxidative trigger
leaves room for further improvement, such as direct electro-
chemical debonding to avoid the need for strong chemical
oxidants like sodium periodate paving the way towards end-
consumer applications. Thus, the use of biorelated com-
pounds offers opportunities to implement enhanced func-
tionality into materials, broadening the design space for
adhesive technologies as shown by TCC-adhesives that
combine adhesive strength with efficient debonding.

Supporting Information

Experimental details, list of used chemicals & materials,
synthesis and characterization of monomers and polymers,
methodic details and additional data for AFM-QI, sample
preparation AFM-QI and shear tests, shear test statistics,
characterization of the polymers: NMR, UV-Vis, XPS, GPC.
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