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Organic transformation of lignin into
mussel-inspired glues: next-generation 2K
adhesive for setting corals under saltwatery

’ M) Check for updates ‘

Cite this: Green Chem., 2024, 26,
2044

Ching-Yi Choi, 2@ Francisco Lossada,® Keven Walter,” Tom Fleck-Kunde,?
Sascha Behrens,” Thomas Meinelt,” Jana Falkenhagen, (2 © Matthias Hiller,®
Hartmut Oschkinat,® André Dallmann, 2@ Andreas Taden® and Hans G. Bérner (0 *@

The 2-methoxyphenol units (G-units) in lignin are modified by demethylation and oxidation to provide
the activated lignin as one part of an advanced biobased two-component (2K) adhesive system, which
exhibits promising shear strengths in dry and underwater applications. The activation of lignin is straight-
forward and generates quinones via demethylation and periodate oxidation. These act as Michael accep-
tors and react smoothly with multi-thiol-star polymers to yield thiol-catechol connectivities (TCCs). The
mussel-inspired material platform acts as a very robust and versatile adhesive, combining low-cost and
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readily available lignin with multi-thiols to achieve outstanding adhesion strengths of up to 15 MPa in dry
application. In particular, the 2K system is compatible with the marine biological environment and shows
no acute toxicity to sensitive organisms such as fish eggs. Thus, one possible application of this material
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Introduction

The need and urgency of feedstock changes from fossil to
renewable is a paradigm that has been widely recognized and
is accepted in many areas by the chemical industry.> While
several strategies are currently being developed and efforts are
being made for implementation, the challenges, but more
importantly the opportunity spaces, are becoming clear.®™®
Since the dawn of petrochemistry in the 18™ century, fossil gas
or oil has been the main resource, where the processing of
their chemical mixture demands a tremendous amount of
energy and water resources.'®'> Given that the structural and
functional complexity of the components in fossil feedstocks
tends to be rather low, energy-intensive chemical reactions are
required to fabricate carbon-based functional materials.
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could be an adhesive for setting temperature-resistant corals in damaged reefs.

Considering this, lignin represents a promising candidate for
chemists.”*'* As an abundant biomass, lignin has a high
chemical complexity and is a functionally rich compound that
has mostly been considered of low value and is, to a large
extent, thermally utilized waste material from paper pulp
production.”®™® Certainly, lignin has been in focus for che-
mists for several decades and interesting materials have
already been fabricated from it in the 1980s.>>*' Additionally,
within the last decade, technical lignin conversion processes
overcame both severe batch-to-batch variations and depen-
dence on raw material, resulting in consistent lignin quality at
an industrial scale.>”> Moreover, advanced lignin structure ana-
lysis methods, such as QQ-HSQC, NMR and HR-MS MS
coupled with computational evaluation, provide deep insights,
setting the stage for the exploitation of lignin as a feedstock
platform for materials and fine chemical building blocks.>*’
Commonly, lignin is isolated from wood pellets or plant
fibers and this process generates low molecular weight poly-
meric structures that are soluble in alkaline solutions or
organic solvents.'® Furthermore, when separated from cell-
ulose and hemicellulose compounds, the chemical network of
lignin is reorganized, leading to an artificial lignin structure.*’
Depending on the source of lignin, it possesses three types
of hydroxycinnamyl alcohol subunits or monolignols, namely
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S), which are
connected in varying ratios, forming a biopolymer nanogel. A
high amount of phenolic elements that constitute the back-
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bone of lignin structures, in which they are connected via
various C-O and C-C bond types, make lignin an interesting
candidate for applications in diverse fields, such as medicine,
electrochemistry, concrete additives, heavy metal ion absor-
bers, and adhesive materials.”®* Among them, the use of
lignin as an adhesive has been intensively studied and it has
been integrated into several platform chemistries.*> In living
vegetation and lignocellulosic biomass, lignin serves as a
purpose-adapted crosslinker, having covalent bonds with
hemicellulose, which then interface and adhere to cellulose
fibers for structural frameworks.*® During industrial lignin iso-
lation processes, these adhesive properties are largely lost in
the pure lignin compounds due to their structural reconstitu-
tion and the absence of natural binding partners.*”°

In synthetic resin-type adhesives, lignin often acts as a re-
placement for petrochemical and polyphenolic components,
resulting, for example, in the production of greener lignin-
phenol-formaldehyde, -epoxy, or -urethane adhesives.*™*?
However, although lignin is renewable and reduces the carbon
footprint of adhesives, the synthesis of resins often involve the
use of critical chemicals such as formaldehyde, epichlorohy-
drin, and isocyanates, as well as partially environmentally
harmful catalysts, which reduce the overall green advances of
these material approaches.>>*%*?

Process softwood lignins such as kraft or organosolv lignin
have been extensively utilized to create
materials,”>™** taking advantage of their easy processing and
high content of polyphenolic entities that allow further
chemistry.'®**™*° Lignin can act as a substitute for environ-
mentally harmful phenol compounds, eventually eliminate
bisphenol A as a compound of potential concern in the syn-
thesis of renewable polycarbonates.’®*>* The polyvalent
phenols present in a fairly compact molecular “nanogel” are
beneficial for different adhesive platforms. For example,
bisphenol A free epoxy adhesives or glues obtained by cross-
linking lignin via the addition of a,w-vinyl ether functional
poly(ethylene glycols) to phenolic hydroxy groups or via poly-
urethanes using classical diisocyanate polyaddition to oxy-
propylated lignin or related green chemistry approaches.*>

While the nanogel structure promises the constitution of
effective network points in lignin-hybrid polymer resins, the
low abundance of available functional groups for chemical
crosslinking reactions and the steric hindrance due to the
compact connectivity of the aromatic units within the lignin
macromolecule offer room for improvement.”®*" This has trig-
gered the rich field of chemical modification of lignin, which
can be categorized into, on the one hand, the introduction of
artificial functionalities that usually connect functional enti-
ties by consuming lignin hydroxy/phenolic groups forming e.g.
esters or aliphatic, allylic or silyl ethers.’*® On the other
hand, the abundance of hydroxyl groups in the lignin structure
can be increased artificially by chemical modification of its
network. One successful and well-studied pathway employs the
demethylation reaction with reagents such as hydroiodic acid
(HI), hydrogen bromide (HBr) and iodocyclohexane (ICH),
which cleave the methyl ether bonds of the aromatic subunits.

innovative
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Recently, these demethylated lignins have been successfully
used as components of epoxy resins.’>®® However, the intro-
duction of epoxide groups consumes the phenolic/hydroxy
functionalities, causing the lignin molecules to lose one of
their dominant interaction modes. This leads to a decrease in
both inter- and intramolecular H-bonding capabilities, which
appears to be one of the vital supramolecular modes for both
dynamic network cohesion and adhesion properties.®*®*

Hydrogen bonding of hydroxy groups in an inherently
hydrophobic environment, such as the aromatic lignin struc-
ture, drives interactions through the hydrophobic (entropic)
effect, which is well known in water-based self-assembly and
becomes particularly important when targeting wet or under-
water adhesives.®*™®® For instance, the biological adhesive
system from blue mussels (Mytilus edulis) utilizes the aromatic
hydroxyl groups from the 3,4-dihydroxy-.-phenylalanin
(-DOPA) residues present in various mussel foot proteins
(mfps).”®”" 1t is commonly accepted that 1-DOPA residues
provide the key components to create cohesive and adhesive
properties under the hostile seawater conditions.®*”*7°

It should be noted that in biological wet adhesives, non-
covalent interactions are often accompanied by covalent cross-
linking processes to construct and tune the desired structures
from purpose-adapted adhesive proteins, achieving the
required cohesive/adhesive performance and realizing remark-
able resilience.®*®* This straightforward concept of cross-
linking has enabled the industrial application of adhesives
using the ill-defined agglomeration of native plant or animal
proteins, where chemical modification is not
necessary.®>%*

The remarkably versatile and reversible interaction capabili-
ties of L-DOPA residues lead to a rich class of biomimetic cate-
chol-containing peptides and polymers that demonstrate excit-
ing underwater adhesive properties.”"”*%"®® Recently, a new
class of mussel glue-inspired adhesives was fabricated by
exploiting the biogenic cystenyldopa connectivity, originating
from a thiol-quinone Michael-type addition.?® p-Thiols derived
from cysteine residues were proven to add rapidly and cleanly
to oxidized L-DOPA residues in the quinone form.*~**

The latter could be conveniently generated via enzymatic
means using tyrosinase and by oxidizing agents such as peri-
odate and 2-iodoxybenzoic acid (IBX).**°*"%® The reaction
pathway is generic and polymerizes AB-type Cys/Tyr-bearing
peptides to artificial mussel glue proteins with e.g.
implemented cohesion switching mechanisms.”*

Moreover, fully synthetic sets of AA/BB-type bisquinones
and di-thiols polymerize rapidly, leading to libraries of artifi-
cial mussel glue polymers that present the thiol-catechol-con-
nectivities (TCC) as fully synthetic “t-DOPA” derivatives.”>"*
The TCC-formation exhibits an effective crosslinking/polymer-
ization mechanism that is not consuming the valuable pheno-
lic functionalities and thus would preserve potentially also
H-bonding capabilities of lignin.”® Furthermore, the thioether
substituent even stabilizes the catecholic functionality by redu-
cing autooxidation under air and with this unwanted dimeriza-
tion in analogy to “diDOPA” crosslinking pathways.”®

always
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Interestingly, various bisquinones can be accessed from tech-
nically available commodity bisphenol monomers, e.g., bisphe-
nol A, via a single-step reaction with IBX, thus offering scale-
up possibilities.”*** However, the compound family based on
bisphenol A relies on fossil resources and raises concerns as
endocrine-disrupting compounds in animal studies.”® Thus,
lignin appears to be an interesting candidate as a sustainable
feedstock, which is available on a scale of 50-70 million tons
per year from paper pulp production and chemically one de-
methylation step away from a catechol-bearing scaffold.”®
Herein, we present the modification of commercially avail-
able lignin by distinct chemical transformations to enable its
utilization as a multi-/poly-quinone component in thiol-
quinone Michael-type polyaddition reactions. A two-com-
ponent (2K) strategy was employed to combine the activated
lignin with multi-thiol-star polymers containing either hydro-
phobic poly(e-caprolactone), PCL4MP, or hydrophilic poly
(ethylene oxide), ETTMP, segments, leading to the formation
of TCCs (Fig. 1). The application and curing properties of the
adhesive platform and its adhesive and fracture properties for
gluing technical aluminum substrates were investigated under
dry and saltwater conditions. The formation of TCC as one of
the primary reaction pathways for building networks ensured
that the aromatic hydroxyl groups of lignin remained intact,
thus preserving their ability to interact and provide significant
structural stability, cohesive strength and adhesive properties
even under hostile seawater conditions. The 2K systems estab-
lished a pure bulk adhesive, proving the modularity and tun-
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Fig. 1 Idealized illustration of the bioinspired concept (a) combining

toughening mechanisms of wood by lignin (left) with adhesive key func-
tionalities from the bio adhesion apparatus of marine mussels (right) in a
lignin-based two-component (2K) adhesive system. Chemical constitu-
ents of the 2K adhesive mixture (b) requiring chemical transformation to
activate lignin (left and middle) and liquid multi-thiols for crosslinking
(right).
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ability of the material platform. Leaching tests were performed
to investigate the stability of the network under seawater con-
ditions and standard 48 h fish egg breeding toxicity tests
proved that extracts of the non-cured or fully cured adhesive
had no adverse effects. Corals were successfully glued in a
saltwater model including underwater glue application and
curing to provide a non-toxic alternative to the commonly used
epoxy/bisphenol A and cyanoacrylate underwater adhesives.

Results and discussion
Activation of lignin

The waste material lignin is extensively available as feedstock
for the design of renewable adhesive materials. Considering
the important role played by catechols in the function of the
bio-adhesive apparatus of marine mussels, softwood kraft
lignin (SKL) appears to be an ideal feedstock given that it pos-
sesses mostly guaiacyl (G)-units with minor traces of p-hydroxy-
phenyl (H)-units and practically no syringyl (S)-units.>® The
G-structural motif offers an ideal starting point for conversion
into catechols, and ultimately quinones. In this case, although
other lignin sources may be potentially feasible, SKL BioPiva™
300 lignin was utilized for this study as a readily available
source. The technical grade lignin was dissolved in acetone
and insoluble parts such as ash, residual saccharides and
crosslinked lignin fractions were filtered off. Subsequent
drying provided 80% recovery and gel permeation chromato-
graphy (GPC) analysis in dimethyl sulfoxide (DMSO) showed
only minor fractionation at the high molecular weight flank of
the GPC trace (Fig. 2d). This pretreatment increased the pro-
cessability of the lignin in the following solution-based
reactions.

Regarding TCC-chemistry, catechols are required, which
have to be oxidized to quinones as Michael acceptor function-
alities. However, in the native state of SKL, catechols are not
naturally present, but G-structure elements can be seen as
catechol precursors. Thus, to establish catechols in the lignin
network, the aromatic methoxy groups were selectively trans-
formed into hydroxyl groups via acidic demethylation by iodo-
cyclohexane (ICH) (Fig. 1). The most common chemical de-
methylation strategies were carefully studied by Takano and
co-workers, reporting that the ICH path yielded the highest de-
methylation conversion, while keeping the degradation of the
lignin as low as possible.®® FTIR analysis suggested the
effective ICH demethylation of the lignin, showing an increase
in the vibration band at v = 1200 cm™", which is characteristic
of phenolic-OH, accompanied by a reduction in the intensity
of the ether vibration at v = 1030 cm™" (Fig. 2€). GPC analysis
of SKL before and after demethylation proved that a rather
gentle reaction occurred without dramatic degradation of the
lignin. Although the apparent peak molecular weights
(Mpeak,app.) Temained constant at 2.4-2.5 kDa, M,, »pp. changed
from 6.0 kDa to 3.6 kDa when the fractionated and demethyl-
ated samples were compared (Fig. 2d). During the 6 h de-
methylation reaction, it was anticipated that other ether con-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Chemical transformation steps of technical available softwood kraft lignin (a), involving (i) fractionation, (i) demethylation of G-type units,
and (i) oxidation, yielding quinone entities that equip lignin ready to react with multi thiols in 2K adhesives. Hydroxy pattern analysis of fractionated

and demethylated lignin by *H NMR (b), **P NMR analysis comparing the

fractionated lignin prior and after demethylation (c), GPC analysis revealing

the molecular weight distributions of the different lignin products (d) and FTIR spectra confirming the chemical transformations in the heterogenous
lignin network, leading to quinone structures after oxidation (e). (Conditions: 16.6 mM commercial lignin batch in acetone; 11.1 mM fractionated
lignin with 0.3 mol ICH, reflux, 6 h; 66.6 mM demethylated lignin in DMF/acetate buffer (0.1 M, pH 5) with 7 mmol NalOy, r.t., 2 h; *H NMR: lignin
derivatized with acetate anhydride in pyridine, r.t., o.n.; 3P NMR: lignin derivatized with CDP using Cr (acac)s and PhsPO as an internal standard in
pyridine : CDCl3-1.6 : 1 v/v%, r.t., 15 min; GPC: ¢ = 1 g L™ in DMSO + 0.076 M NaNO3).

nectivities in the lignin structural network, including p-O-4'
and B-p linkages will also be partially cleaved (Fig. S5 and
$97).%° Considering the rather similar GPC traces, these side
reactions were apparently not dramatic and partial splitting of
the above-mentioned bonds would improve the conformation-
al dynamics in the “nanogel”, probably endowing the lignin
molecules with better reactivity. The demethylation of lignin
was followed conveniently by "H NMR spectroscopy, using
global acetylation of all the hydroxyl groups for quantitative
hydroxy-pattern analysis.”” After demethylation, the content of
aromatic hydroxy groups per gram lignin increased from 2.8 +
0.3 to 4.4 =+ 0.4 mmol g~ (Fig. 2b). This indirectly suggests
that roughly 1.6 mmol catechols was added per gram lignin,
which would ideally be converted to quinone moieties in the
subsequent oxidation step.

Consistently, the integral intensity from the characteristic
resonance of the aromatic methoxy groups at 3.67 ppm was
significantly reduced and the quantitative analysis against an
internal standard revealed ~1.4 mmol demethylated G-units
per gram lignin. Considering the heterogeneity of the lignin
functionality network, a comparable value was confirmed by

This journal is © The Royal Society of Chemistry 2024

quantitative *'P NMR spectroscopy analysis of the lignin after
demethylation (Fig. 2c), where an average number of 4.2 + 0.6
aromatic OHs was determined.”® Both NMR methods con-
firmed that the lignin primarily consists of structural G-units.
Considering the apparent average molecular weight of My, .pp.
= 3600 g mol™" of the demethylated lignin and the ideal oxi-
dation of all the catechol-units, theoretically six quinone enti-
ties per average lignin molecule could be expected.
Additionally, according to the qualitative HSQC analysis, the
disappearance of the resonances corresponding to the $-O-5'
and fp-f connectivities in the demethylated lignin was
observed (Fig. S91). The splitting of these ether linkages would
even further increase the possible number of quinones.

In the context of green chemistry, it is worth mentioning
that enzymatic or water-based demethylation protocols offer
perspectives to potentially replace the chemical demethylation
step in the future.”®'®® Sodium periodate proved to oxidize
catechols in solution effectively to quinones and the appli-
cation of periodate to non-modified lignin has been inten-
sively studied.'®"'®> Green alternatives, including enzymatic
oxidation utilizing fungal lignin peroxidases or laccases have

Green Chem., 2024, 26, 2044-2058 | 2047
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been reported.'®'% Nevertheless, periodate oxidation prom-
ises excellent scalability and the electrochemical synthesis
route for sodium periodate makes the oxidant an attractive
green option.'®® The oxidative generation of quinones in raw,
non-demethylated lignin commonly suffers from a low abun-
dancy of catechols.'*>'%71%® Although periodate was proven to
be capable of oxidatively cleaving ortho-methoxyphenols to
generate quinones without a distinct prior demethylation step,
this reaction requires elevated temperatures and is categorized
as low-yielding and slow compared to catechol oxidation.'*®
The demethylated lignin was readily soluble in N,N-dimethyl-
formamide (DMF) and at least 30 wt% of sodium periodate
was required to perform the oxidation for 2 h at room tempera-
ture. The reaction mixture was quenched by precipitation in
water and extensive washing steps ensured that all the soluble
byproducts were rinsed off, isolating 81% of the lignin as a
salt-free material. The effective oxidation of the catechol moi-
eties in the lignin was suggested by FTIR spectroscopy.

After oxidation, the lignin exhibited a significant increase
in the absorption band at v = 1650 cm ™", which corresponds
typically to the vibrations of conjugated ketones (Fig. 2e). As
expected, the appearance of quinone vibrations was
accompanied by an obvious decrease in the intensity of the
band at v = 1200 cm™", which is typically assigned to phenolic
OH-groups. A direct quantitative determination of the quinone
number (QN, quinones per gram lignin) will be technologically
very useful but remains analytically challenging. Based on 'H
NMR analysis of the demethylated lignin prior to oxidation, up
to 1.6 mmol of catechol per gram lignin is present, which will
ideally be oxidizable to quinones. However, it should be noted
that the quantitative oxidation of catechols to quinones may
be limited by (i) accessibility to catechols located in the
interior of the compact lignin network, and more importantly
(if) chemical side reactions such as “dimerization” by qui-
nones reacting with catechols, as has been found in DOPA-rich
mussel foot proteins forming “diDOPA” crosslinks.”® In
addition, sodium periodate may partly cleave the lignin
network connectivities, as prominently observed under
harsher conditions."’®*'" It can be speculated that the
opening of the intramolecular network bonds leads to
increased accessibility to the interior catechol entities by peri-
odate to also improve the downstream addition of thiols to
quinones.

The chemical manipulations may have effects on the
thermal stability of the lignin, which determines a constraint
for the curing conditions. Thermogravimetric analysis (TGA) of
each modification step was performed, showing the network
stability of different lignin derivatives (Fig. S187). Independent
of the type of functionalization, the 5% decomposition temp-
erature was found at around 150 °C, showing that neither the
ICH ether splitting nor the periodate oxidation dramatically
jeopardized the network stability. As the fractionated lignin,
both chemical derivatives reached the maximum decompo-
sition rates at temperatures of about 400-450 °C, which was
accompanied by a second mode of decomposition occurring
above 500 °C. The initial decomposition is consistent with the
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literature and related to the post-network consolidations, elim-
inating water and volatile organic components.’** The second
stage led to about 40% weight loss regardless of the chemical
modification. The maximum is within the range of previous
studies and could be assigned to depolymerization and frag-
mentation, releasing aromatics, carbonyls, alkyls and
CO,.""*' The final degradation mode was related to carboniz-
ation and the loss of condensed aromatics."'* The onset degra-
dation temperatures of all the processed lignin samples are
well above the anticipated 2K adhesive curing temperatures of
60-90° C. Thus, the oxidized lignin material was investigated
for its use in a 2K adhesive system, involving the formation of
thiol-catechol connectivities (TCC) as an internal crosslinking
method.

To test the viability of lignin as one component in the 2K
adhesive system, a model reaction with ethanethiol
was conducted in solution according to the previously
described method.”® N-Methyl-2-pyrrolidon (NMP) readily
dissolved the activated lignin, enabling the Michael-type
thiol-addition to proceed in solution. Due to the utilization of
lignin as a multi-quinone component, the reaction conditions
had to be adapted from a previously described polyaddition
process, involving low-molecular-weight bisquinone-type
monomers.

Lignin is functionally and molecularly highly dispersed in
nature, making the determination of its individual functional
groups challenging. However, "H NMR spectroscopy provided
indirect evidence of the formation of TCC in the product of
the model reaction. Prior to the quantitative analysis, the
lignin derivatives were isolated from NMP and residual thiol
was carefully removed by multiple precipitation and washing
steps. The spectra of the reaction product revealed a distinct
resonance at 1.31 ppm, which was assigned to the H;C-group
of an ethanethiol derivative. The broadening of the resonance
suggested that the thiol added to the lignin polymer, and the
use of an internal standard enabled the approximation of
0.6 mmol of thiols per gram lignin (Table S5%). It should be
noted that non-activated lignin did not react with ethanethiol
under the given conditions.

Analyzing the hydroxyl pattern in the lignin structure after
the addition of thiol by *'P NMR revealed the presence of 3.0 +
0.5 mmol of phenolic OH-groups per gram of lignin.
Accounting for the error of the analytical method, the deter-
mined value was in the related range of 4.2 + 0.6 mmol aro-
matic OH-groups per gram lignin found after demethylation.
This suggests that large amounts of phenolic hydroxyl groups
were preserved throughout the process-steps of oxidation,
desalting, thiol-addition and washing. Consequently, the
lignin-derivatives retained the ability to form H-bonds, which
potentially serve as one of the important modes of wet-
adhesives to achieve adhesion and cohesion. With the acti-
vated lignin, exhibiting an increase in My, ,pp. to 6000 g mol™*
(GPC), an average number of 20 aromatic OH-groups and 4
TCC linkages per lignin molecule might be estimated.
Nevertheless, the authors would like to emphasize that the
solution reaction serves as a model and achieving these con-

This journal is © The Royal Society of Chemistry 2024
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versions under bulk conditions as used for the 2K strategy is
probably difficult with polymeric multi-thiols.

The 2K adhesive system

The activated lignin presented multiple quinone functional-
ities per average molecule, and consequentially polymerization
with di-thiols lead to the formation of a resin. Considering the
application of materials as a structural (underwater) adhesive,
a polymer resin will be ideal, providing room for sufficient
cohesion. Thus, a 2K strategy was developed, switching from
solution polymerization to bulk conditions as a commonly
established route in adhesive technologies.

However, liquid multi-thiols were required to facilitate the
formation of a homogenous mixture under solvent-free con-
ditions with the demethylated, oxidized lignin (DoxL) given
that it was a solid powder, where its decomposition occurred
before melting. Two different liquid multi-thiols having a
three or tetra arm star topology appear to be suitable. Both,
the polar poly(ethylene oxide)-based, trivalent thiol ethoxylated
trimethylolpropane-tri (3-mercapto-propionate) (ETTMP) with
M, = 1300 ¢ mol™" and the non-polar poly(e-caprolactone)-
based tetravalent thiol polycaprolactone-pentaerythritol-tetra
(3-mercapto propionate) (PCL4MP) having M,, of 1350 g mol ™"
could be homogeneously mixed with DoxL. It was anticipated
that the hydrophobic PCL4AMP may stabilize the resin network,
particularly when used for underwater applications. Although
the hydrophilic may enhance the wettability of the adhesive, it
reduced its water resistance by its unfavorable capability of
swelling.

The 2K adhesive mixtures were denoted as DoxL,/ETTMP,
and DoxL,/PCL4MP), where x and y correspond to the weight
fraction (wt%) of each component. A remarkably broad mixing
window was found, reaching a lignin weight fraction of
60 wt%. Above these compositions, no homogenous binary
mixtures were obtained without the addition of further addi-
tives and below the 40 wt% threshold, the viscosity of the mix-
tures was too low to be applicable. In the lignin content range
of 40-60 wt%, both multi-thiols lead to the formation of
homogeneous and spreadable pastes for every tested compo-
sition. Depending on the multi-thiol and DoxL solid content,
the paste viscosity changed from a viscous fluid with 40 wt%
DoxL to a ductile solid with 60 wt% DoxL (Fig. 3a). After high
shear mixing of both components at room temperature with a
bladeless SpeedMixer, the paste was easily applied and spread
on pre-treated, degreased aluminum substrates, which were
then glued together. The two substrates were fixed with office
paper clamps, and subsequently curing of the glue was done
in a standard dry application setting overnight at 60 °C
(Fig. 3b). Curing resulted in obvious changes in physical pro-
perties, leading to hardened non-recoverable materials with a
rubber-like appearance. Calorimetric curing tests with differ-
ential scanning calorimetry (DSC) showed for both multi-
thiols, i.e., 40 wt% DoxL, the maximum curing rate occurred at
about 105 °C (Fig. S207). The apparent onset temperature of
the exothermic curing reaction was found to be between 30 °C
for the ETTMP- and 50 °C for the PCLAMP-based 2K mixtures.

This journal is © The Royal Society of Chemistry 2024
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Interestingly, only the DoxL/PCLAMP blends showed an
obvious 1%-order endothermic phase transition at 30 °C,
which also occurred with the same intensity, fully reversibly in
the PCL4AMP bulk. The SAXS measurements indicated the pres-
ence of a liquid crystalline structure due to the broad reflex,
which was also observed via polarization microscopy in the
form of optical birefringence at 20 °C, which disappeared at
60 °C.

However, the most important fact for their applicability is
that both homogenized, non-cured glue mixtures preserved
their processability at room temperature for several days
without showing separation or significant increase in viscosity.

The FTIR spectroscopy analysis enabled a comparison of
the pure DoxL with both mixtures of the 2K adhesive systems
before and after curing (Fig. 3c, d and Fig. S237), respectively.
The FTIR spectra of representative mixtures with a DoxL
content of 50 wt% provided insights into the curing chemistry.
The stretching vibration for conjugated C=O appeared in the
activated lignin at 1650 cm™" and this characteristic band of
quinone structural elements disappeared in both 2K mixtures
after curing. Although it remains challenging to directly prove
the formation of TCC, the loss of the typical bands of quinones
is consistent with the formation of TCC-Michael-addition pro-
ducts. The consumption kinetics of quinones is expected to
depend on the local thiol concentration and/or on confor-
mational dynamics of the polymer multi-thiols in the bulk
reaction mixtures. However, for both multi-thiols, the quinone
bands in DoxL were not reduced or at least not fully reduced
prior to curing, which suggests that the reaction is slow in the
viscous bulk at room temperature. In addition, the character-
istic ETTMP ether and ester v¢_o bands at 1090 cm™ and vc—o
at 1730 ecm ' as well as the vc—o stretching vibration at
1730 cm™" typical of PCLAMP were observed to not decrease in
intensity in the DoxL mixtures during curing, indicating the
absence of severe degradation (Fig. 3c).

The cured adhesive samples were additionally analyzed by
solid-state *C magic-angle-spinning (MAS) NMR using both
C-C-insensitive nuclei enhancement by polarization transfer
(C-C INEPT) and H-C cross polarization (H-C CP) experi-
ments, which revealed the mobility differences in the carbon-
atoms in the adhesive material network (Fig. S24 and S25,f
respectively). Although quantification remains difficult, the
solid-state NMR spectra analysis revealed several interesting
aspects, as follows: (i) the comparison of the resonances of the
aliphatic PCL chains in the INEPT spectra of the pure PCLAMP
before and after mixing showed an evident decrease in inten-
sity. This suggests the considerable loss of the PCL segment
mobilities, which is expected for a product of a crosslinking
reaction. Similarly, (ii) in the HC CP spectra of DoxL/PCLAMP
with 40 wt% resonances of C,- and Cg-atoms neighboring the
thiol functionality appeared, confirming the conformational
arrest of this prior to curing the flexible PCL chain ends.
Indirectly, this is consistent with covalent bond formation
with the thiol, leading to a significant decrease in the mobility.
The resin-forming crosslinking reactions of two polymeric con-
stituents is not expected to be determined in a quantitative
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Fig. 3 Two-component (2K) adhesive systems resulting from a bulk reaction of the activated lignin with a set of different multi-thiols. The de-
methylated oxidized lignin (DoxL) is mixed with multi-thiols at different weight ratios (from 40/60 to 60/40 of DoxL/thiol) using a speed mixer at
room temperature to yield a homogeneous viscous adhesive mixture. Representative photograph of DoxL4g-go/ETTMPgg_40. in Which the viscosity
of the mixtures increases with an increase in the weight fraction (wt%) of DoxL (a). The 2K adhesive mixtures are easily applied and spread as pastes
on aluminium substrates at r.t. and fixed with clamps to be cured overnight at 60 °C. Cured samples are tested in lap shear settings to determine
their adhesive strength at failure (b). Representative FTIR spectra showing distinct changes in functionality by comparing activated lignin, with the
not cured 2K mixtures (nc) and those after curing for DoxLso/ETTMPsq (c) and DoxLso/PCL4MPs, (d).

manner. This could be found as (iii) the presence of reso-
nances of the C,- and Cg-thiol PCL chain ends in both the HC
CP and INEPT spectra. This suggests the presence of two types
of chain ends after curing. Although one preserved the confor-
mational dynamics of the unreacted thiol groups, the second
species seemed to be involved in crosslinking and had strongly
reduced mobility. Given that the >C MAS NMR spectra are
only qualitative, no exact ratio of free vs. bound thiols could be
deduced. In addition, the weak carbonyl signal of the conju-
gated systems disappeared (180 ppm) and a new peak
appeared at around 23 ppm, indicating the formation of a
thioether bond.

Investigation of adhesive properties under dry conditions

To correlate the composition of both 2K systems with their per-
formance and to elucidate the achievable bond strength, a set
of DOxL4g_6o/ETTMPgy_4o and DoxL,g_o/PCLAMPgo 40 blends
were formulated. The resulting material properties were inves-
tigated in a dry application by bonding pretreated aluminum

2050 | Green Chem., 2024, 26, 2044-2058

substrates (cleaned and degreased). The optimal ratio of the
two components in the adhesive systems should primarily
depend on the thiol/quinone stoichiometry. However, para-
meters such as homogeneity and mixability of the powder/
liquid mixtures as well as processability of homogenized
adhesive pastes may directly influence their application on the
substrate surface. Fig. 4a, b and Table 1 presents a summary of
the results of the dry adhesion tests. As expected, the feed
ratio of DoxL and multi-thiols influenced the obtained
adhesive strength and a maximum of about 15 MPa was
reached at 55 wt% DoxL, regardless of the use of hydrophilic
or hydrophobic multi-thiols. Considering the quinone number
from demethylation analysis by '"H NMR, the optimal quinone/
thiol (Q/T) ratio was practically fulfilled by DoxLss/PCLAMP,;,
reaching the ideal stoichiometry within the error of the ana-
lysis (Q/T = 1.00/1.52). In contrast, the DoXLss/ETTMP,;
adhesive using ETTMP tri-thiol deviated from the ideal stoi-
chiometry with a Q/T ratio of 1.00/1.18. It should be noted that
the curing process appears to be remarkably robust with

This journal is © The Royal Society of Chemistry 2024
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rupture in the shear adhesive tests using DoxLss/ETTMP,s5 (c) and DoxLss/PCL4MP,s (d).

Table 1 Overview of dry adhesion properties of lignin-based 2K

adhesives

Sample DoxL (wt%) Q/T ratio” Finax (MPa)
DoxXL,o/ETTMPg, 40 1.00/2.16 8.5+2.3
DOXL,5/ETTMPs5; 45 1.00/1.76 10.9 + 2.8
DoxLso/ETTMPs, 50 1.00/1.44 13.6 £ 3.7
DoXL55/ETTMP,5 55 1.00/1.18 15.3 +4.2
DoxLgo/ETTMP,, 60 1.00/0.96 11.3 +3.1
DoxL,o/PCLAMPg, 40 1.00/2.78 49+1.3
DOXL,5/PCLAMP;; 45 1.00/2.26 9.0 +2.4
DoXLs5o/PCL4MPs5, 50 1.00/1.85 14.1 + 3.8
DoxL55/PCLAMP,;5 55 1.00/1.52 14.8 £ 4.0
DOXLg,/PCLAMP,,, 60 1.00/1.23 6.6 +1.8

?Quinone number derived from demethylation analysis of "H NMR.

respect to the equivalents of reactive functionalities. This
advantage may potentially be rationalized by the character of
the lignin multi-quinone. The “nano-gel”-type may be capable
of introducing certain buffering capability, where the internal
quinone functionalities might not necessarily have to react. In
addition, the excess of thiols also appears to be counter
balanced. For instance, reducing the DoxL content by 5 wt%
resulted in marginally reduced adhesive strengths of 14 MPa
for both 2K glues. A more dramatic change in properties was
found for the formulations with 60 wt% DoxL, where DoxLe/
PCL4AMP,, approached the border of homogeneous mixing,
and thus exhibited 55% lower adhesive strength. It should be
noted that the 2K systems studied are minimal blends of two
components and advanced formulation strategies can poten-

This journal is © The Royal Society of Chemistry 2024

tially increase their DoxL content and performance by using
viscosity modifiers, plasticizers, primers and wetting agents.

The dry performance of both 2K adhesives based on lignin
was found to be in the range of structural adhesives. With a
strength of 15 MPa, their adhesive performance surpasses
some available commodity adhesives and is located at the
onset of the regime for professional adhesives
(Fig. $27-301).""° Interestingly, both 2K systems, DoxLss/
ETTMP,5 and DoxLss/PCL4MP,5, showed a mixed mode of
adhesive and cohesive failure upon rupture (Fig. 5d, e and
Fig. $32t). This highlights both the capability of the adhesive
material to offer suitable functionalities, installing a proper
adhesive interface in the substrate, and constituting a network
with sufficient strength to reach suitable bulk stability. The
adhesive strength was determined by lap shear tests, using
specimens of 25 mm width but an overlap of 3.0 to 5.0 mm as
determined for each sample. It should be noted that the
overlap deviated from the DIN EN 1465 experiments''®'"” due
to the limitations of the measurement apparatus.

Thermal stability and solvent leaching studies

After curing of the different sets of DoxL,o_go/ETTMPg_40 and
DOxLy4o-60/PCL4MPgq_40, the isolated polymer resin materials
were characterized by TGA and DSC. Unexpectedly, both
material families showed no dramatic differences in thermal
decomposition behavior, despite the fact that two rather
different multi-thiol components with polyether or polyester
segments were employed (Fig. S16f). The materials
approached 5% weight loss at about 250 °C and the clear
maximum of the decomposition rates was found around

Green Chem., 2024, 26, 2044-2058 | 2051
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400 °C. Obviously, the lignin constituents stabilized the
polymer matrix against thermal degradation, which was most
evident for the cured DoxL/PCL4AMP, having PCL segments
that usually decompose as homopolymer starting at 300 °C.'*®
Although the main weight loss in the cured DoxL/PCL4MP
materials occurred in a rather broad temperature range
between 300-500 °C, the cured DoxL/ETTMP material showed
a two-stage decomposition with minor 15% weight loss at
300 °C followed by 40% weight loss at 390 °C.

As expected, the DSC thermograms of DoxLyo 50/
ETTMPg_50 and DoxLyg_50/PCL4AMPg_5, proved that the cured
materials were fully amorphous given that no melting phase
transition was observed (Fig. S191). DoxL/ETTMP show more
pronounced glass transition temperatures (Ty) at 5 °C and
10 °C for DoxL contents of 40 wt% and 50 wt%, respectively.
In contrast, the cured DoxL/PCL4MP showed reduced heat
capacity glass transition temperatures at —30 °C and —20 °C
for DoxL,o/PCLAMPy, and DoxXLs,/PCLAMP5,, respectively.
Apparently, the lignin content consistently affected the Ty,
which slightly increased. This reduction in polymer segment
relaxation can be explained by the increased crosslinking of
the polymer chain ends and/or by non-covalent interactions,
where lignin complexed polyethyleneoxide or polycaprolactone
segments.''>'?°

The network constitution of a cured 2K adhesive resin is
generally challenging to be assessed analytically. Thus, a set of
leaching tests was conducted to quantify the fraction of non-
covalently attached polymers that can be extracted from the

2052 | Green Chem., 2024, 26, 2044-2058
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resin bulk. According to the linear thiol-quinone Michael poly-
addition reactions, it was established that disulfide bridges
may be formed mechanistically, but occur only as a marginal
side-reaction, while TCC-functionalities are dominant in the
resulting polymer.'*! However, the lignin-based multi-quinone
may react differently in the 2K bulk reactions. Indirect insight
into the types of crosslinks that constitute the resin network
was obtained by incubating the cured 2K adhesive with
organic solvents, both with and without the presence of reduc-
tive cleavage agents capable of splitting disulfide bonds
(Fig. 5). Given that disulfides would form most prominently
under the conditions of high thiol excess, the cured DoxL,e/
thiolsy samples were investigated in organo-leaching assays.
After curing overnight at 60 °C, the materials were evenly
frozen, ground and immersed for 7 days in either acetone or
tetrahydrofuran (THF) with and without additional tributyl
phosphine reducing agent.

Interestingly, comparing the cured DoxL,,/PCL4AMPg, with
DoxL4o/ETTMPg, rather similar swelling and leaching behav-
ior was observed. This was quantitatively determined by gravi-
metric analysis of the amount of solubilized polymer relative
to the undissolved adhesive residue (Fig. 5b). In principle, all
the components of the 2K adhesive family, ie., lignin and
both multi-thiols, are readily soluble in acetone. Therefore, it
is interesting to note that in the absence of the reducing
agent, only 16 wt% and 22 wt% of DoxL,,/ETTMPg, and
DoxL,o/PCL4AMPg,, respectively, were leached. Moreover, these
dissolvable fractions increased only marginally by 5-9 wt% in
the case where the disulfides were actively cleaved. THF
swelled both 2K adhesive resins even better than acetone, as
reflected in the increased leaching. However, when tributyl
phosphine was added to THF, the leaching increased similarly
by a marginal 5 wt%. Therefore, disulfide bonds were appar-
ently not present to be cleaved even in a well swollen, accessi-
ble state. This highlights the fact that disulfide-bonds were not
dramatically dominant in the chemical network and further
suggests the importance of TCC-bonds in constituting the
cured DoxL,o/PCL4MPg, and DoxL,o/ETTMPg, adhesive resins.

The corresponding supernatants from the leaching experi-
ments of DoxL,,/PCL4MPg, were investigated by UV/vis and 'H
NMR spectroscopy. The typical UV/vis absorption bands of the
extended aromatic systems of lignin suggest the dissolution of
the lignin-containing resin parts in both acetone and THF
leaching experiments. No dramatic changes in the absorption
band structures were found in the UV/vis spectra when com-
paring the extracts with or without tributyl phosphine
(Fig. S261). "H NMR analysis of the leaching extracts with
acetone and THF enabled the rough estimation of the compo-
sition of DoxL and multi-thiols by comparing the characteristic
resonance intensities of the extracts with non-reacted DoxL
and PCLAMP mixtures (40/60 wt%). Interestingly, a similar
composition ratio of approximately 20/80 wt% (DoxL/PCL4MP)
was estimated for both leaching extracts with acetone and
THF, which only changed marginally to 15/85 wt% in the case
of leaching with solvents, where the reductive disulfide clea-
vage agent was present. The higher content of PCLAMP in the

This journal is © The Royal Society of Chemistry 2024
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leaching extracts was expected, considering the Q/T ratio of
1:2.78 present in the DoxL,,/PCLAMPs, mixtures.
Obviously, even under these non-ideal conditions, the residual
non-reacted thiol chain ends may lead to the oxidative for-
mation of disulfide potentially by air or quinone reduction.
However, these linkages do not dramatically constitute or
dominate the network integrity of the 2K resins, given that
reductive cleavage would jeopardize the network stability more
significantly.

Underwater application and saltwater tolerance of 2K
adhesives

Depending on the type of adhesive the cured resin materials,
DoxL,o/ETTMPs, and DoxL,o/PCLAMPs, showed significant
differences when exposed to water. Although both adhesives
maintained their integrity even after 7 days of direct water
contact, the hydrophilic DoxL,o/ETTMPs, adhesive showed
severe swelling (Fig. S3371). Considering their underlying com-
ponents, the ETTMP network in DoxL,,/ETTMP, is expected
to enable water uptake. This network remained fully intact
within the error of the experiments. Gravimetry in the leaching
experiments revealed that with either deionized water or sea
water model solution, the material extraction was only
2-3 wt% from the cured DoxL,,/ETTMPg, materials (Fig. 7a).
However, the swelling of the resin network was accompanied
by volume changes, weakening the bulk cohesion and introdu-
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cing shear-stress at the adhesive interfaces. Therefore, further
studies focused on the hydrophobic DoxL/PCL4MP adhesive.
As expected, the cured DoxL,,/PCL4MPg, showed no obvious
swelling, suggesting the very good stability of this adhesive in
the environment. During the leaching experiments of the
cured material with either water or sea water equivalents, prac-
tically no material losses were evident by gravimetry and UV/
vis spectroscopy only showed the minor adsorption of the
supernatant solution at 210 nm (Fig. S261).

To investigate the applicability and achievable stability
under practical underwater conditions, a set of three different
application and curing scenarios was studied. When the
adhesive was applied to aluminum substrates under dry con-
ditions, followed by curing in an oven at 60 °C for 12 h, and
then immersed in salt water (599 mM salt concentration) for 7
days, the lap shear tests showed that the DoxL/PCL4MP ratio
of 40/60 provided the highest adhesion strength of 3.7 + 0.9
MPa (Fig. 6a). Increasing the amount of DoxL in the 2K
mixture led to a drastic decrease in adhesion strength. This
can be rationalized by the fact that the increase in DoxL
decreases the PCLAMP content, consequently reducing the
hydrophobicity of the adhesive and making it more susceptible
to ion and water uptake, which may act as plasticizers.

Following these promising initial results, the dry appli-
cation to substrates and subsequent curing of the adhesive in
a water bath under saline conditions at 40 °C was investigated.

° == ° )
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Fig. 6 Underwater application of the 2K system composed of DoxL and PCL4MP using different curing protocols to glue aluminium substrates and
analysis by lap shear tests. Dry application and dry curing followed by immersion under salt water for 7 days (a), dry application followed by curing
under salt water for 3 days at 40 °C (b) and wet application and curing under saltwater for 3 days at 40 °C (c). Images of fracture patterns after lap
shear test of DoxL/PCL4MP with 40/60, 50/50 and 60/40 wt% ratio after underwater application & curing (d). (Conditions: aluminium substrates,

seawater model with 599 mM NacCl salt concentration).
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Due to the onset temperature of curing under dry conditions
of approximately 50 °C, the curing time had to be extended to
3 days. Consistent with the initial study, the DoxL,,/PCL4MPy,
mixture resulted in the highest adhesion strength, reaching
2.8 + 0.2 MPa (Fig. 6b). Considering that the transfer of the
entire curing chemistry to salt water is a drastic change in con-
ditions and the curing temperature was set much lower than
ideal, the achieved adhesive strength in marine environments
is in a suitable window and meets the same regions as epoxy
putty glue that is optimized for aquaristic reef building appli-
cations (3.8 + 0.4 MPa) (Fig. S317). The most demanding proto-
col involved direct application and curing under model
saltwater conditions. The premixed DoxL,,/PCL4MPs, was
applied underwater to submerged aluminum substrates, and
finally cured at 40 °C for 3 days. Only a marginal decrease in
adhesion strength was observed for the most promising DoxL,o/
PCL4MPy, system, which reached 2.7 + 0.5 MPa (Fig. 6¢). It
should be noted that wet substrates and a salt content of
599 mM present major challenges for some adhesives, given
that the adhesive interface is difficult to be installed effectively.
However, the presented DoxL,,/PCLAMPg, adhesive was less
affected by the harsh conditions given that the dry application/
water curing reached the same adhesive strength as when both
steps were performed under water. The fracture side analysis
enabled to categorize the failure of DoxL,,/PCL4MPs, bonded
aluminum as the cohesive mechanism, regardless of the used
saltwater application protocol (Fig. 6d). Interestingly, an
increase in lignin content shifted the fracture mechanism
toward adhesive failure. The analysis of the aluminum sub-
strates after immersion in saltwater for 7 days revealed signifi-
cant degradation of the substrate surfaces under the harsh
saline conditions. It can be speculated that the lower viscosity of
the 2K mixtures with a higher PCLAMP content wetted the sub-
strate surface more homogenously. This may prevent or reduce
the formation of micro channels, where saltwater could pene-
trate to compromise the adhesive interface. Therefore, DoxL,o/
PCL4MPg, appears to exhibit the best balance between cohesive
and adhesive strength due to the improved wettability.

The hydrophobic lignin-based 2K adhesive showed stable and
reproducible underwater adhesion as well as resistance to
saltwater conditions. Potential applications have to be explored to
ultimately extend the use of this bio-friendly adhesive platform to
saltwater applications, such as reef shaping or coral reef reforesta-
tion through the setting of temperature-resistant corals.'**'**

Adhesive applications in aquaristics commonly use cyanoa-
crylates or epoxy cements to attach corals.'** Professional
saltwater adhesives are mainly based on epoxy resins,"** and
therefore prone to leaching components of concern, poten-
tially harming the fragile oceanic ecosystem.'*®

Thus, the direct toxicity of the DoxL,,/PCL4MPgy-based
adhesive was investigated by determining its acute toxicity
according to the DIN 15088 fish egg test.">” This method pro-
vides a critical concentration, which is a measure of the toxic
effect of an effluent on fish eggs within 48 h. Cured and non-
cured samples of DoxL,,/PCL4MPg, were intensively ground,
and then dispersed in standardized water.

2054 | Green Chem., 2024, 26, 2044-2058
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After 7 days of leaching, the solids were filtered off, and the
filtrates were used as the basis for the acute toxicity tests.
During the tests, the fish eggs were incubated separately in the
non-diluted (G1) and in 1:1 diluted extracts (G2). These tests
indicated that studies at higher dilutions are not required, given
that the acute toxicity of the G1 extracts was found to be below
the statistical threshold (Fig. 7b). After 48 h, the tests were fina-
lized by determining the number of dead eggs. The tests
provide the lowest dilution (Gege) value at which at least 90% of
the eggs survived, and thus the critical G value is correlated with
the toxicity of the adhesive extracts under marine conditions.
Fig. 7b clearly shows the absence of significant acute toxicity for
the tested adhesives. Even without dilution (G1) of the extracts
of the cured and non-cured DoxL,,/PCL4MPy, materials, no
negative effect on the development of the fish embryos was
observed. These results highlight that the investigated lignin
system exhibits remarkable biocompatibility and fulfills stan-
dard ecotoxicity guidelines for use in marine environments.

Bonding of natural features is always challenged by rough
and irregular surfaces, which require adhesives with pro-
nounced filling properties. This was demonstrated with initial
adhesion tests by employing DoxL,,/PCL4MPg, to constitute
an adhesive joint between rocks, which is useful for reef
shaping applications. Fig. 7c, left shows a representative
example of aragonite rocks bonded with DoXL,o/PCL4MPg,
and cured in artificial seawater at 23 °C for 14 days. The con-
struct was capable of maintaining its adhesive integrity for
several months, even with direct exposure to harsh saltwater
conditions and simulated currents inside a reef demonstration
tank as a functional ecosystem.

Further quantitative insight was obtained by gluing frac-
tured non-standardized concrete stones with DoxL,/
PCL4AMPg, adhesives, using the saltwater curing protocols and
water from the demonstration tank. Underwater curing at
70 °C for 1 day established adhesive joints showing rupture
adhesion forces of 380 N, whereas curing at 40 °C (4 days)
reduced the force slightly to 300 N, and 30 °C (7 days) resulted
in 160 N (Fig. 7c, middle and Fig. S34}). Given that the temp-
erature of marine coral ecosystems is usually around 23 °C,"?®
the curing of the concrete specimens at 23 °C after 14 days
gave an adhesive force of 106 N. Remarkably, dry application
protocols for gluing concrete specimens led to bond lines that
withstood forces of 1000 N, which corresponds to 100 kg load
without breaking. It should be noted that the adhesive used is
still a non-optimized, pure two-component system, which is
expected to be improved by advanced formulation strategies.
However, the results highlight its potential, given that the
adhesive joint was capable of holding a mass of around 10 kg
after curing under harsh saltwater conditions.

Thus, the underwater application of the DoxL,,/PCL4MPy,
2K adhesive was extended to successfully and firmly bond non-
living corals to rocks directly inside a reef demonstration tank
(conditions: 23 °C for 14 days, Fig. 7c, right). Apparently,
sufficiently strong adhesive joints were formed to hold the
corals firmly in place. Fracture during the tensile tests
occurred at approximately 70 N and resulted in failure at the

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Properties of DoxL/PCL4MP adhesives for gluing under salt water conditions. Recovered solid content of 2K adhesive after leaching in water
or salt-water (a). Toxicity tests on breeding fish eggs in DIN water that was mixed with cured (green) and non-cured (blue) adhesives for 7 days. The
percentages of surviving eggs correlated to no dilution or 1: 1 dilution with clean DIN water (b). Dry application of the DoxL4o/PCL4MPgq system on
different rough surfaces and underwater curing under saline conditions at 23 °C (c). Schematic representation of lap shear experiments, using dead
coral as the substrate for adhesion to two aluminium substrates using a commercial epoxy glue on the left side and DoxL4o/PCL4MPg, on the other
substrate (d). Lap shear test results from the adhered Al-Coral-Al substrates without water contact (e) or after immersion of the system in saline con-
ditions for 7 days at 40 °C (f). Image of living coral after direct placement and after 136 days (g).

body of the coral but not at the adhesive interface between the
coral and stone.

The experimental setup was expanded to include bonding
of non-living corals in modified lap shear settings. Firstly, a
piece of non-living coral was dry-bonded on one side of an
aluminum substrate using a commercial 2K epoxy putty
adhesive for saltwater applications. After careful curing accord-
ing to the manufacturer’s instructions, the supported coral con-
struct was also bonded to the aluminum substrate on the other
side using DoxL,,/PCL4MPy, 2K (Fig. 7d). Dry curing at 60° C
led to lap shear tests that reaching about 63 + 12
N. Interestingly, failure occurred either in the coral structure or
on the epoxy adhesive side, suggesting that the prepared DoxL-
based 2K joint was stronger (Fig. 7e). Using the epoxy-bonded
non-living corals for the saltwater application of DoOXL,o/
PCL4MPg, and curing at 30 °C for 7 days resulted in the lap
shear tests failing in an ill-defined manner. Fracturs were
observed by adhesive rupture at each of the two different bond
sites. Fig. 7f shows the representative fracture sites and lap test
curves that reached about 14 + 2 N. These results indicate that
under the challenging conditions of saltwater application and
underwater curing, some of the resins were not fully cured.

For the ultimate test of the DoxL,,/PCL4MPg, system as a
coral adhesive, a living Fimbriaphyllia ancora coral was sub-
jected to an underwater gluing trial in a reef demonstration
tank (Fig. 7). During the curing process, the coral defensively

This journal is © The Royal Society of Chemistry 2024

withdrew its polyps and excreted a secretion that shielded its
surface from microbial growth and fouling. At the two-hour
mark, the polyps of the coral were observed to expand and
were nearly entirely extended 6 h after application (Fig. S367).
Simultaneously, it was clear that the bonding between the
coral and the rock remained intact despite the harsh saltwater
conditions, currents, and crustaceans climbing over the coral,
necessitating extra support. Additionally, it was evident that
the lignin adhesive did not compromise the delicate ecosystem
of the reef. The coral that was glued remained in place for 136
days and was able to grow naturally.

Conclusions

Herein, we demonstrated that readily available lignin, which in
the past has most prominently been used as a material for
heat generation, could be converted into a very promising
material platform by straightforward and easy modification. By
demethylating the G-units in lignin using iodocyclohexane, we
not only opened up the internal lignin structure by reducing
its intramolecular connectivities, but also introduced around
1.6 mmol g~ of new catechol motifs. These catechols could
then be oxidized using NalO, to generate reactive quinone
groups inside the macromolecule. By combining these reactive
species in an almost 1/1 (ETTMP or PCL4MP) weight ratio with

Green Chem., 2024, 26, 2044-2058 | 2055
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tri- or tetra-functional thiols, we generated a 2K adhesive system,
which exhibited extraordinarily high adhesion strengths of up to
15 MPa under dry conditions. By simply varying the lignin/thiol
ratio, we developed a 2K adhesive system, which was ultimately
used under maritime conditions and could be applied to glue
corals onto rocky surfaces. During the development process, we
demonstrated that the adhesive system is very robust. Dry and
underwater applications as well as curing under saltwater con-
ditions were demonstrated. Furthermore, the compatibility of the
2K system with the maritime biological environment was con-
firmed by acute toxicological investigations. The material plat-
form developed herein combines activated lignin with multi-
thiols, leading to the formation of TCC functionalities to consti-
tute a highly robust and widely usable adhesion system. Further
investigations may explore variations of green multi-thiols and
optimize the basic 2K system by developing formulation strategies
to improve the wettability, maximize the lignin content and
broaden the applicability of the present adhesive platform.
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