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Adhesive-tuning with aromatic dithiols in
thiol-quinone Michael polyadditions to tailor
thiol-catechol connected (TCC) polymers
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Aromatic phenolic dithiol monomers facilitate efficient thiol-quinone polyaddition, thereby expanding the
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property space of adhesives featuring thiol-catechol connectivities (TCCs). Compared to aliphatic thiols, a
cleaner and faster polymerisation is achieved with bisquinone A. Dithiol isomers influence polymerisation
kinetics, product glass transition temperatures, and adhesive lap shear strength. Underwater adhesion
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Introduction

Despite decades of intensive and highly fruitful research in the
field of bioinspired adhesives,"”” noteworthy advancements con-
tinue to be made.*'® Among bioadhesive strategies,"”° the cate-
chol functionality, present as 1-3,4-dihydroxyphenylalanine
(Dopa) in sclerotized cuticle proteins and mussel byssal
threads,””*" has become a central motif in bioinspired adhesives.
Dopa provides exceptional interaction properties, thereby enhan-
cing cohesion and enabling wet adhesion to virtually all hard sub-
strates.”” Since the pioneering work in the 1980s,*”* a rich
family of catechol-bearing biomimetic polymers has emerged,*
including minimal motif adhesive peptides, peptide-polymer con-
jugates, recombinant or artificial adhesive proteins, statistical
copolymers and catechol-modified commodity polymers.”®>"
These polymers exhibit remarkable properties including antifoul-
ing, redox-switchable, self-healing, and triggerable debonding
properties, realizing exciting applications such as universal and
substrate-specific coatings, robust (sea)water adhesives, renewable
coral glues, biomedical adhesives, and tuneable cell growth
scaffolds for tissue engineering.''>3>%7

Recently, a study demonstrated the synthesis of bioinspired
adhesives via Michael-type polyaddition of thiols and ortho-
quinones.*® This route produces thiol-catechol connectivities
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tests confirm robust bonding, demonstrating the potential for bioinspired performance adhesives.

(TCCs)* that mimic the potent and robust adhesive properties
of Dopa catechols.*® The approach is generic and potentially
scalable, with quinones being obtained from either (bio)
phenols enzymatically,®®
(IBX) oxidation,*® or electrochemically on graphitic electrodes

chemically via 2-iodoxybenzoic acid

directly from catechols.”' The thiol-quinone polyaddition has
successfully employed peptide-based Tyr-X-Cys (AB-type)
unimers.*® Moreover, a versatile family of bisquinones (AA-
type), which can be derived from dityrosine,"> diDopa or
bisphenol commodity monomers,*® can be effectively copoly-
merised in solution with dithiols (BB-type)."*?%*? In addition,
multithiols, that constitute a diverse class of building blocks
established in the context of thiol-ene/yne and thiol-halogen

click chemistries,**™**

11241

can be applied to thiol-quinone polyad-
dition as wel More recently, lignin activation produced a
green multiquinone, which crosslinked with polymeric tri- or
tetra-thiol star polymers in a solvent-free two-component (2 K)
system to form a strong adhesive resin.'*

Borner and coworkers reported a library of 40 adhesive TCC
polymers by reacting five bisquinones with eight dithiols.** So
far, TCC polymer synthesis relied on aliphatic thiols, but aro-
matic thiols (thiophenols) could offer higher reactivity and lead
to polymers with reduced segmental flexibility compared to ali-
phatic or benzylic analogues. Similar advantages are known
from aromatic polyamides (aramids), which combine thermal
stability, mechanical strength, and high glass transition temp-
eratures (7,s).*® Furthermore, monomer substitution patterns
modulate polyaramid properties, as shown by the contrast
between Nomex® and Kevlar®.*” Introducing aromatic dithiols
into TCC backbones may thus enhance polymerisation rates
and Ty, and strengthen both cohesion and adhesion.

Here, we use BB-type dithiophenol monomers such as ben-
zenedithiol (BDT) in thiol-quinone Michael-type polyadditions
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Fig. 1 Schematic illustration of a generic TCC polymerisation (top)
exemplified by p(BQA-pBDT). Using a combinatorial monomer library
(bottom) yields a set of TCC polymers. Bisphenol A is oxidised by iodox-
ybenzoic acid to bisquinone A as AA-type monomer that reacts in a
Michael-type polyaddition with aromatic mono- or dithiols (BB-
monomer).

with the AA-type bisquinone A to synthesise aromatic TCC
polymers (Fig. 1). The reactivity and selectivity of thiophenol
addition were analysed and the influence of ortho-, meta-, and
para-substitution in BDT isomers on TCC polymer properties
was evaluated and compared to the corresponding benzenedi-
methanethiol (BDMT) isomers. Moreover, the biphenyl
dithiols 4,4'[biphenyl]-dithiol (4,4'BPDT) and the benzylic ana-
logue 4,4'[biphenyl]dimethanethiol (4,4'BPDMT) were incor-
porated to evaluate the impact of biphenyl unit on adhesive
performance.

Results and discussion

The commodity monomer bisphenol A (BPA) can be straight-
forwardly oxidised by 2-iodoxybenzoic acid (IBX) in MeOH at rt
to give bisquinone A (BQA).*° This product precipitated as a
reddish solid directly from the reaction mixture and required
no further chromatographic purification. To initially prove the
capability of thiophenols (Ph-SH) to react with BQA, a model
study with thiophenol as monothiol was conducted in
N-methyl-2-pyrrolidone (NMP) (Fig. 2a). BQA rapidly reacted
with one equivalent of thiol per quinone group at rt, fully con-
suming the quinones within less than 30 s, as monitored by
UV/vis spectroscopy at 381 nm (Fig. 2b). In comparison, the
analogous reaction with benzyl thiol (Bn-SH) proceeded sig-
nificantly slower, requiring approximately 15 min to reach full
quinone conversion. The higher reactivity and nucleophilicity
of aromatic thiols was expected,*® and correlates well with the
reduced acidity of benzyl thiols (pK,phsu & 6.5, PKagn-su &
9.4).%

Ultra-high-performance liquid chromatography mass spec-
trometry (UHPLC-ESI-MS) analysis of both stoichiometric reac-
tions showed distinct product mixtures of three main com-
pounds (Fig. 2c and d). The disubstituted adduct was found to
be the main product for both thiols, whereas the monosubsti-
tuted adducts were consistently low in occurrence.
Remarkably, thiophenol reacts cleanly with BQA, leading to
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Fig. 2 Michael-type model reactions of BQA with either Ph-SH or Bn-
SH. The corresponding exact masses (Da) are shown in brackets (a). UV/
vis spectroscopy following the consumption of BQA by monothiols (b).
UHPLC UV traces of the reaction mixture of BQA with Ph-SH (c) or with
Bn-SH (d) after 12 h reaction (solvent A: water, 0.1% formic acid, solvent
B: acetonitrile, 0.1% formic acid, gradient 30-90% B; with BQA refer-
ence). H NMR spectroscopy of BQA/2Ph-SH reaction assigned to 5,5'-
diadducts (violet) and 2,5'-diadducts (yellow) (e).

the desired disubstituted adduct as the majority compound,
whereas benzyl mercaptan forms a mixture of di- and trisubsti-
tuted products. A rough quantitative estimation could be
obtained by normalising the integral intensities of the chroma-
togram UV traces based on the number of aromatic entities.
This analysis suggests a high selectivity and negligible side
reactions for thiophenol addition to BQA. While BQA/2Ph-SH
gave a roughly estimated ratio of mono/di/trisubstituted pro-
ducts of 1/97/2, the BQA/2Bn-SH exhibited a less favourable
ratio of 1/69/30.

For both Ph-SH and Bn-SH reactions, UHPLC-ESI-MS and
"H NMR analyses found predominantly two out of the six poss-
ible regioisomeric di-TCC adducts. The signals of BQA-(S-Ph),
could be assigned to the 5,5- and 2,5'-di-TCC adducts, with
NMR indicating a 9/1 ratio favouring the 5,5-isomer (Fig. 2e).
This regioselectivity mirrors that observed in cysteinyldopa for-
mation, where the 5-S isomer dominates the product
The more nucleophilic thiophenols facilitate the
rapid Michael-type addition compared to the benzylic thiols,
thereby limiting oxidative transfer from quinone to TCC-

catechol and effectively suppressing
51,52

mixture.>®

undesired over-

substitution.
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The chemical identities of both disubstituted TCC products
were confirmed by mass spectrometry using UHPLC-ESI-MS in
negative ionization mode. The detected molecular ions
matched well the theoretical masses of BQA-(S-Ph), (476.11
Da; found m/z 475.20) and BQA-(S-Bn), (504.14 Da; found m/z
503.24) in the respective reaction mixtures. Structural confir-
mation of the TCC motif in the BQA/2Bn-SH reaction product
was provided by 2D NMR spectroscopy. 'H-"*C HSQC and
HMBC experiments revealed a distinct *J-coupling between the
benzylic CH, protons and the aromatic carbon of the BQA unit
(Car,sqa) across the thioether linkage.”” In contrast, the TCC
structure in the BQA(S-Ph), product could only be inferred
indirectly, as *J-couplings were expected between the thiophe-
nol moiety and the BQA core.’® Nevertheless, the '"H NMR
spectrum showed four distinct aromatic signals, allowing sep-
aration of thiophenol- and BQA-derived protons. Assignments
were supported by 'H-'C HSQC and HMBC, where corre-
lations between BQA aromatic protons and its methyl carbons
confirmed their origin (SI Fig. S24). Notably, the signals of the
thiophenol moiety display only J-, %/- and *J-couplings within
that moiety, suggesting structural isolation. Complementary
diffusion-ordered spectroscopy (DOSY) showed identical
diffusion coefficients for protons from both distinct aromatic
moieties, thereby verifying that the CH; groups of the BQA
unit and aromatic C-H protons of the thiophenol unit belong
to the same molecular entity (SI Fig. S26).

The model reaction successfully confirmed the Michael-
type addition of thiophenols to BQA, proving both higher reac-
tivity and selectivity compared to benzyl mercaptans. These
effects are expected to benefit the polyaddition reaction
required to produce high-molecular-weight TCC polymers.

As expected, the reactivity of ortho-, meta-, and para-dithiol
phenols varied significantly. Upon addition of mBDT or pBDT,
the polymerisation mixture changed colour within seconds
from dark red to light yellow, indicating rapid quinone con-
sumption. In contrast, the ortho-isomer oBDT showed no full
discolouration, though immediate discolouration upon etha-
nethiol addition confirmed the presence of reactive BQA and
suggested hindered, incomplete polymer growth in case of
oBDT. Steric effects in oBDT could be expected and likely
favour fold-back conformations limiting growth to low-mole-
cular-weight species, as suggested by size exclusion chromato-
graphy (SEC) analysis (SI Fig. $27 and $28).>* This is in accord-
ance with the literature, describing a difficult growth step for
ortho-substituted benzene-dinucleophiles, compared to their
para- and meta-substituted counterparts.>®™>’ Interestingly,
DFT calculations could not reveal significant kinetic differ-
ences between the para- and ortho-isomers in the initial two
addition steps (SI Scheme S1, Table S1 and S2). However, the
limited molecular weight of p(BQA-0BDT), reaching only M,, of
2500 g mol ', indicated that chain growth slows down at later
stages. This reduced reactivity might be rationalised by steric
hindrance, where backfolding of oBDT-containing chains pro-
gressively limits accessibility of the reactive chain ends.

To investigate the influence of stoichiometry of the func-
tional groups on the molecular weight of TCC polymer pro-
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ducts, an AA + BB (bisquinone + dithiol) polyaddition reaction
in NMP was carried out by slightly varying quinone equivalents
from 0.90 to 1.05 with respect to thiols in the pBDT (Fig. 3a).
The polymerisation proceeds in a nearly ideal manner, as evi-
denced by the highest molecular weights observed at a
quinone-to-thiol (Q/T) ratio of 0.95/1.05-1.00/1.00. This high-
lights the robustness of the polyaddition process, with the
optimal functionality ratio remaining constant across various
dithiols, including thiophenols, and benzyl analogues (Fig. 3b
and SI Fig. S29). According to Carothers’ equation for AA/BB
polyadditions, deviations from ideal stoichiometry lowered the
molecular weight of the TCC polymers products.’®
Interestingly, the polymerisation tolerated excess of thiol more
effectively than quinone excess, potentially suggesting that
under thiol-rich conditions, disulfide formation might buffer
thiol overabundance via an alternative growth pathway.
Consistent with the UV/vis kinetics, the polymer growth in
the BQA/pBDT solution polyaddition at a Q/T ratio of 1.00/1.00
levelled off within about 15 seconds, as indicated by SEC. Over
a period of 4 hours, no significant increase in molecular
weight was found (Fig. 3c). The SEC trace exhibited only a mar-
ginal and rather symmetric shift, with the peak molecular
weight (M,) increasing by approximately 400 g mol™" from 15
seconds to 4 hours. In agreement with the literature and the
model reaction, the solution polyaddition of BQA with pBDMT
proceeded much slower than that of pBDT. The primary
growth occurred within the first 15 minutes, with only a minor
increase over the subsequent 4 hours (Fig. 3c). Under compar-
able conditions, pBDT underwent the polyaddition reaction
significantly faster, yielded polymers with notably higher M,
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Fig. 3 SEC analyses of p(BQA-pBDT) and p(BQA-pBDMT) synthesised
at varying AA/BB monomer feed ratios (0.90 to 1.05 equivalents BQA) (a
and b). Kinetic studies of p(BQA-pBDT) and p(BQA-pBDMT), monitoring
polymer growth over time (c). SEC analysis of isolated and purified TCC
polymers (d) (c and d conditions: Q/T = 1.00/1.00, c[BQA] = 0.15 mol
L% NMP, rt).
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and with high molecular weight flanks reaching up to 5 x 10°
g mol~". These results demonstrate that dithiophenols can be
added to the pool of feasible BB-type monomers, thereby
expanding the scope of the thiol-quinone Michael-type
polyaddition.

To reveal structure-property relationships, a material
library of eight different TCC polymers was synthesised in a
straightforward manner. Solution polymerisation was con-
ducted at a BQA concentration of 0.15 mol L™ in NMP, yield-
ing the set of TCC polymers. All products were isolated by pre-
cipitation from methanol, where undesired low molecular
weight materials could be fractionated (Table 1 and Fig. 3d). In
addition to employing the previously mentioned dithiophenols
and their benzylic analogues, the study also included biphe-
nyl-based dithiols such as 4,4'[biphenyl]-dithiol (4,4'BPDT)
and 4,4-[biphenyl] dimethanethiol (4,4'BPDMT), to expand
the structural space of the TCC polymer library. Isolated yields
were typically 60-80%, though for low molecular weight pro-
ducts like p(BQA-0BDT) only 30% could be recovered as pre-
cipitate. The chemical structures of the purified TCC polymers
were comprehensively characterised by SEC, Matrix-assisted
laser desorption/ionisation time-of-flight mass spectrometry
(MALDI-TOF MS), NMR and FTIR (¢f. SI). Structural analysis
was exemplified using p(BQA-pBDT), as illustrated in Fig. 4.

"H NMR spectroscopy confirmed the stoichiometric ratio of
the inbuilt AA/BB monomers within the error of the method
(Fig. 4a and SI). Moreover, despite the non-trivial desorption
of p(BQA-pBDT), MALDI-TOF MS analysis displayed a homolo-
gous series of mass signals with alternating peak distances
corresponding to the AA-BB mass patterns expected of a BQA
(258.09 Da) and pBDT (139.98 Da) backbone (Fig. 4b, and SI).
FTIR spectroscopy suggested full consumption of quinones, as
the characteristic vibration band of 1660 cm™, typical to con-
jugated carbonyls in the quinone, vanished (Fig. 4c, and SI).
The SEC analysis of p(BQA-pBDT) revealed high apparent
molar weights of M, ,p, = 22 000 g mol~" with a dispersity of D
= 2.8 and a pronounced high molecular weight flank reaching
M. Up to 5 x 10° g mol™" (Table 1).>® No evidence for an
alternative disulfide-mediated growth was found, as tributyl-

Table 1 Overview on the SEC, DSC and TGA analyses of the purified
TCC polymers

M (kg mol™) T (°C)
TCC polymers M,®  Myapp? My’ B T, Tse,”
p(BQA-0BDT) n.d. 2.5 n.d. nd. nd. nd
p(BQA-mBDT) n.d. 14.0 90 1.7 142 300
p(BQA-pBDT) 82 22,0 500 2.8 153 269
p(BQA-4,4'BPDT) 11.0  23.0 500 3.2 167 327
p(BQA-0BDMT) nd. 6.9 70 1.3 111 185
p(BQA-mBDMT) n.d. 10.0 100 2.3 107 136
p(BQA-pBDMT) 56  15.0 200 3.2 121 190
p(BQA-4,4'BPDMT) 5.0  23.0 600 3.2 145 192

Mnax is maximum detectable molecular weight at 1% SEC trace inten-
sity. “ Determined from polymerisation mixture after 4 h. ? Purified by
precipitation from methanol; n.d. - not determined.

4798 | Polym. Chem., 2025, 16, 4795-4803

View Article Online

Polymer Chemistry

a b 100
BQA-pBDT) i
P(BQA-pBDT) CH, 50
= Ar-H g o
< OH Z 1000 2000 3000 4000 5000 6000
k2 §150{
g < o b T . o
£ = 23 T8 8g @
3 Zioo{ T8 55 £§ o8
L2 -8y g
T 5 s 8| ®
2 2 s o 2
9.5 9.0 85 8.0 7.5 7.0 65 15 1.0 o
Chemical Shift (ppm) 1000 1500 2000 2500
c d m/z
Y(C=0) M, ——p(BQA-pEDT)
BHT |M reduced
) - |W
£ | p(BQA-pBDT) 2
@ o
2 [
S >
x ]
8 £
2 |BaA 2
M,
V(O-H) YC-H) [
4000 3500 3000 2500 2000 1500 1000 500 102 10° 10 10°  10°

Wavenumber (cm™) App. Molar Mass (g-mol™")

Fig. 4 Characterisation of p(BQA-pBDT) including *H NMR spec-
troscopy in DMSO (a), MALDI-TOF MS analysis of adducts: 1219.63 m/z,
1359.57 m/z, 1617.14 m/z, 1757.67 m/z, 2015.99 m/z, 2155.83 m/z,
2413.69, 2553.55 m/z; calc.: 1219.13 m/z, 1359.17 m/z, 1617.26 m/z,
1757.23 m/z, 2015.33 m/z, 2155.30 m/z, 2413.39 m/z, 2553.37 m/z (b),
FTIR analysis comparing start material BQA and TCC product (c) and
SEC analysis of p(BQA-pBDT) after using reducing agent for potential
disulfide cleavage. M.« is the maximum detectable molecular weight at
1% SEC trace intensity (d).

phosphine addition, which cleaves potential disulfide lin-
kages, did not alter the SEC traces significantly (Fig. 4d).

In the entire TCC library, the polymer formation across the
set of monomers proceeded via a thiol-quinone Michael-type
addition mechanism, yielding alternating AA-BB-type polyaddi-
tion products. Nonetheless, SEC analysis revealed distinct
effects of the three different classes of dithiol monomers, as
well as their respective isomers, on the molecular weight of the
resulting TCC polymers (Table 1). Apparently, para-substituted
monomers consistently yield the highest My ,pp and Mp,ay,
which can be attributed to a linear geometry resulting in low
steric hindrance and promoting efficient chain propagation. In
contrast, ortho-substituted analogues reached significantly
lower molecular weights due to steric congestion that renders
polymer growth less favourable. The meta-substituted mono-
mers show an intermediate behaviour and balance steric
effects with backbone distortion. BDT-based polymers gener-
ally reach higher molecular weights than their BDMT counter-
parts, suggesting that both the increased planarity of the struc-
tural element and the higher reactivity of the thiophenols
promote effective polymerisation. Solely the ortho-isomer of
BDMT shows superior performance when compared to oBDT
as the higher flexibility compensates for steric constraints.
Thus, the use of 0BDT was discontinued, as only oligomers
were obtained, which appeared unsuited for adhesive appli-
cations. The highest molecular weights were observed in the
4,4'-disubstituted biphenylic monomers, p(BQA-4,4'BPDT) and
P(BQA-4,4'BPDMT). This might be explained by the higher

This journal is © The Royal Society of Chemistry 2025
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molecular weights of the 4,4'BPDT and 4,4'BPDMT monomer
units compared to their BDT and BDMT analogues but also
could reflect a favourable effect of extended conjugation and
backbone planarity on polymer growth.

The thermal stability of the TCC polymer set was evaluated
by thermogravimetric analysis (TGA, c¢f. Table 1). The results
clearly demonstrated that polymers containing phenolic
dithiol backbones possess markedly higher thermal resistance,
having a 5 wt% mass loss temperatures (Tso,) in the range of
270-300 °C. In contrast, TCC polymers with benzyl dithiol
units show substantially lower Ts¢, values between 140 and
190 °C. Interestingly, despite these differences in initial degra-
dation temperatures, the maximum degradation rates of all
TCC polymers fall within a similar range of 300-340 °C,
suggesting analogous final decomposition pathways. This
aligns well with previous studies on aliphatic TCC polymers,
indicating that TCC decomposition occurs above 300 °C.*>

The TCC polymers with phenyl-dithiol backbones also
exhibited notably high glass transition temperatures (Tg) of
142-153 °C, as determined by differential scanning calorime-
try (DSC, cf. Table 1). In contrast, benzylic analogues showed
lower T, values, ranging from 107 °C to 121 °C. However, in
both sets, the para-isomers consistently reached the highest T,
and the introduction of conformational kinks into the polymer
backbone lowered T,. As anticipated, TCC polymers derived
from biphenylic thiophenols reached the highest T, in the
entire set with 167 °C, similar to the pBDT product, due to
increased structural rigidity. Conversely, the benzylic biphenyl
analogue (4,4'BPDMT) with increased segmental flexibility
relative to 4,4'BPDT gave a T of 145 °C.

These thermal property variations align with known struc-
ture-property relationships, as seen e.g. in para-linked aro-
matic polyamides (polyaramids), which exhibit higher thermal
and mechanical performance than their meta-substituted ana-
logues.*® The para-based polyaramids typically achieve high T,
due to symmetric segments enabling strong secondary chain
interactions.”® Similarly, the TCC polymer library shows T,
increases driven by segmental rigidity, molecular symmetry,
intermolecular interactions, and chain-end
concentrations. Taking the low molecular weight model
reactions into account, the thiophenol-quinone coupling gen-
erally proceeded in a regioselective manner, with only ~10% of
2,5"-isomer defects. DSC analysis consistently showed a single
glass transition for each polymer, with no evidence of micro-
phase separation, suggesting that 2,5"-linkages are statistically
distributed within the polymer chains rather than forming seg-
regated regions. Given the intrinsically kinked repeat-unit
structure of TCC polymers, a comparatively small number of
regioisomeric defects might have limited effects on chain
packing. By contrast, variations in mono-, di-, and trisubstitu-
tion patterns at the bisquinone core are expected to exert a
much stronger impact on bulk properties by altering chain
topology. Notably, the model reactions showed superior substi-
tution-pattern selectivity for thiophenols (PhSH) compared to
benzylthiols (BnSH). Thus, direct consequences on key TCC
polymer properties such as melt viscosity and processability
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are more likely to arise from substitution pattern effects than
from regioisomeric differences.

The glass transition temperature can significantly affect the
adhesion performance of glues by influencing, for instance,
the formation of the adhesive interface, the cohesive bulk
strength, and the brittleness of failure modes. Accordingly, the
set of TCC polymers was evaluated as “hot-melt”-like adhesives
through lap shear tests conducted at room temperature using
aluminium substrates (Fig. 5a). The polymer was dissolved in
acetone (167 mg mL™"), and 50 pL of the solution was applied
to a 7 x 20 mm? area. After solvent evaporation at rt, curing
was carried out at temperatures 10 °C higher than T, for
16 minutes.

Apparently, the adhesion strength improved with both
increasing My, ,pp and T, (Fig. 5b and c). However, a global
parameter correlation revealed a wider association between
adhesive shear strength and increased Ty, but a weaker depen-
dency on higher molecular weight. For instance, p(BQA-mBDT)
and p(BQA-4,4'BPDMT) displayed comparable glass transition
temperatures (T, = 142 °C vs. 145 °C, respectively) and both
achieved high shear strengths (3.3 + 0.5 MPa vs. 2.6 + 0.5
MPa), despite a substantial difference in their apparent mole-
cular weights (Myapp = 14000 g mol™" vs. 23000 g mol™",
respectively). Moreover, p(BQA-pBDMT) and p(BQA-mBDT),
which exhibited similar My, 4pp (~14 000-15000 g mol~") but
differed significantly in T, (121 °C vs. 142 °C), yielding shear
strengths of 1.4 + 0.3 MPa vs. 3.3 + 0.5 MPa, respectively.

This suggests that chain entanglements are not the primary
factor governing adhesive performance. All TCC adhesives left

® p(BQA-0BDMT)

o b ® p(BQA-mBDT) p(BQA-mBDMT)
Application p(BQA-pBDT) ® (BQA-pBDMT)
“sou __ _5 ® p(BQA44BPDT) p(BOA-4 4#BPDMT)
g
s 4t ]
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=
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Fig. 5 Performance analysis and testing of seven TCC adhesives by
bonding aluminium substrates. Schematic lap shear test setup (a) and
global property correlation plots comparing adhesive strength with
M, app (b) and Ty (c). (Data points represent the average. Error bars indi-
cate the standard deviation of the tested samples with n = 6 and the
background colour in b & c is only to guide the eye.)
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residues on both aluminium substrates after fracture, which
appeared in Scanning electron microscope (SEM) images as a
finely structured ablation film (SI Fig. S35). Complementary
energy-dispersive X-ray spectroscopy (EDX) analysis of the sur-
faces confirmed the presence of TCC polymers through the
detection of sulphur K-band signals, denoted as “positive” in
the figure. Together, these observations indicate a mixed
failure mode dominated by cohesive domain fracture and
suggest strong interfacial adhesion. This supports the assump-
tion that cohesive strength is mainly governed by secondary
chain-chain interactions, rather than mechanical entangle-
ments, which would otherwise result in more robust network
integrity.

As anticipated, the high chain symmetry in p(BQA-pBDT)
leads to a high T, and excellent adhesion performance, reach-
ing a shear strength of 4.0 = 0.2 MPa. Similarly, increased seg-
mental rigidity introduced by the biphenyl core®” in p(BQA-4,4'
BPDT) yields the highest T, among the thiophenol derived
TCC-polymers and enables a comparable adhesion strength of
4.0 + 0.3 MPa. This trend is supported by the benzylic thiol
derivative with a biphenyl core, which also exhibited a high T,
and achieved highest shear strengths within the benzylic set at
2.6 + 0.5 MPa. Overall, phenolic BDT and 4,4'BPDT based TCC
polymers show superior T, and deliver shear strengths up to 4
MPa, which is ~40% higher than the best performing aliphatic
TCC polymer from previous studies (2.4 + 0.4 MPa).** Further
comparative bulk mechanical analysis remains challenging, as
classical stress—strain tests do not capture the thin-film geome-
try of adhesive joints, where interfacial effects, physical sub-
strate anchoring, and layer thickness strongly influence the
effective properties of the adhesive layer. Nevertheless, the new
set of TCC polymers follows general trends observed in pre-
vious studies on TCC adhesives, with rigid, hydrophobic
materials achieving higher and more durable adhesion
strengths than their softer, more hydrophilic counterparts.'*®

Given that the class of TCC adhesives are inspired by cate-
chols found in the adhesive systems of marine mussel, evaluat-
ing their performance under seawater conditions is of particu-
lar interest. Accordingly, the two most promising candidates
were selected for underwater performance testing. Protocols
based on Wilker et al. were adapted to simulated seawater con-
ditions (35 g L™" salinity, 599 mM NaCl).** The viscous TCC
polymer solutions were applied underwater to aluminium sub-
strates, joined, and cured for 3 days at 50 °C under accelerated
curing conditions. Lap shear tests were conducted after air-
drying at room temperature. While p(BQA-pBDT) showed
decent underwater adhesion strengths of 1.6 + 0.3 MPa, the
p(BQA-4,4'BPDT) adhesive exhibited rather impressive 3.4 + 0.6
MPa, which meets the range of fully formulated commodity
epoxy resin underwater adhesives (3.8 + 0.4 MPa).'' The
P(BQA-pBDT) retains only ~40% of the dry adhesion strength
under seawater conditions, whereas p(BQA-4,4'BPDT) retains
~85%. The shorter pBDT linker increases the density of TCC
sites, which enhances substrate interactions but simul-
taneously raises hydrophilicity, promoting water and ion
uptake that weakens cohesion. In contrast, the biphenyl-based
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4,4'BPDT segment is more hydrophobic, resulting in a greater
spatial separation of TCC sites and thus reducing water inter-
actions while preserving cohesion through rigid, glassy biphe-
nyl domains.

A similar trend was observed for the benzylic analogues
p(BQA-pBDMT) and p(BQA-4,4'BPDMT) cured under seawater
conditions (SI Table S3 and Fig. S36). None of the benzylic
systems formed robust bonds, as most samples disintegrated
upon minimal mechanical stress and consistently exhibited
cohesive failures. Only the biphenylic derivative p(BQA-4,4’
BPDMT) produced measurable shear strengths of ~0.9 + 0.2
MPa. As in the case of the benzylic TCC polymers, the weak
bonding performance can be likely attributed to water swelling
of the polymer, giving overall weaker network structure due to
more flexible benzyl-derived TCC adhesives. These factors
explain the uniform occurrence of cohesive failure across
benzylic samples and, in direct contrast, rationalise the
superior underwater performance of the more rigid biphenyl-
based p(BQA-4,4'BPDT).

Direct comparison to previously reported aliphatic TCC
polymers shows that the aromatic p(BQA-4,4'BPDT) demon-
strates significantly improved wet adhesion strengths.*”> The
aromatic backbone probably reduces water interference at
the adhesive interface, improving bonding under wet con-
ditions. Interestingly, the biphenyl-based 4,4'BPDT outper-
forms the BDT unit by a factor of two. This is likely due to
the biphenyl unit that reduces hydrophilicity of the bulk
and improves cohesive interactions under aqueous con-
ditions via entropy driven hydrophobic contacts.®® Thus,
p(BQA-4,4'BPDT) achieves 85% of the shear strength found
under dry conditions, which is particularly remarkable, as
salt water adhesion is typically significantly weakened com-
pared to a dry-state performance test.”> Swelling resistance
was evaluated by immersing dry-cured samples of p(BQA-
pBDT) and p(BQA-4,4'BPDT) in water for four days and com-
paring their shear strengths with those obtained from wet
application and underwater curing. The results showed that
both polymers retained adhesion within a comparable range,
irrespective of the preparation method. For p(BQA-pBDT),
shear strength decreased only marginally from 1.6 + 0.3 MPa
(direct wet application) to 1.4 + 0.3 MPa after water immer-
sion. Similarly, p(BQA-4,4'BPDT) maintained 3.0 + 0.4 MPa
after water immersion, close to 3.4 + 0.6 MPa measured for
direct underwater application. Comparative SEM images of
the fracture surfaces, combined with EDX analysis, revealed
no dramatic influence of swelling on fracture behaviour,
demonstrating good stability of both polymers in aqueous
environments. The fractures remained predominantly cohe-
sive in nature, and sulphur K-bands were consistently
detected, confirming the presence of TCC polymer residues
on both substrate sides (SI Fig. S38).

These findings highlight the critical role of T, in adhesion
performance and suggest that, under the given conditions, M,,
has a less significant effect in the case of TCC polymers.
Obviously, the benzenedithiol and, in particular, the
biphenylic analogue, excel at wet adhesion, likely due to an

This journal is © The Royal Society of Chemistry 2025
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enhanced hydrophobic nature reducing water interference at
the adhesive interface.

Conclusions

Aromatic dithiols have proven to be a most suitable monomer
class for thiol-quinone Michael-type polyadditions with bisqui-
none A (BQA), reacting faster and and generating the desired
5,5'-disubstitution pattern more selectively, when compared to
their benzylic analogues. The resulting thiol-catechol connec-
tivities (TCCs) form rapidly in solution, with polymer growth
reaching completion within ~15 seconds, in contrast to
15 minutes for benzylic monomers under similar conditions.
ortho-, meta-, and para-Phenyldithiol isomers expectedly
showed T, properties known from fully aromatic polyaramids
with respect to rigidity and glass transition temperature (Tg).
The para-isomer of benzenedithiol (BDT) performed the best,
producing TCC polymers with M, ., of up to 22000 g mol™*
with high molecular flanks up to My, = 5 X 10° g mol™". The
polymer exhibited remarkable thermal stability with a Tse,
decomposition temperature of 270 °C, and a T, of 153 °C. The
meta-isomer also led to adhesive polymers with slightly
reduced T, due to disturbed backbone symmetry, while the
ortho-isomer resulted molecular weight
oligomers.

A library of seven TCC polymers, derived from meta- and
para-BDT, ortho-, meta-, para-benzenedimethanethiols (BDMT),
and the biphenyl-based dithiols 4,4'[biphenyl]-dithiol (4,4'
BPDT) and 4,4'[biphenyl]dimethanethiol (4,4'BPDMT), was
synthesised to enable detailed structure-property analysis.
Adhesion studies indicated that both molecular weight and T,
influence adhesion strength, with 7, being the dominant
factor. The p(BQA-4,4'BPDT) TCC adhesive reached the highest
shear strength on aluminium (4.0 + 0.3 MPa). In wet adhesion
tests in saltwater (599 mM NaCl), 85% of dry adhesive per-
formance could be retained, yielding shear strengths of up to
3.4 MPa. This underlines the suitability of this new class of
thiophenol monomers to realise segment rigidity and hydro-
phobicity, which are key properties for TCC adhesives.
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