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Debondable wood adhesives based on
Diels-Alder and Schiff base reactions

Abstract

The wood industry relies heavily on thermosetting resins such as urea-formaldehyde,
polyurethanes, and epoxies for the manufacturing of engineered wood products.
While these adhesives offer strong mechanical performance and moisture resistance,
their environmental and health impact raise concerns. Additionally, the irreversible
nature of these cross-linked networks prevents efficient material separation and
recovery at the product's end-of-life.

Bio-based debondable adhesives, capable of undergoing controlled debonding
under specific stimuli, present a promising solution to enable disassembly and
recycling of multilayer wood products, improving their sustainability.

In the initial phase of this research, efforts were directed towards modifying
potato starch (St) with maleimide moieties (6-maleimidohexanoic acid, 6-MHA).
Both suspension and solution methods were explored. Maleimide grafted St (St-
6MHA) synthesized via the solution method was selected for further study due to
the higher degree of the starch’s hydroxyl groups substitution by 6-MHA and the
lack of St granule structure preservation of the suspension method .

Kraft lignin (KL) was functionalized with furan groups to enable the formation
of a Diels—Alder (DA) network with St-6MHA. Experimental results confirmed the
successful formation of a reversible DA network, which formed at 65 °C over 48 h
and dissociated at 135 °C after 3 h. Blends of these materials were used to bond
furfurylated beech veneer, achieving an average tensile strength of 5.00 + 0.5 MPa.
Controlled debonding was observed at 135 °C after 4 h, demonstrating the system’s
potential for recyclability of wood products.

In a final step, a Schiff base network was developed using dialdehyde starch
(DAS), hexamethylene diamine (HMDA), and amino-functionalized carbon dots.
The incorporation of carbon dots showed promise in accelerating the curing process
and enhancing the mechanical strength of the DAS:HMDA adhesive system. A
tensile strength of 3.96 + 0.18 MPa was achieved after just 300 sec of pressing at
160 °C, highlighting its potential as a fast-curing, bio-based adhesive.

Keywords: starch, Kraft lignin, click-chemistry, covalent adaptive networks, on-
demand debonding, carbon dots






Avbindningsbara tralim baserade pa Diels-
Alder och Schiff-bas reaktioner

Abstract

Traindustrin ar starkt beroende av virmehdrdande hartser som urea-formaldehyd,
polyuretan och epoxiharts for tillverkning av limmade (konstruerade) triaprodukter.
Aven om dessa lim sikerstiller stark mekanisk prestanda och ir resistenta mot fukt,
vacker deras miljo- och hdlsopéverkan oro. Dessutom forhindrar den irreversibla
limningen i dessa tvirbundna nédtverk effektiv materialseparation och atervinning
vid produktens slutliga livscykel.

Biobaserade avbindningsbara lim, som kan genomga kontrollerad avbindning
under specifika stimuli, presenterar en lovande 16sning for att mojliggora atervinning
av limmade traprodukter, vilket avsevért forbattrar hallbarheten.

I den inledande fasen av denna forskning riktades anstringningar mot att
modifiera stirkelse med maleimidenheter (6-maleimidohexanoic acid, 6-MHA)
genom att undersoka suspensions- och 16sningsmetoder. Maleimid-graftad starkelse
(St-6MHA), syntetiserad genom den 16sningsmetoden, valdes for vidare studier pa
grund av en hdgre substitutionsgrad av stirkelsens hydroxylgrupp med 6-MHA.

Kraftlignin (KL) funktionaliserades med furangrupper for att mojliggora
bildandet av ett Diels-Alder (DA)-nédtverk med St-6MHA. Experimentella resultat
bekriftade den lyckade bildningen av ett reversibelt DA-nitverk som bildades vid
65 °C under 48 timmar och blev avbunden vid 135 °C efter 3 timmar. Blandningar
av dessa material anvindes for att binda furfurylerad trafanér, vilket uppnadde en
genomsnittlig draghallfasthet pa 5.00 = 0.5 MPa. Kontrollerad avbindning
observerades vid 135 °C efter 4 timmar, vilket demonstrerade systemets potential
for atervinningsbarhet.

Vidare utvecklades ett Schiff-basnidtverk med dialdehydstirkelse (DAS),
hexametylendiamin (HMDA) och aminofunktionaliserade carbon dots. Inférandet
av carbon dots visade lovande resultat ndr det géllde att accelerera
héirdningsprocessen och forbéttra den mekaniska héllfastheten hos DAS:HMDA-
limsystemet. En skjuvhallfasthet pad 3.96 £ 0.18 MPa uppnaddes efter bara 300
sekunder pressning vid 160 °C, vilket bekriftar DAS:HMDA-limsystemet potential
som ett snabbhirdande, biobaserat lim.



Keywords: starch, Kraft lignin, click-chemistry, covalent adaptive networks, on-
demand debonding, carbon dots



Adhésifs pour le bois détachables utilisant
les réactions de Diels-Alder et de base de
Schiff

Abstract

L’industrie du bois fait largement appel a des résines thermodurcissables comme
I’urée-formaldéhyde, le polyuréthane ou I’époxy pour la fabrication de matériaux en
bois d’ingénierie. Bien que ces adhésifs offrent d’excellentes performances
mécaniques et une bonne résistance a I’humidité, leurs impacts environnementaux
et sanitaires suscitent des préoccupations croissantes. Leur caractére irréversible
empéche également le démontage et le recyclage efficaces en fin de vie. Les adhésifs
biosourcés détachables, capables de se désolidariser de fagon contrdlée sous ’effet
de stimuli spécifiques, apparaissent comme une solution prometteuse pour favoriser
le recyclage des produits bois multicouches et améliorer leur durabilité.

Dans cette étude, ’amidon (St) a d’abord été modifié par greffage de
groupements maléimides (acide 6-maleimidohexanoique, 6-MHA), selon des
procédés en suspension et en solution. Le produit issu de la voie en solution,
présentant un meilleur degré de substitution, a été retenu pour la suite des travaux.

La lignine (KL) a ensuite été fonctionnalisée avec des groupements furaniques
afin de former un réseau réversible de type Diels—Alder avec 1’amidon modifié (St-
6MHA). Les expériences ont confirmé la formation d’un réseau réticulé a 65 °C en
48 heures, réversible a 135 °C en 3 heures. Des placages de hétre furfurylé ont été
collés avec ces mélanges, atteignant une résistance moyenne a la traction de
5.00+ 0.5 MPa. Un décollement controlé a été observé a 135 °C, démontrant la
recyclabilité du systéme.

Enfin, un réseau de base de Schiff a été élaboré a partir d’amidon dialdéhyde
(DAS), d’hexaméthyléne diamine (HMDA) et de carbon dots amino-fonctionnalisés.
L’ajout de ces carbon dots a permis d’accélérer la réticulation et d’améliorer les
propriétés mécaniques de 1’adhésif. Une résistance de 3.96 = 0.18 MPa a été obtenue
apres seulement 300 sec de pressage a 160 °C, mettant en évidence le potentiel de
cet adhésif biosourcé a durcissement rapide.

Keywords: starch, Kraft lignin, click-chemistry, covalent adaptive networks, on-
demand debonding, carbon dots
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1. Introduction

1.1 Background

1.1.1 Conventional thermosetting adhesives

Adhesives play a crucial role in the manufacturing and performance of wood
products, enabling the formation of strong, durable bonds that enhance
structural integrity and product longevity. Among the most commonly used
adhesives in this field are polyvinyl acetate (PVAc), polyurethane (PU),
epoxy, and thermosetting resins such as phenol-formaldehyde (PF) and
melamine-urea-formaldehyde (MUF) [1]. Each of these adhesives are
designed for specific application. PV Ac, known as wood glue, for instance,
is a water-based adhesive valued for its ease of use and non-toxic profile,
although its moisture sensitivity can limit its use in outdoor or high-humidity
environments. Polyurethane, derived from isocyanate-based chemistry,
offers strong, flexible bonds, good resistance to water, and temperature,
though it may require more cautious handling due to its chemical reactivity.
Epoxy adhesives are known for their exceptional bonding strength and
chemical resistance, making them ideal for demanding applications, mostly
to bond wood with other materials. Thermosetting resins like PF and MUF
provide excellent heat and water resistance and are widely used in structural
wood products, such as plywood and particleboard. However, the use of
formaldehyde can raise health and environmental concerns. These adhesives
mostly originate from fossil-based materials, and thus increasing effort has
been made to introduce bio-based materials in these adhesives [2] to answer
the need for new renewable adhesives.

1.1.2 Demand on debonding adhesives

The use of adhesives in wood products, while essential for ensuring strength
and durability, raises several important concerns particularly in terms of
health and environmental sustainability. One of the most pressing issues is
the potential health risk associated with certain adhesive formulations.
Thermosetting resins, such as PF and MUF release formaldehyde, a known
carcinogen, especially during manufacturing and under high temperatures or
humidity [3]. Prolonged exposure to formaldehyde fumes can lead to

23



respiratory problems, skin irritation, and other health complications for
workers in the wood products industry, and to a lesser extent, for end users
[4].

Beyond health concerns, another major challenge lies in the irreversible
strength that makes these adhesives so valuable. Thermosetting adhesives,
once cured, form irreversible chemical bonds that are resistant to heat,
moisture, and mechanical stress. While this ensures excellent performance
in structural applications, it also means that bonded wood products cannot be
easily separated or reprocessed at the end of their life. This permanent
bonding makes recycling or reusing wood components difficult, often
resulting in these products being sent to landfills or incinerated. As
environmental pressure mounts to reduce waste and enhance material
recovery, the inflexible nature of thermosetting adhesives presents a
significant barrier to achieve more circular and sustainable wood products
[5].

This challenge has created a growing demand for the development of new
adhesives that not only provide strong performance but also allow for the
easy disassembly and recycling of wood products at the end of their use [6].

1.2 Covalent adaptive networks for the development of
debondable adhesives

1.2.1 Definitions

The growing interest in debondable adhesives is marked by the emergence
of a variety of new terms, and understanding the distinctions between them
is essential to prevent ambiguity. Terms like “reversible”, “switchable”, “on-
demand debonding”, “recoverable”, “reprocessable”, “recyclable” and
“reusable” are often used interchangeably, yet each carries specific

implications (see Table 1 and Figure 1).
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Table 1. Evolution of publications on various terms of adhesives from 2015
to 2025 using Scopus (Elsevier, Amsterdam, Netherlands)

Publications per year

200

150

100

50

0 Ll

2015{2016{2017]2018|2019{2020(2021|2022|2023 (2024|2025

B debondable adhesive 0 0 1 1 1 1 0 2 6 11 | 10

m recoverable adhesive 4 0 0 3 4 6 11|16 | 11 | 10 0
reprocessable adhesive | 0 0 0 0 0 3 2 10 7 11 6

Number of publications

u on demand
debonding adhesive 2 4 4 5 10 4 15 13 12 17 18
m reusable adhesive 10 7 8 13 114 | 26 | 22 | 23 | 33 | 50 | 29

m switchable adhesive 11 9 7 9 17 | 32 | 35 | 31 | 44 | 49 | 38
mrecyclable adhesive 5 7 4 9 13116 | 29 | 42 | 63 | 76 | 65
mreversible adhesive 54 | 55| 66 | 81 | 106 | 122 | 132 | 146 | 199 | 217 | 130

Terms such as reversible, reusable, and switchable refer to adhesives capable
of undergoing multiple bonding cycles. Reversible and switchable typically
indicates that the adhesive can both bond and debond under certain
conditions. In contrast, debondable or on-demand debonding refers to
adhesives that can lose adhesion when triggered by heat, light, or chemicals
but do not necessarily allow for rebonding. Meanwhile, recoverable and
reprocessable describe materials that can be reused or reprocessed, often
after mechanical separation, without necessarily having intrinsic debonding
capabilities. These adhesives may retain their performance upon recycling,
but the process does not inherently involve a controlled or reversible bonding
mechanism. A recyclable adhesive is more a general term that has been used
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to cover all these types of adhesives, more specifically reversible and
reusable adhesives.

On demand Reprocessable Reusable

debonding
g Y)nding
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|
|
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Figure 1. Schematic representation of the different principles of smart
adhesives.
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Among the various strategies being explored to address the recyclability of
bonded wood products, one promising approach involves the development
of debondable adhesives based on covalent adaptive networks (CANs) [7].
These innovative polymeric materials incorporate dynamic covalent bonds
that can be reversibly broken and reformed under specific conditions and
stimuli, such as heat, light, or chemical triggers. This reversible bonding
could allow for the controlled disassembly of wood products, making it
possible to separate and recycle individual components without
compromising their integrity. By combining performance with end-of-life
flexibility, adhesives based on covalent adaptive networks represent a
significant step towards more sustainable and circular practices in the wood
industry.

1.2.2 Different stimuli

Various strategies can lead to debondability (swelling, melting or
decomposition of the adhesive for example) using specific stimulus; the
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focus will be limited to debondable adhesives made out of dynamic
networks. As mentioned earlier, CANs are a class of polymer materials built
from dynamic covalent bonds that can reversibly break and reform in
response to external stimuli, allowing the network to cleave or self-heal [8].
The dynamic nature of these networks is activated by specific triggers such
as heat, light, pH changes (see Figure 2), enabling controlled responses like
reshaping, debonding, or reprocessing.

Thermal trigger Photo activated
Disulﬁde/§ Oxime-urethane Azo group
S
%/ g O\N/ —
Diels Alder Boroxine

Photo dimerization

=

[ ]
NN pebondap,
—’ -

Dynamic network / Trigges \ PH sensitive
Acglhydrazone Schiff base

A S
o OH H
A /\)w Boronat
0’ o
}?\E/
IS

Figure 2. Schematic representation of the different stimuli for debonding.

Vitrimers

Here, the debonding mechanism will be limited as occurring through two
distinct mechanisms, as illustrated in Figure 3. The first is known as adhesion
failure, where the bond at the interface between the adhesive and the
substrate is disrupted. The second is named cohesion failure; it involves a
loss of mechanical integrity within the adhesive itself. Failures involving
damage to the substrate are beyond the scope of this thesis and will not be
addressed, as it does not allow the recyclability of the substrates.
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Adhesion failure Cohesion failure

Figure 3. Schematic representation of the different debondable mechanisms.

A critical factor in the design of debondable adhesives is the choice of
stimulus used to trigger debonding, as it directly influences both the practical
applications and the operational lifespan of the adhesive. Stimuli may be
physical or chemical in nature, but they must enable on-demand debonding
within a commercially feasible time frame without harming the bonded
materials. Ideally, these stimuli should be highly selective, minimizing the
risk of unintended activation during normal use, which could result in serious
performance failures. Preferred triggers are those unlikely to occur in service
environments, such as microwaves or ultrasound.

Currently, ultraviolet (UV) light and heat are the most commonly used
debonding stimuli. However, they come with significant limitations,
particularly regarding the difficulty of reaching bonded interfaces and the
risk of accidental exposure [6].

Photoresponsive networks

A widely explored approach in recent years involves integrating
photoresponsive moieties into conventional commercial adhesives.
Although this stimulus have not been applied yet for the development of
debondable adhesive for wood products, this strategy has been thoroughly
reviewed [9] for other materials. Most advancements in this field can be
categorized into two main mechanisms: photoinduced overcuring and
photodegradation, although other processes, such as isomerization and
dimerization have also been studied. These photo-triggered mechanisms
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enable fast, on-demand debonding; however, their effectiveness is dependent
on the transparency of the substrates to the specific wavelengths used.
Additionally, their application is generally restricted to joints that are
unlikely to be exposed to these wavelengths during the product's service life,
to avoid unintended debonding.

Photoinduced isomerization can be employed to lower the modulus of an
adhesive, ultimately leading to cohesive failure. A well-established and
stable example is the UV-triggered trans-to-cis isomerization of azobenzene
[10]. When azobenzene is incorporated into the polymer matrix, it forms
trans-azopolymers that remain solid at ambient conditions. Upon UV
exposure, these polymers undergo a phase transition to a liquid state due to
the isomerization to the cis form, enabling controlled softening and potential
debonding of the adhesive.

Photoinduced dimerization via cycloaddition can serve various functions

such as overcuring, cross-link degradation, or photochemical liquefaction,
depending on the specific adhesive system.
For instance, a [4n + 4m]| cycloaddition reaction involving polymers
functionalized with terminal anthracene groups can lead to cross-linking
between polymer chains, effectively promoting bonding [11]. The debonding
process can be initiated through exposure to ultraviolet light with
wavelengths below 300 nm.

Additionally, reversible [2n + 2n] dimerization of 7-hydroxycoumarin
derivatives [12] has enabled light-controlled cross-linking in conventional
adhesive like polyacrylate and new bio-based adhesives [13]. While less
studied, other photoresponsive groups such as cinnamates [14] have also
been incorporated into urethane adhesive systems.

Thermal responsive networks

Currently, thermal treatment is the most extensively studied method for
developing debondable adhesives. It is often argued that all polymer-based
adhesives can be thermally debonded, as they undergo melting or
decomposition when exposed to a certain temperature. However, as
mentioned earlier, many high-strength structural adhesives for wood are
thermosetting polymers, which decompose at very high temperatures
without melting. For practical and commercial purposes, temperatures
exceeding 250 °C [6] are generally considered unsuitable due to high-energy
costs and the potential for damaging wood and other substrates.
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One advantage of thermal debonding compared to photoresponsive
debonding, is that it does not require substrates to be transparent. However,
the substrates must be thermally stable and capable of conducting heat
effectively up to the required debonding temperature.

The Diels—Alder (DA) reaction is a [4 + 2] cycloaddition between a diene
and a dienophile, resulting in the formation of a six-membered ring adduct.
This reaction is thermally reversible. The most common type of DA reaction
involves incorporating furan and maleimide groups into the polymer
structure as the reaction rate increases when the dienophile contains electron-
withdrawing groups and the diene contains electron-donating groups.

Due to its mild conditions, catalyst-free operation, and high yield, the DA
reaction is widely utilized in dynamic covalent systems, particularly in self-
healing materials and reversible adhesive applications. The current strategy
adopted by many research groups consists in introducing a DA network into
conventional adhesives. Indeed, Du P. et al. and Carbonell-Blasco M. et al.
both achieved thermal debondability by introducing furan moieties at the end
chain of polyurethanes later cross-linked using bismaleimide [15, 16]. The
same principle was used by Lorero 1. [17] to develop debondable epoxies.
First, furfurylamine was used to introduce furan moiety on DGEBA, which
is supposed to cross-link with bismaleimide. Kuang, X. et al. [18] designed
a DA adduct with amine attached to furan and maleimide to make it reacts
with DGEBA. These studies demonstrated that incorporating DA adducts
does not compromise adhesive strength; in some cases, it even enhances
shear strength [18]. This shows the potential to design adhesives that
combine the robustness of thermosets with the adaptability of thermoplastics.
Indeed, when heated to temperatures generally above 130 °C [19] the retro
Diels—Alder reaction is favored, leading to the DA adduct cleavage, resulting
in the adhesion or cohesion failure.

Disulfide-containing chemical bonds also present a significant interest for
designing debondable adhesives. Despite the main use in reprocessable
adhesive or self-healing material, few works reports the use of disulfide
bonds in debondable adhesive. Y. Jin et al. reported the development of high-
strength; thermally debondable adhesives based on sulfur-modified epoxy
networks incorporating both dynamic disulfide linkages and B-hydroxyl ester
functionalities. The mechanical performance of these adhesives could be
tuned, achieving tensile strengths ranging from 2.5 to 22.8 MPa [20].
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Another chemistry that might have potential in this field is the boron—
oxygen linkage, valued for its distinctive thermodynamic stability. Among
boron-based structures, phenylboronic acid has particularly gathered
attention. It can undergo dehydration and condensation with diols or
diphenols to form dynamic boronate esters, or it can self-condense to form
boroxine rings. The boroxine structure, which exhibits dynamic and
reversible behavior, is formed through the dehydration of three
phenylboronic acid molecules. Longfang R. et al. [21] designed a
polyurethane adhesive cross-linked with boroxines that was able to heal
without loss of bonding strength.

pH responsive networks

The research of pH debondable adhesives has mostly been towards the use
of pH sensitive polymers [22], which can swell or dissolve depending on pH
variations. As thermal trigger, one of the potential risks using pH as a trigger
is the damage of the substrate. Indeed, strong acids can degrade wood by
hydrolyzing its polymer components (lignin, cellulose, and hemicelluloses).
For this reason, researchers have been trying to favor weaker acids such as
citric acid or orthophosphoric acid [23]. On the other hand, unlike heat or
light treatment, the solution used for debonding might be reused without
energy consumption.

Imine bonds, also called Schiff base (named after its discovery by Hugo
Schiff in 1864), formed through the condensation of amines and aldehydes
or ketones, are dynamic covalent linkages commonly used in self-healing
and reversible materials [24]. This bond exhibit pH-dependent reversibility
that is stable under neutral to basic conditions but readily hydrolyzed in
acidic environments. This reversible nature makes imine chemistry
particularly attractive for designing stimuli-responsive and debondable
adhesive systems. Tiirel T. et al. [23] reported the use of imine chemistry in
polyurethane adhesives aiming to provide on demand debonding. By
introducing imine into the polyol precursor of polyurethane, the adhesive
was able to debond when exposed to citric acid at 80°C. When used to bond
wood, this adhesive system showed shear strength values from 1.5 to 2.1
MPa.

Boronate bonds, formed between boronic acids and diols, are widely used
in dynamic materials due to their reversible covalent nature. These bonds
exhibit pH-dependent reversibility: they are stable and form strong linkages
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under alkaline to neutral conditions (typically above pH 7), but readily
dissociate in acidic environments (below pH 6). Narkar A. et al. designed a
polyacrylamide adhesive containing catechol and boronate moieties [25].
They demonstrated the possible formation of a catechol-boronate complex at
pH 9 that is able to dissociate at pH 3. The adhesive reversibility was proved
over 3 cycles of pH changes, despite the possible oxidation of catechol into
quinone at basic pH.

Despite little research in adhesive technology, the acylhydrazone could
have potential in development of pH responsive adhesives. This bond is
formed through a condensation reaction between hydrazide and aldehyde
groups. This linkage demonstrates reversible condensation in response to
low pH [26], enabling cyclic reversibility. As a result, so far acylhydrazone
linkages has mostly been incorporated in polymer chains for the
development of self-healing materials [27].

Vitrimers

Vitrimers represent a distinct class of polymers, apart from traditional
thermosets and thermoplastics [28]. Indeed, these polymers integrate the
reprocessability and deformability typically associated with thermoplastics
as well as the permanent and temperature-stable network of thermosets [29].
This behavior is obtained through their three-dimensional polymer networks
containing dynamic covalent bonds that enable rearrangements while
maintaining a constant average crosslinking density [29]. Although
transesterification is the most widely utilized reaction and first used [30] in
vitrimer systems, their dynamic covalent network can also be based on other
exchanges. Indeed, these rearrangements can be obtained through various
mechanisms such as imine, disulfide, boronic ester or vinylogous urethane
exchange, olefin metathesis, transacetalization and transalkylation [28]. The
diversity of possible bonds results in a diversity of stimuli to trigger the solid
to viscoelastic behavior of vitrimers.

In recent years, there has been increasing interest in utilising vitrimers as
adhesive materials, primarily due to their potential for self-healing and
reprocessability. Recent attempts have been made on developing epoxy-
vitrimers. Surds M. et al. [31] designed an epoxy adhesive including vitrimer
network that could debond at 180°C for 2 h by hand-pulling and even be
recycle through alcoholysis of the esters at 197°C. Different formulations
were evaluated for bonding aluminum sheets, achieving lap shear strengths
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up to 25.8 + 2.9 MPa. Santiago D. et al. [32] also reported a similar epoxy-
vitrimer debondable adhesive based on the same reaction between DGEBA
and glutaric anhydride.

Recent studies have focused on lignin-based vitrimers for debondable
wood adhesives. Indeed, Liu J. et al. [33] developed an on-demand
debonding adhesive based on vinylogous urethane network between
polyamine and ketone functionalized lignin, after bonding two pieces of
wood, debonding could be triggered by thermal treatment of 170°C for 3
min. Relatively high shear stress of 12.7 MPa were measured on wood
samples. Yang Y. et al. [34] reported another vitrimer network based on
phenol-functionalized lignin able to debond using photo-thermal stimuli.
The dynamic network was based on transacetalization of acetal groups
formed between phenol-lignin and divynil ether. A shear stress of 12.87 MPa
was recorded when bonding wood samples.

1.3 Bio-based adhesives for wood

Although most adhesives used nowadays are derived from fossil-based
materials, historically, adhesives were primarily sourced from natural, bio-
based substances. First developed adhesives often relied on animal protein
(albumin, collagen, and casein), starches, and natural proteins or resins
extracted from crops and trees [35]. These bio-based adhesives were widely
used for centuries. However, with the rise of the petrochemical industry,
synthetic adhesives made from fossil fuels became dominant because of their
superior strength, durability, low cost and ease of production. Today, there
is a renewed interest in returning to bio-based adhesives driven by legislation
changes due to health risks and individual growing awareness to promote
sustainability and reduce environmental impact.
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Figure 4. Schematic representation of bio-based alternatives for adhesives.

Bio-based polymers for adhesives can be sourced from a wide range of
renewable wastes, including marine, agricultural, and industrial wastes or
by-products. Common candidates can be divided in four families including
proteins, vegetable oils, polysaccharides and polyphenols as illustrated in
figure 4. Marine bio-waste, such as crustacean shells and seafood processing
residues, provides chitin, a valuable polysaccharide when turn into chitosan
with potential as a wood adhesive [36]. Other polysaccharides derived from
plants such as cellulose and starch, which are abundant, renewable, and
biodegradable have raised significant interest in adhesive application [37].
Plant-derived proteins [38], resins such as rosin [39] and oils such as soybean
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oil [40, 41], are also being explored for their adhesive properties. The wood
and pulp industry generates lignins [42], tannins [43], and celluloses [44]
from sawdust and bark, while agricultural waste offers starch [45], cellulose,
and proteins from crop residues. The food industry generates proteins from
discarded produce and oilseed by-products. Dairy coproducts such as the
curds from skimmed milk are rich in a protein called casein that has been
widely used as wood adhesive. Despite its replacement by fossil-based
adhesives, casein still raise interests for its use in wood adhesives [46]. These
diverse, often underutilized resources offer promising, sustainable
alternatives for developing eco-friendly adhesives. However, the low water
resistance and poor bonding strength often limits the direct use of these bio-
based materials as adhesive, necessitating the use of cross-linking agents;
many of which are fossil-derived thereby reducing the overall bio-based
content of the final adhesive formulation.

Another solution to improve bio-based adhesives properties is the use of
additives. Graphene and its derivatives, such as graphene oxide and reduced
graphene oxide, and carbon dots (CD) have attracted growing interest in
adhesive technologies due to their good mechanical, thermal, and electrical
properties. When incorporated into adhesive formulations, graphene
materials can enhance bonding strength [47], dispersability [48], and thermal
conductivity [49]. Their large surface area and strong interfacial interactions
with polymer matrices contribute to improved load transfer and cohesive
performance. Moreover, CDs are of particular interest as they can be
synthesized from bio-based materials (citric acid, vegetable oil, etc.) [50].

1.4 Aim of the thesis

The aim of the present research work was to investigate the potential use of
polysaccharides more specifically potato starch, in the design of debondable
adhesives for wood products. In order to achieve a proof of concept, the
following research questions were formulated:

(1) Which debonding stimuli (e.g., heat, pH, light, etc.) are more appropriate
to wood?
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(2) Which chemical reactions can provide debonding property to starch-
based adhesives under specific stimuli while maintaining performance
suitable for wood bonding applications?

(3) How can starch be chemically modified to enable controlled debonding
for the recyclable assembly of wood products?

(4) Which bio-based materials could be used to crosslink starch?

The primary objectives of this research were to develop (i) a thermally
debondable adhesive system based on starch (St) and Kraft lignin (KL), and
(i) a pH-responsive, starch-based debondable adhesive. These objectives
were addressed through four studies, each presented as separate articles in
the thesis.

The first article explores the modification of St with 6-maleimidohexanoic
acid (6-MHA) in dispersion. The second article examines the solution-phase
modification of St with 6-MHA and the functionalization of KL with furfuryl
glycidyl ether (FGE), leading to the formation of a Diels—Alder (DA)
network between the two modified biopolymers. The third article
investigates the performance of the St-6MHA:KL-FU network as a thermally
debondable adhesive for wood substrates. The final study assesses the
incorporation of carbon dots as multifunctional components to enhance
curing behavior and mechanical strength in the development of a Schiff base-
based, pH-responsive debondable adhesive.
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2. Materials and methods

2.1 Materials

2.1.1 Chemicals

For synthesis: Potato starch (St), kraft lignin (KL), oxalyl chloride, 6-
maleimidohexanoic  acid (6-MHA), dimethylacetamide (DMAc),
dimethylsulfoxide (DMSO), furfuryl glycidyl ether (FGE), sodium
hydroxide (NaOH), hydrochloric acid (HCI), lithium chloride (LiCl),
chloro(1,5-cyclooctadiene) iridium(I) dimer ([Ir(cod)Cl]., HS157),
potassium carbonate, sodium acetate, vinyl acetate, dichloromethane,
dimethylformamide (DMF), acetone and ethanol were purchased from
Sigma-Aldrich (Stockholm, Sweden).

For extraction and purification of vinyl ester: dichloromethane, chloroform,
acetonitrile and Silica gel 60 (0.063-0.200 mm) were purchased from Sigma-
Aldrich (Stockholm, Sweden).

For NMR analysis: deuterated DMSO (DMSO-ds, 99.80% atom D),
deuterated chloroform (CDCIls-d 99.8% atom D), 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane (TMDP, 95%), chromium (III)
acetylacetonate (Cr(acac)s, 97%), cholesterol (greater than 99%) and
deuterated trifluoroacetic acid (TFA-d:, 99.5% atom D) were purchased from
Sigma-Aldrich (Stockholm, Sweden).

For wood veneer furfurylation: furfuryl alcohol and tartaric acid were
purchased from Sigma-Aldrich (Stockholm, Sweden).

2.1.2 Solid wood and wood veneer

Wood materials used in this study were European beech (Fagus sylvatica)
veneer with 0.6 mm thickness cut to dimensions 0.6 x 20 x 120 mm?® using
ABES sample cutter (see Figure 6) and Scots pine (Pinus sylvestris) solid
wood with an angle between annual growth ring of 45° with dimensions of
30 x 15 x 5 mm?® was used for adhesive penetration investigation.
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2.2 Methods

2.2.1 St esterification with vinyl ester derivative in suspension

Synthesis of vinyl ester of 6-MHA

The vinyl ester of 6-MHA was synthesized by dissolving 37.40 mmol of 6-
MHA in 20 mL of DMF, followed by the addition of vinyl acetate in a 10-
fold molar excess. The reaction was carried out in a three-necked round-
bottom flask equipped with a reflux condenser and thermometer. Prior to
initiating the reaction, the mixture was degassed with argon for 15 minutes.
Subsequently, the catalyst HS157 (0.01 equivalents) and sodium acetate
(0.03 equivalents) were added. The reaction was maintained under magnetic
stirring at 110 °C for 24 hours in a dry argon atmosphere.

Upon completion, the reaction mixture was poured into water and extracted
with dichloromethane. The organic fraction was then concentrated using
rotary evaporation. The resulting viscous liquid was dissolved in a 4:1 (v:v)
mixture of chloroform and acetonitrile and purified by silica gel column
chromatography. After purification, the solvent was removed via rotary
evaporation. The final product, the vinyl ester of 6-MHA, was characterized
using FTIR and NMR spectroscopy.

Polysaccharide activation

St was activated through a mercerization process. A total of 20 g of St were
added to a beaker containing 1L of 4 M sodium hydroxide solution. The
mixture was stirred for 1 hour, followed by filtration and sequential washing
with dehydrating solvents: methanol, acetone, and hexane. The treated
samples were then freeze-dried and stored under vacuum in a desiccator.

Synthesis of St-6MHA in suspension

Activated St (1g) was dispersed into a 100mL round-bottom flask
containing a solution of the vinyl ester (1 equivalent to the hydroxyl groups
of the polysaccharides), 0.15 g of potassium carbonate as a catalyst, 15 mL
of DMF, and 5 mL of DMAc. After degassing the mixture with argon, the
reaction was carried out under reflux with vigorous magnetic stirring at
110 °C for 24 hours. Upon completion, the reaction mixture was cooled to
room temperature, filtered, and thoroughly washed with water to remove the
catalyst, followed by ethanol to eliminate residual reagents and solvents. The
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resulting maleimide-grafted polysaccharides were characterized using FTIR
and NMR spectroscopy, XRD, TGA, and ESEM.

2.2.2 St esterification with acyl chloride derivative in solution

Preparation of acyl chloride

6-MHA was dissolved in DMAc, and oxalyl chloride (1 equivalent) was
added dropwise to the solution while maintaining the temperature in an ice
bath. Following the addition, the reaction mixture was stirred at room
temperature under an inert argon atmosphere for 3 hours. Gaseous by-
products, including HCI, CO, and CO., were allowed to escape from the
reaction vessel. Upon completion, the resulting acyl chloride intermediate
was used directly without further purification.

Modification of St with acyl chloride in solution

A total of 3.2g of oven-dried St was placed in a round-bottom flask
containing 50 mL of dry DMAc. The mixture was stirred at 140 °C for 1
hour. Subsequently, the temperature was reduced to 100°C, and 1g of
lithium chloride was added. Upon addition, the suspension became instantly
transparent with a noticeable increase in viscosity, forming a slurry. The
mixture was then heated overnight at 50°C to ensure complete dissolution of
the St.

The resulting St solution was added to a solution of the previously prepared
acyl chloride in DMAc, using a molar ratio corresponding to two equivalents
of acyl chloride per hydroxyl group of the anhydroglucose unit. The reaction
mixture was stirred at room temperature for 24 hours under a continuous
flow of argon. Upon completion, the modified St was precipitated by the
addition of methanol. Then, the modified St was washed/centrifuged with
methanol 3 to 5 times and then freeze-dried.

2.2.3 St oxidation

DAS was synthesized following a previously published protocol reported by
our group [51]. A 5% solution of oven-dried St (dried at 40 °C for 48 hours
in oven) was prepared by dispersing the St in distilled water under magnetic
stirring. Sodium periodate (NalO4) was added to the suspension at a weight
ratio of 1:1.65 (St to NalOa). To protect NalO4 from photodegradation, the
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reaction vessel was wrapped in multiple layers of aluminum foil. The
oxidation reaction was carried out at 35 °C for 24 hours.

Following the reaction, acetone was added to quench the process, and the
mixture was centrifuged at 5000 rpm for 5 minutes. The precipitate was
washed thoroughly with distilled water and centrifuged twice, first for 5
minutes and then for 10 minutes at 5000 rpm. A final wash with ethanol was
performed, followed by centrifugation for 10 minutes at the same speed to
ensure the removal of residual oxidizing agents. The resulting DAS was
dried under vacuum at 35 °C for 48 hours, and the dried material was used
for further analyses.

2.2.4 KL etherification with furfuryl glycidyl ether

KL (1g) was dissolved in water containing sodium hydroxide (200 mg,
5 mmol), corresponding to one equivalent relative to the total acidic groups
in KL (including phenolic OH and carboxylic groups). After stirring for 1
hour, FGE was added in an amount equivalent to 1.5 times the phenolic
hydroxyl content of KL. The reaction mixture was then stirred at 50 °C for
24 hours. Upon completion, the mixture was cooled to room temperature and
acidified to pH 2 using 10% (v/v) aqueous hydrochloric acid. The resulting
suspension was centrifuged to collect the precipitated KL. The
functionalized lignin was washed three times with 50 mL portions of
acidified water (pH 2) and subsequently freeze-dried.

2.2.5 Carbon dots synthesis

CD1 was synthesized via a hydrothermal method. Citric acid (2.0 g) was first
wetted with 1.0 g of formamide, followed by the addition of 1.0 g of freshly
distilled aniline. The resulting slurry was ground using a mortar and then
dissolved in 25 mL of Milli-Q water. This solution was transferred to a
50mL Teflon-lined autoclave and heated at 185°C for 24 h. After the
reaction, the mixture was transferred to a 100 mL round-bottom flask, and
the solvent was removed via rotary evaporation. The resulting dark orange
residue was purified by size exclusion chromatography using Sephadex G-
10 to eliminate unreacted starting materials and low molecular weight
impurities. The purified sample was then freeze-dried to yield a fluffy, deep
yellow powder. Final yield: 1.75 g.
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CD2 was synthesized via microwave-assisted post-functionalization
(amidation) of CDI1. Specifically, 0.50 g of CD1 was dissolved in 5 mL of
DMF, followed by the addition of a freshly prepared DMF solution of
polyethyleneimine (PEIL; 0.10g in 5mL). The reaction mixture was
distributed equally into four 5 mL Biotage microwave reaction vials, which
were sealed and subjected to microwave irradiation at 300 W for 20 minutes.
Upon completion, the vials were cooled to room temperature, and their
contents were combined. The brown reaction product was purified by size
exclusion chromatography using Sephadex G-25 to remove unreacted
materials and low molecular weight by-products. The collected fractions
were concentrated by rotary evaporation to remove residual DMF. The
resulting red solid was dried in a vacuum oven at 50 °C for 16 hours, yielding
0.55 g of product. Due to its limited solubility in water, the final CD2
material was analyzed using solid-state characterization techniques.

Various mixtures were prepared for Automated Bonding Evaluation System
(ABES) testing. DAS was first dissolved in DMAc and divided into four
portions. Carbon dots (CD1 or CD2) were added to the DAS solution at a
concentration of 5% by weight relative to starch. The mixtures were theated
at 120 °C overnight. Despite the initial insolubility of CD2 in DMAc, a
homogeneous dark brown solution was obtained. This tends to confirm the
reaction between the aldehyde groups of DAS and the amine functionalities
on CD2. Following ABES testing, an excess of hexamethylenediamine
(HMDA) was added to the mixtures at a molar ratio of 4:1 (amine to
aldehyde) to promote crosslinking of DAS. Additionally, a 70% HMDA
solution was tested separately as a reference.

2.2.6 Furfurylation of veneer and solid wood

European beech (Fagus sylvatica) veneers, with dimensions of
0.6 x 20 x 120 mm?, were oven-dried at 100 °C until a constant weight was
achieved. The dried veneers were then immersed in a solution of furfuryl
alcohol (FA) containing 5% (w/w) tartaric acid, used as a polymerization
catalyst, and left to soak for 24 hours (Figure 5). Following impregnation,
the samples were wrapped in aluminum foil and cured in an oven at 103 °C
for 24 h to initiate in situ polymerization of FA. To remove any residual
unreacted FA, the samples were then unwrapped and left in the oven for an
additional hour.
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After curing, the final weight of the veneers was recorded, and the weight
percent gain (WPGQG) was calculated using the following equation:

m —m
WPG = m —mo) 100 €))
my

Here, m; represents the weight of the veneer after furfurylation and mo the
weight of the oven-dried veneer.

24 hours
A /'\

Wood Furfuryl alcohol + Curing Furfurylated wood veneer
veneer Citric acid 5% (cat.)

Figure 5. Schematic representation of furfurylation process.

2.3 Characterization techniques

2.3.1 Spectroscopy
FTIR

FTIR spectra were recorded using a Spectrum Two spectrometer
(PerkinElmer, Waltham, USA) equipped with a Universal ATR (UATR)
diamond accessory, enabling direct analysis of solid samples without the
need for prior preparation. A pressure arm was employed to apply a
consistent force (monitored via software), ensuring optimal contact between
the sample and the diamond crystal for effective interaction with the IR
beam. Spectra were acquired with a resolution of 4 cm™, averaging 32 scans
over a spectral range of 4000 to 450 cm™.

42



NMR

All NMR spectra (‘H, *C, '*C DEPT, *'P, and 2D NMR) were recorded on a
Bruker Avance III 600 MHz spectrometer (Bruker, Billerica, USA).

For '"H NMR measurements, Ttetramethylsilane (TMS) was used as an
internal reference. Spectra were acquired with 16 scans and a relaxation
delay of 30 seconds. For sample preparation, 100-150 mg of St was
suspended in 800 pL of dry DMSO-ds. The mixture was shaken overnight at
80 °C using a bidirectional mixer to ensure complete dissolution, then
transferred to a 5 mm NMR tube for analysis at room temperature. When
deuterated trifluoroacetic acid (TFA-d:) was used, 1-2 drops were added just
before measurement. The degree of substitution (DS) for St-6MHA was
determined by 'H NMR following a commonly reported method [52]. This
approach involves comparing the integrated peak areas corresponding to the
protons of grafted 6-MHA with those of the starch backbone. After the
addition of TFA-d,, each anhydroglucose unit theoretically contributes seven
protons. However, due to residual moisture in the starch and incomplete
deuteration by TFA-di, only the signal at 5.19 ppm assigned to a specific
starch proton was reliably used. The DS was calculated based on the
following equation:

Igrafted 6—MHA

DS = (2)

2+ Istarch

Where Igafied-sMua corresponds to the intensity of the protons from 6-MHA
and Isarch corresponds to the intensity of the starch proton at 5.19 ppm.

Attempts to study the reaction between DAS and CDs were made using *C
CP-MAS NMR recorded at room temperature using a Bruker Avance 111 600
MHz CCD (Bruker, Billerica, USA) equipped with a 4-mm 1H/13C high-
resolution magic angle spinning (HR-MAS) probe. The samples were packed
into 4 mm zirconia rotors. The sample spinning speed was set to 12.0 MHz,
with a contact time of 1 msec, and a relaxation delay of 5 sec between
acquisitions.

'H and *C NMR spectra of 6-MHA samples in chloroform-d were recorded
using TMS as reference.
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The amount of furan groups grafted onto KL. was quantified using *'P NMR
spectroscopy. A 0.1 M solution of cholesterol, prepared in an anhydrous
pyridine/CDCls mixture (1.6:1, v:v), served as the internal standard.
Chromium (IIT) acetylacetonate was added to this solution as a relaxation
agent to ensure accurate signal integration. Phosphorylation was carried out
using 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP), in
accordance with established protocols [53] 128 scans were recorded with
10 sec delay and a spectral width of 100 ppm.

Analysis of the DA and rDA reactions between St-MHA and KL-FU was
made using '"H NMR. St-6MHA and KL-FU were dissolved in DMSO-ds
with an equimolar ratio of maleimide and furan functions. The reaction was
carried out at 65 °C for 4 days to ensure the total formation of the DA adduct.
The intensity of the peak at 7.62 ppm assigned to furan double bonds protons
was integrated to compare the area of the peak before and after reaction.

XPS

X-ray Photoelectron spectroscopy (XPS) X-ray photoelectron spectra of CDs
samples were recorded on a Quantum 2000 Scanning ESCA instrument
using a monochromatic Al K-Alpha X-ray (1486.7 eV) excitation source.

XRD

XRD patterns of starch samples were recorded on a Bruker D8 CCD (Bruker,
Billerica, USA) powder diffractometer with Mo Ka radiation in the angular
range of 20 = 5—70° at 25 °C.

2.3.2 Microscopy

Stereomicroscope

A Zeiss Discovery V12 stereomicroscope (Zeiss, Oberkochen, Germany)
was employed to examine the surface of beech veneer before and after
furfurylation, as well as following the lap shear test.

Light and fluorescence microscope

To investigate adhesive penetration into wood, a blend of St-6MHA and KL-
FU was prepared in a 2:1 ratio based on their respective functional group

44



contents. This mixture was uniformly applied to the tangential surfaces of
both untreated Scots pine (Pinus sylvestris) and furfurylated pine specimens
(WPG =22.2 £ 0.1%) with dimensions of 30 X 15 x 5 mm?. Application was
carried out manually using a brush at a loading of 200 g-m2. Following
application, the samples were pressed under previously described conditions.

As for the beech sample, the moisture content of the specimens was
measured using the oven-dry method resulting in an average moisture
content of 9.5+0.1% for untreated pine and 5.2+0.1% for furfurylated pine.
The average density was measured to be 0.50+0.01 g-cm™ for untreated
pine and 0.91 £ 0.01 g-cm™ for furfurylated pine.

a) b) c)
Specimen
30 mm
Adhesive
Blade bondline
45° annual

Slice growth rings

Micrometric
screw

5 mm

Figure 6. Microtome set up a) and schematic representation of specimen b)
and thin section c).

To examine radial adhesive penetration into the porous wood structure,
40 pm-thick sections were prepared (Figure 6) using a sliding microtome
(WSL, Ziirich, Switzerland) to expose the glue line on transverse surfaces
within either earlywood or latewood regions of pine. These sections were
mounted onto glass slides and analysed using a Zeiss Axio Imager 2
fluorescence microscope (Zeiss, Oberkochen, Germany) equipped with
Neofluar and Apochromat optics, DAPI filter and an Axiocam 8 digital
camera.

Images of the samples were also made using a Leica DMLB Light
microscope (Leica, Wetzlar, Germany).

ESEM

The surface morphology of the samples was examined using an
Environmental Scanning Electron Microscope (ESEM, Philips XL-30,
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HITACHI, Japan) operated at an accelerating voltage of 10 kV with a spot
size of 4.3. Secondary electron imaging was performed at different
magnifications. Prior to imaging, the samples were coated with a thin layer
of gold using a sputter coater (Emitech K550X, Quorum Emitech, England)
to enhance conductivity and image quality.

2.3.3 Bond development and mechanical tests

ABES

The bond strength development and curing properties of the various DAS
adhesives was evaluated using lab-shear bonds subjected to tensile loading
through the ABES technique (Adhesive Bond Evaluation System, Corvalis,
USA). This apparatus enables the assessment of strength development
characteristics for various adhesive types in shear mode between two thin
veneer pieces. It offers a rapid, cost-effective, and immediate method to
characterize various bond-influencing parameters, notably the curing speed
of adhesives. The device consists of a hot-pressing unit associated with a
displacement module enabling to cure and test the adhesion on a single
device, as shown in Figure 7. Adhesives were applied to a single side of one
beech veneer (20 x 5 mm? overlapping area) using spatula to put
approximatively around 20 mg of adhesive. The veneers were then hot-
pressed under controlled conditions of temperature and time. The
temperature was set to 160°C to enable solvent evaporation and avoid
reagent evaporation. After curing, the pressure was released, and the bond
was immediately subjected to shear testing. Shear strength was recorded at
different pressing time. Each condition was tested with ten replicates.
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Figure 7. ABES set up (a) and ABES sample cutter (b).

Lab shear test

In order to evaluate the influence of lignin on the bonding strength of the
adhesive various compositions of St-6MHA:KL-FU were tested to bond
furfurylated beech veneer. The shear strength of the specimens produced was
evaluated using a universal testing machine (see Figure 8).
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Figure 8. Picture (left) and schematic representation (right) of the universal
testing machine set up.

Furfurylated European beech (Fagus sylvatica) veneer with dimensions of
0.6 x 20 x 120 mm?® was placed in a climate chamber at 20°C and 65%
relative humidity until an equilibrium moisture content at the respective
climate was reached.

To form the lap shear specimen, two veneers were bonded together (overlap
area 5 x 20 mm?) with adhesive containing a different ratio of St-6MHA and
KL-FU using ABES device to press them at 0.8 MPa and 160°C for 3 min.
The specimens were further cured in an oven for 48 h at 65°C.

After gluing, the lap shear specimens were put in a climate chamber at 20°C
and 65% relative humidity until moisture content stabilized (less than 0.1%
change in weight over 2 h interval) prior to testing. The moisture content of
the specimens was measured using the dry weight method, leading to an
average moisture content of 9.2 + 0.1% for untreated beech and 3.1 £ 0.1%
for furfurylated beech. The average density was measured at
0.66+0.03 g.cm™ and 0.97+0.03 g.cm™ for untreated and furfurylated
beech, respectively.

Lap shear tests were performed in an MTS universal test machine (MTS
Criterion C45.105Y, MTS systems, Eden Prairie, USA) with a 1 kN load cell
(see Figure 8). The following load procedure was adopted: force was set to
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zero, the specimen was mounted in the lower jaw, and then the upper jaw
was closed and if a change in force was observed the crosshead was moved
carefully manually to bring it back to zero. Then, the loading procedure was
started. The preloading was done in crosshead control at 0.10 mm.min™! until
a force of 1 N was reached. Then, the loading proceeded with a speed of 0.25
mm.min" while recording force, crosshead displacement and time at 10 Hz.
The test rate was chosen based on pre-tests aiming to reach failure between
1 to 2 min in line with EN 302-1. Fracture surfaces were visually examined
to determine whether failure was due to shear and to determine if failure
occurred in the wood substrate (‘wood failure’) or in the adhesive interface
(‘adhesive or cohesive failure’). Shear strength values corresponding to the
different mode of failures as described in Figure 9 of the specimens are
included in the reported data. In total, 10 data points were recorded per
sample set.

Adhesion failure Cohesion failure Wood failure

Figure 9. Schematic representation of failure modes.

Thin veneers of 0.6 mm, similar to those used in the ABES system, were
employed to reduce adhesive consumption by minimizing the overlap area
compared to the requirements of standard EN302-1. Using the ABES sample
cutter set to 120 x 20 mm? dimensions minimizes the risk of cutting errors
often associated with the more complex specimen geometry in EN302-1 (see
Figure 10), as reported by Derikvand et al. [54]. The use of thin veneers also
reduces issues related to specimen eccentricity without requiring grooves.
Notably, lap-shear specimens are highly sensitive to even minor deviations
from standard cutting procedures. Accurate groove cutting is essential, as
deviations of = 0.5 mm in depth can significantly affect tensile shear strength
results. This setup also allows the use of the ABES heating press for 5 mm
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overlap bonding, leading to more reproducible sample preparation.
Additionally, the reduced thickness (0.6 mm vs. 5 mm specified in EN302-
1) improves curing efficiency due to enhanced thermal transfer from the
wood to the bondline.

a)
%Omm / hm
M mm
10mm

b)
235mm /ZOmm
+0.6mm

5mm

Figure 10. Schematic representation of specimen dimensions used in
standard EN 302-1 a), and used in our method b).

Atomic force microscope

Colloidal probe AFM measurements were conducted to investigate the
interaction forces between the uncoated and CNF-coated SiO colloidal
probe and various starch and lignin materials. These interactions were
monitored as a function of time in contact (surface delay) and of the chemical
environment.

The widths and lengths of the selected cantilevers (tip A of
HQ:NSC35/tipless/No Al, MikroMasch, Wetzlar, Germany) were initially
measured using a reflectance optical microscope (Nikon, Tokyo, Japan). The
resonance frequency and quality factor of each cantilever were then
determined using the TunelT software (Jdrna, Sweden) on a MultiMode 8
AFM system (Bruker, Billerica, USA). These parameters were later used for
calibration of the spring constant.

A dilute suspension of silica particles (Lot no: 31443, Dry Borosilicate Glass
Microspheres, Duke Scientific Corporation) with a diameter 0of 9.6 + 1.0 pm,
in Milli-Q water (0.005-0.01 wt%) was prepared, and a few drops were
deposited onto a microscope slide using a glass capillary. The droplets were
allowed to air dry. The low concentration of the suspension effectively
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minimized microsphere aggregation during the drying process. Separately,
hot melt glue (EPIKOTE 1001, Shell Chemical Co.) and the cantilever chip
were applied onto individual microscope slides. These were placed on a hot
plate maintained at 120 °C and positioned under an optical microscope
equipped with long working distance objectives.

Prior to the gluing process, the particles were dispersed in 1 M NaOH for 15
min to activate their surfaces. They were then thoroughly rinsed with Milli-
Q water until the suspension reached a neutral pH.

Using an etched tungsten wire, a small drop of molten glue was transferred
to the tip end of a previously calibrated cantilever (Figure 11a, 11b and 11¢).
A second tungsten wire was employed to pick up a single silicon oxide
microsphere and position it precisely onto the glue droplet (Figure 11d, 11e
and 11f). This microsphere placement was carried out with the aid of a
manual micromanipulator (HS 6 Manuell, Mérzhauser Wetzlar GmbH & Co
KG, Wetzlar, Germany), ensuring high positional accuracy. Microspheres
with a uniform diameter of approximately 9 um were carefully selected. The
completed probe consisting of the cantilever with the attached microsphere
was then stored in a protective cantilever box until use.

Figure 11. Microscope images of colloidal probe preparation. a, b, ¢
deposition of glue droplet on clean tip. d, e, f deposition of particle on the
glue droplet.

CNF coated probes were prepared. The colloidal probes were successively
immersed in a polyethylenimine (PEI) solution (100 mg-L™" in deionized

water, pH 6.5) for 2 min, followed by rinsing in deionized (DI) water for 1
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min. They were then immersed in a CNF suspension (100 mg-L™' in DI
water, pH 6.5) for 10 minutes, and again rinsed in DI water for 1 min. This
coating cycle was repeated twice to ensure uniform surface coverage. After
the final rinse, the cantilevers were dried using a stream of nitrogen gas
before subsequent use.

A droplet of sample to analyze dissolved in DMAc was placed on a round
mounting glass and dried over nitrogen gas for 3 h prior to measurement.
To identify regions of interest, force spectroscopy measurements were
conducted using a MultiMode 8 AFM equipped with a PicoForce extension
(Figure 12). The cantilever, modified with a glued microsphere, was
positioned over previously prepared thin film samples. A total of 25
individual force-distance curves, each consisting of 6144 data points, were
acquired by scanning the cantilever across the sample in a 5 X 5 grid pattern,
with a lateral spacing of 1000 nm between points in both x and y directions.
The ramp size was set to 3 um, with an approach/retract speed of 3 pum-s™.
Additional parameters included a trigger threshold of 1.5V (~ 55.65nm), a
retraction delay of 100 msec, and no surface delay. These measurements
were performed in ambient air at room temperature. The area where highest
adhesion was recorded was used to study the influence of time on adhesion
by using differen'g surface delays ranging from 0 to 60 sec.

Contact Contact Adhesion or
Attraction

Figure 12. Schematic representation of AFM force measurement principle.
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Unprocessed raw data from the AFM was converted to force curves (i.e.
force vs separation data) and the adhesion values were extracted with the
AFM ForcelT v3 software (Jarna, Sweden). The adhesion was extracted as
displayed in the following equation:

Fouti—orr _ kal

(3)

Faan =
Rprobe Rprobe

Here, Faqn represents the normalized adhesion force, calculated from the pull-
off force Fpui-or, the microsphere radius Rprobe, the cantilever spring constant
k, the deflection sensitivity a, and the deflection voltage recorded by the
photodiode U. The deflection sensitivity was determined directly from the
force—distance data for each measurement. It was obtained from the slope of
the linear region indicated in green in Figure 13, where the absence of
nonlinearity confirms that deformation of both the probe and the sample was
negligible.

For each sample, 3 areas of interest were studied and 10 replicates per surface
delay were made.

All the glass slides and glass sample holders used in this procedure were
prior cleaned using an UV/ozone cleaner (ProCleaner, BioForce
Nanosciences, Virginia Beach, USA) before use.

Attraction I il
-2

4
Adhesion
-6

Deflection (V)

-8

-10

0 02 04 06 08 1 12 14 16 18 2
Time (sec)

Figure 13. Typical deflection-time curve of KL using a CNF coated probe
(surface delay= 60s).
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2.3.4 Thermal analysis

TGA

TGA and DTG thermograms of samples were made with a TGA2 analyzer
(Mettler Toledo, Greifensee, Switzerland), under nitrogen with a flow rate of
40 mL.min"', using alumina pans. 5 to 10 mg of each sample were put in a
standard TGA alumina crucible pan and heated from 30°C to 600 °C at a
heating rate of 10 °C.min"".

DSC

DSC thermograms of samples were performed using a DSC3+ analyzer
(Mettler Toledo, Greifensee, Switzerland). The samples were heated from
—30 to 200 °C at a heating rate of 30 °C min' followed by a cooling from
200 to -30°C at -20°C.min"! under a nitrogen flow of 10 mL-min"!. This cycle
was repeated 3 times and only curves corresponding to the 2" or 3™ heating
were analyzed. Approximately 5 mg of oven-dried sample (at 50 °C for 24
h) was used for each analysis.

The rDA of St-6MHA with KL-FU sample was analyzed using the same
instrument. A mixture containing St-6MHA and KL-FU with an equimolar
quantity of functionalizing group in DMSO were heated at 65°C for 3 days
to ensure that the DA reaction occurred. Approximately 5 mg of this mixture
was accurately weighed by a balance with a resolution of 0.00001 g and put
into an aluminum crucible of 100 puL. with the empty aluminum crucible
(with lead pierced) as reference. The samples were heated from -30 to 200°C
and subsequently cooled down to —50 °C for 5 min at a rate of 30 °C min™".
Then, it was immediately heated from —50 to 200 °C at a rate of 30°C min ™.
Only the first heating curve was analyzed. Dry nitrogen gas flow of 10
mL.min"! was used to purge the furnace chamber of the DSC instrument.

2.3.5 Titration

Hydroxyl number

In order to calculate the necessary amount of 6-MHA required for maximum
degree of substitution in suspension, the number of available hydroxyl on St
was measured using the titration method described in the standard ASTM D
4274. 1t is a standardized test method for determining the hydroxyl (OH)
content of polyurethane raw materials, specifically polyols. The St samples
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were acetylated by reacting them with a solution of acetic anhydride in
pyridine inside a pressure bottle at 98°C. Afterward, any excess reagent was
hydrolyzed with water, and the resulting acetic acid was titrated using a
standard solution of sodium hydroxide. The hydroxyl content is determined
by calculating the difference between the titration volumes of the blank and
the sample solutions. It was measured that St contains 3.56 mmol.g”! of
available hydroxyl groups in suspension.

Amylose/amylopectin content

The amylose/amylopectin content of St was determined by a colorimetric
method previously described [55]. It consists of measuring the absorbance at
620 nm using an ultraviolet—visible spectrophotometer (Lambda 35 UV/VIS
spectrometer, PerkinElmer, Waltham, USA) of a standard solution of pure
amylopectin/amylose bound with iodine salt at different ratio to build a
standard curve on the evolution of absorbance for the different amylose
compositions. The St amylose content was evaluated by the absorbance peak
at 620 nm and compared with the standard curve. An amylose content of 17.1
% was measured for St.

Carbonyl content

The carbonyl content was determined using the hydroxylamine procedure
[56]. First, 0.2 g of St was gelatinized in water and subsequently cooled to
40 °C. The pH of the solution was adjusted to 3.2 using a 0.1 M hydrochloric
acid solution. Following this, 15 mL of hydroxylamine reagent was added,
and the mixture was stirred at 40 °C for 4 h. The excess hydroxylamine was
then immediately titrated with 0.1 M HCI at pH 3.2. A blank titration was
carried out under the same conditions for reference.

The hydroxylamine reagent was prepared by dissolving 25g of
hydroxylamine hydrochloride in 100 mL of 0.5M sodium hydroxide
solution. The volume was then brought to 500 mL with distilled water. A
carbonyl content of 85.1 % was measured for DAS.
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2.3.6 Debondability evaluation
Thermal debondability test

Bonding evaluations were performed using ABES device. Untreated and
furfurylated European beech veneer (0.6 x 20 x 120 mm?) were bonded
together using different mixtures of modified and unmodified St and KL
dissolved in DMAc. Approximately 20 mg of solution was applied at the
extremity of one veneer on a length of 5 mm, another veneer was placed on
top and the bond line was pressed at 65°C with a constant loading pressure
of 1 MPa for 48 h.

In a next step, the bonded specimens were placed in the ABES apparatus to
evaluate shear strength. In order to evaluate thermal debondability of the
adhesive, another batch of bonded veneers was placed in an oven at 135°C
for 4 hours prior to be tested. Experiments were performed with 20 replicates.

pH debondability test

Samples of veneer were pressed using the ABES for 300 sec at 160°C with
the different adhesives formulated. The bonded veneer was then immersed
in a different solution. A first batch of bonded veneer was placed in a water
solution at pH 7 and a second batch in a solution at pH 4. The shear strength
was measured using ABES after 1 h and 4 h of immersion (see figure 14).
The experiment was done in triplicates.

&y y

o M=thorsh [
ABES heating il ABES measurment
press
pH=7

Figure 14. Schematic representation of pH debondability test.

56



3. Results and discussion

3.1 Starch reversible network (papers |, Il and 1V)

3.1.1 Diels-Alder reaction between starch and Kraft lignin (papers |
and Il)

St-6MHA synthesis in suspension

The maleimide moiety consists in an unsaturated cyclic imide, creating an
electron-deficient dienophile system. This electron-withdrawing character
enhances the compound’s susceptibility to undergo cycloaddition with
electron-rich diene. The conjugation within the maleimide structure not only
increases its reactivity but also contributes to the reaction’s stereoselectivity.
Diels—Alder reactions involving maleimides generally follow a concerted
mechanism, where the electron-deficient nature of the dienophile plays a
critical role in guiding the stereochemical outcome of the resulting
cyclohexene ring. Although the maleimide can potentially participate in both
[2+2] and [2+4] cycloadditions, the [2+4] addition is preferred when heat is
applied, largely due to orbitals and steric considerations and the tendency to
form more thermodynamically stable products [19]. Thus, we aim to graft 6-
MHA on St for the reactivity and selectivity of the maleimide group in Diels-
Alder reaction.

O O o
o} o
4 + 4
gMOH . — ?ﬁwm\
6-Maleimidohexanoic acid Vinyl acetate Vinyl 6-maleimidohexanoate

Figure 15. Schematic representation 6-MHA ester synthesis.

Hydroxyl groups in starch exhibit limited reactivity toward direct
esterification with carboxylic acids; therefore, either the hydroxyl or
carboxylic acid groups must be activated to enhance their reactivity. In this
method, 6-MHA was first converted into its corresponding vinyl ester to
facilitate the reaction following the procedure illustrated in Figure 15.
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Chemical characterization of 6-MHA ester

The structure of the synthesized vinyl ester was confirmed using FTIR and
NMR spectroscopy. Comparison of both FTIR spectrum shown in Figure 16,
of 6-MHA and MHA ester, showed new, distinctive absorption bands. These
bands, attributed to the vinyl functional group, included signals at
approximately 3095 cm™ for vinyl C—H stretching, 2938 and 2863 cm™ for
saturated CH, stretching, 1644 cm™ for non-conjugated C=C stretching, and
948 cm™ for out-of-plane C-H deformation of the CH=CH, group.
Additionally, the formation of an ester bond was evidenced by a new peak at
1750 cm™ corresponding to C=0 stretching in the vinyl ester, and another at
1135 ecm™ attributed to ester C—O stretching. The disappearance of the
characteristic carboxylic acid C=O0 stretch at 1680 cm™ further supported the
successful conversion of 6-MHA into its vinyl ester derivative.

(C=0)carpoxyiStretch
(C=C),jpnysStretch

(C=0)gterStretch (C-O)qgterStretch

ester

Absorbance

(6-MHA ester)

(MHA)

T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure 16. FTIR absorbance spectra of unmodified 6-MHA and 6-MHA

ester.
The successful transvinylation of 6-MHA with vinyl acetate was confirmed
through both 'H and *C NMR spectroscopy. In Figure 17, displaying the 'H
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NMR spectra of 6-MHA and its corresponding vinyl ester, new peaks
appeared at 4.5, 4.8, and 7.2 ppm, associated with the vinyl protons.
Further confirmation was provided by '*C NMR analysis shown in Figure
18. Additional signals than the one observed on 6-MHA spectrum at 97.0
and 141.0 ppm were respectively attributed to the methylenic and methinic
carbons of the vinyl group. These observations align with previously
reported study [57], supporting the successful formation of the vinyl ester.
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Figure 17. '"H NMR spectra of unmodified and modified 6-MHA (6-MHA

ester).
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Figure 18. 1*C NMR spectra of unmodified 6-MHA and 6-MHA ester.

Chemical characterization of St-6MHA synthesized in suspension

St was modified with 6-MHA ester via transesterification using potassium
carbonate as a mild catalyst, as illustrated in Figure 19. This reaction was
conducted in suspension to try to preserve its native structure, which is
supposed to contribute positively to mechanical performance in adhesive
application. This approach is considered less aggressive than traditional
methods, as it avoids the production of hydrochloric acid, which could
hydrolyze St chains. Unlike conventional esterification techniques involving
acyl chlorides or anhydrides, this transesterification method uses vinyl esters,
producing acetaldehyde as the only byproduct, which can be easily removed
during the reaction due to its low boiling point (21 °C). The results from
previous research [57] suggested to fix the temperature and time of reaction
at 110°C and 24 h as optimum conditions.
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Figure 19. Schematic representation of polysaccharides esterification
synthesis in suspension.

Figure 20 presents the FTIR spectra of both unmodified and esterified St.
The starch sample modified via transesterification exhibited several new
absorption bands, confirming the successful grafting of 6-MHA moieties.

A sharp peak at 1740 cm™ corresponds to the stretching vibration of ester
carbonyl groups (C=0), while the band at 1695 cm™ is associated with the
carbonyl group of the maleimide functionality [58]. Additionally, the
absorption band in the range of 1560-1600 cm™ is attributed to C=C
stretching vibrations. A band at 1236 cm™ indicates C—O stretching,
characteristic of newly formed ester bonds. Other distinct features include
C-H bending vibrations at 1440 cm™ and 1400-1410 cm™, and C-N
stretching vibrations around 1360 cm™, all of which are consistent with the
structure of 6-MHA. These spectral changes are in agreement with previous
literature [57, 59]. The modified St also displayed new absorption bands in
the 2800—3000 cm™! region, corresponding to C—H stretching vibrations from
the introduced acyl groups, further evidence of successful esterification.

One of the most notable changes observed is the reduction in the intensity
of the broad hydroxyl absorption bands. This decrease suggests that hydroxyl
groups on the starch backbone were successfully replaced by ester
functionalities through the transesterification process.
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Figure 20. FTIR absorbance spectra of St and St-6MHA synthesized in
suspension.

The NMR spectroscopic analysis of St-6MHA (Figure 21 and 22) revealed
relatively low signal intensities for the St characteristic peaks. This was
primarily attributed to the poor solubility of the modified starch in various
deuterated solvents, as well as the broad distribution of chemical
environments introduced by the modification. Notably, the signal
corresponding to the hydroxyl proton at the Cs position (annotated as Ho)
was markedly reduced. This observation is consistent with expectations, as
the primary alcohol at Cs is generally more reactive than the secondary
hydroxyls under standard conditions.

The '"H NMR spectrum of St-6MHA displayed characteristics peaks from
6-MHA carbon chains’ protons between 1.0 and 3.5 ppm (Figure 17) annoted
as b, ¢, d, e and f on Figure 21. Moreover, a clear singulet appeared at 7.0
ppm associated to maleimide protons. The disappearance of the vinyl protons
at4.5, 4.8, and 7.2 ppm further confirm the transesterification.
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The '*C DEPT NMR spectrum of St-6MHA (Figure 22) enabled to clearly
differentiate the secondary carbons from the grafted 6-MHA aliphatic chain
as they appeared with a negative signal between 20 and 40 ppm (annoted as
c, d, e, fand g). Moreover, a peak in the deshielded region of the spectrum
is displayed at 134.7 ppm corresponding to the carbons involved in the
double bonds of the maleimide.

The DS was determined by "H NMR and estimated to be 0.27. While this
may be considered a relatively low DS, it actually corresponds to the
modification of approximately 47 % of the available hydroxyl groups, based
on the hydroxyl content of starch measured through titration (3.56
mmol-g™'). It is also important to note that the DS value may be
underestimated due to the limited solubility of the modified starch in DMSO-
ds, which could hinder accurate peak integration in the NMR spectrum.

a O
R=H or a 4 N c e Q
\/\/VHE b, H,0
0 b d f

1 OR .
O s [
4 5 20 . “ H
lo)
RO=—"""0r /| I‘
'~n ’| | I‘
a i R c,e
| [ 1
(St-6MHA) i rd cowat MIAE | 58
U P (I VWU WA )
2,4, H,0
| OH
O o °
A2 —~O
1
?HO p Oé‘i‘ 3,5, DMACc
" 78 9 6
il
S UM
(St) I k
) T T T T T T T T T 1
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure 21. "H NMR spectra of St and St-6MHA synthesized in suspension.
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Figure 22. *C DEPT NMR spectra of St and St-6MHA synthesized in
suspension.

Structural analysis of St-6MHA synthesized in suspension

Figure 23 displays the X-ray diffraction (XRD) patterns of St before and after
esterification. The native St exhibited distinct crystalline peaks at 26 values
of 7.8° and 10.5°, along with overlapping peaks at 13.7°, 15.5°, 16.45°, and
21°, which are characteristic of its semi-crystalline structure. After reaction
with the 6-MHA ester, these peaks were either greatly diminished or
completely absent. In their place, a broad amorphous halo emerged around
20 = 9.65°, along with a weaker peak at approximately 20°, suggesting a
significant reduction in crystallinity and a transition toward a more
amorphous structure within the starch matrix.
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Figure 23. XRD patterns of St and St-6MHA synthesized in suspension.

This loss of crystallinity aligns with previous findings [60], which report that
esterification typically disrupts the ordered structure of St. Crystalline
regions in St are mainly formed by double helical arrangements in
amylopectin, stabilized by intermolecular hydrogen bonds. The introduction
of ester groups during the modification process partially replaces hydroxyl
groups, thereby weakening both intra- and intermolecular hydrogen bonding.
This substitution compromises the ability of St chains to maintain their
crystalline packing, ultimately leading to a more disordered, amorphous
structure [61]. To further investigate morphological changes occurring
during the reaction, ESEM images were taken (Figure 24).
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Figure 24. ESEM images of St before modification a), after mercerization
process b) and after reaction c).

Alkaline pretreatment followed by esterification likely altered the
microstructure and molecular interactions within St, as previously indicated
by XRD analysis. Consequently, morphological changes can be expected.
Figure 24 presents the ESEM images of St in its native form, after alkaline
mercerization, and following esterification.

In its unmodified state, St appeared as oval or ellipsoidal granules,
typically flattened along one axis, with diameters ranging from a few
micrometers to about 100 pm. The granule surfaces were apparently smooth,
showing minimal irregularities most of which were due to contact between
granules.

After alkaline treatment and subsequent freeze-drying, the St exhibited a
substantial loss of its organized granule structure. The gelatinization caused
by the alkaline conditions led to a breakdown of the native morphology [62],
resulting in irregularly shaped particles and agglomerates with rough
surfaces. These altered structures size were comparable to St. Similar
morphological changes were observed in the esterified St, though the surface
of the particles appeared smoother. Comparable transformations in starch
morphology have been reported in prior studies involving acid-catalyzed
esterification processes [63, 64]. These changes showed the significant
structural impact of both alkaline and esterification treatments on starch.
Attempt to modify St following the same procedure without mercerization
treatment were made but no changes in NMR or FTIR spectra were observed
thus other synthetic routes were investigated to obtain higher DS despite loss
of St native structure.
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St-6MHA synthesis in solution

Polysaccharides like starch commonly require high DS for being used in
advanced materials [64]. One effective strategy to increase DS involves
carrying out esterification in a non-aqueous medium [65]. The innovation in
the approach illustrated in Figure 25 lies in conducting the esterification in a
one-pot reaction at room temperature without the need for hazardous
catalysts. It is supposed that the solvent used in the process also acts as a
catalyst, similar to the catalytic role of DMF reported in the literature [66]
and can be recovered after the reaction, enhancing the sustainability of the
method.

Before modifying St, 6-MHA was converted into its corresponding acyl
chloride to enhance its reactivity with St hydroxyl groups. This step was
carried out under an inert atmosphere to prevent moisture from reacting with
the freshly formed acyl chloride. The high sensitivity of acyl chlorides to
moisture makes their isolation and analysis challenging. While conventional
FTIR is difficult to perform without risking hydrolysis from ambient
moisture, NMR analysis has been successfully conducted by other
researchers under strictly inert conditions [67]. To minimize the risk of
hydrolysis, the acyl chloride was used immediately without purification. The
St, pre-dissolved in DMAc, was added directly into the reactive mixture.
Both St and St-6MHA were characterized by FTIR and NMR to confirm
successful modification.
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Figure 25. Schematic representation of St-6MHA synthetic route in solution.

Chemical characterization of St-6MHA

Absorption bands in FTIR spectra shown in Figure 26 were similar to those
observed with the suspension method. However, the FTIR spectrum of St-
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6MHA exhibited relatively higher peak intensities, suggesting a potentially
higher DS. This was confirmed by quantitative "H NMR with a DS measured
0f 0.97 + 0.02. Additionally, new absorption bands appeared at 826 cm™ and
696 cm !, which were attributed to C—H bending and ring bending vibrations
of the maleimide group, respectively.
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Figure 26. FTIR absorbance spectra of St and St-6MHA synthesized in
solution.

The successful grafting of maleimide groups onto St was confirmed using
both '"H NMR (Figure 27) and *C NMR (Figure 28) analyses. In the '"H NMR
spectrum of St-6MHA, as observed previously for the suspension method
distinct peak at 6.90 ppm was observed, corresponding to the protons on the
maleimide ring from the grafted 6-MHA. In addition to observations made
for St-6MHA in suspension (Figure 22), in the *C NMR spectrum (Figure
28), signals between 171.5 and 173.2 ppm were identified, representing the
carbonyl (C=0) carbons of both the maleimide and the ester groups,
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confirming successful esterification. These new peaks might be more intense
with this synthetic strategy due to higher DS and the higher number of scans
used for the analysis. Indeed, the lower natural abundance and sensitivity of
3C nuclei required a high number of scans to obtain detectable signals in the
13C NMR spectrum.

As mentioned earlier for the suspension method, in both 'H and *C NMR
spectra of the St-6MHA, the signals associated with the native St structure
appeared broadened and reduced in intensity. This is attributed to partial
esterification, which introduces greater structural diversity and increases the
number of chemically non-equivalent proton environments, leading to signal
broadening and decreased peak intensity [68].

a O
e q\/\dg
o b g f ) l
\ b, H,O
5 OR oy
sl o |
N 2 c | Id
R OR1 W “ i
’ o :U‘" ’ f ‘l I
' Lo A \
(St-6MHA) , A\ V.| l .“,wl‘
Sl SN W UV
2,4, H,0
| OH
O g °
N2 50
HO {
7 X OH, ) %
5,
7.8 | 6
1
(St)
T T T T T T T T - . ‘
9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure 27. "TH NMR spectra of St and St-6MHA synthesized in solution.
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Figure 28.*C NMR spectra of St and St-6MHA synthesized in solution.

KL-FU synthesis

KL was modified with FGE to introduce furan moieties, primarily targeting
the phenolic hydroxyl groups located at the chain ends, as depicted in Figure
29. The reaction was carried out in a basic aqueous medium to ensure
dissolution. The amount of NaOH was calculated based on the total content
of acidic groups in KL, including both carboxylic and phenolic hydroxyl
groups. It was expected that due to their considerably higher pKa, aliphatic
hydroxyl groups would not react, leading phenolate to act as a nucleophile
with the epoxy ring.
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Figure 29. Schematic representation of KL-FU synthetic route.

Chemical characterization of KL-FU

FTIR spectra of KL and KL-FU were recorded, as shown in Figure 30.
Characteristic absorption bands in the spectrum of KL-FU appeared at 1711
cm’, 1588 cm™, 918 cm™, and 750 cm™, corresponding to C=C stretching
in the furan ring, aromatic C=C stretching, furan ring deformation, and C=C
out-of-plane bending, respectively [69].

Moreover, furan grafting led to an increase in the intensity of the broad
absorption band between 3000 and 3600 cm™, associated with O-H
stretching vibrations. This change can be attributed to the opening of the
epoxide ring during the grafting reaction, resulting in the formation of new
aliphatic hydroxyl groups (see Figure 29 and 30).
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Figure 30. FTIR absorbance spectra of KL and KL-FU.

The success of this reaction was further confirmed by 'H (Figure 31) and *C
(Figure 32) NMR. Identical peaks to those displayed in FGE NMR spectra
were observed. Indeed, the '"H NMR spectra of KL-FU, displayed new peaks
at 7.60, 6.40 and 4.20 ppm characteristic of protons belonging to the furan
ring and the aliphatic chain of FGE. The 3C NMR spectrum of KL-FU
revealed the presence of all the carbon from FGE at 142, 110 and between
60 and 70 ppm. A shift of the peak characteristic of carbon labelled as C; and
C> due to the ring opening of the epoxy group.

The signals corresponding to KL structure appear significantly broadened
and less intense, as it was observed earlier for St-6MHA. Again, this reduced
peak sharpness and intensity can be attributed to the greater number of
chemically distinct proton environments.
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As mentioned earlier, the opening of the epoxide ring during the reaction
introduces new aliphatic hydroxyl groups, thereby increasing the overall
aliphatic OH content in KL-FU. This is evidenced by the emergence of a
relatively high-intensity peak around 143 ppm in the *'P NMR spectrum (see
Figure 33), separate from the native aliphatic OH signals of KL and is
consistent with previous findings [69].

The furan content in KL-FU was determined using quantitative *'P NMR,
following the method described by Argyropoulos et al. [53]. The value
calculated at 2.30 mmol.g ' was consistent with findings by Duval et al. [69]
claiming that the total phenolic groups in KL are capable of reacting when a
slight excess of FGE is used.
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Figure 33.3'P NMR spectra of KL and KL-FU.
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Characterization of the network based on Diels-Alder reaction

St-6MHA and KL-FU were combined in equimolar amounts based on their
maleimide and furan functionalities to study the DA adduct formation as
illustrated on Figure 34.
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Figure 34. Schematic representation of Diels-Alder reaction between St-
6MHA and KL-FU.

A solution in DMSO was made at a low viscosity to enable clear observation
of gel-formation during forward DA reaction, as St-6MHA can form itself a
viscous solution at high concentrations. The mixture was heated to 65 °C and
stirred overnight, leading to visible gel formation. Upon heating at 135 °C
for at least 2 hours, the gel turns back into a darker solution. In more dilute
systems, phase separation was observed between the formed gel and the
excess solvent, highlighting the role of concentration in network formation.
'"H NMR spectroscopy was performed before and after DA reaction (see
Figure 35). To ensure clear signal resolution and to prevent gelation, St-
6MHA and KL-FU were dissolved in DMSO-ds at low concentrations.
Bands characteristic of maleimide and furan moieties could be observed
between 6.0 and 8.0 ppm. Indeed, the resulting spectra showed a noticeable
decrease in the signal at 7.62 ppm, which corresponds to the furan double
bonds. This reduction indicates their consumption during the formation of
the DA adduct. Based on the integration of signals associated with maleimide
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groups around 7.0 ppm, the reaction conversion was estimated to be

approximately 70%.
X

|
o e

35 74 A\ JR 1

B TV IE L LWL AN,
SR Loy —

a gl

F 4

—_—

(DA48 hY

- b X

Furan
Maleimide

f————_———_——- — ——
—_————————————

Figure 35. "TH NMR spectra of St-6-MHA/KL-FU mixture before and after
heating at 65°C for 48 h.

St-6MHA and KL-FU were dissolved in DMSO and subjected to thermal
cycle to study both the forward and retro DA reactions. The samples were
heated at 65 °C for 48 h to promote the forward reaction and then at 135 °C
for 3 h to trigger the retro reaction. This heating cycle was repeated twice,
and FTIR spectra were collected at regular time intervals. A gradual decrease
in the absorbance band between 1640 and 1680 cm™ attributed to the
maleimide group indicated the formation of the DA adduct [70]. The
changing intensity between the maleimide band and the DMSO reference
band confirmed both the consumption of maleimide during the forward
reaction and its formation during the retro reaction.
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Figure 36. FTIR absorbance spectra of St-6MHA/KL-FU mixture before and
after heating at 65°C for 48 h, (left) and of forward and retro DA reaction of
St-6MHA/KL-FU mixture.

DSC thermograms of St-6MHA, KL-FU and the DA adduct of those two
materials in order to show the retro DA reaction are shown in Figure 37. Two
peaks not present in the thermograms of references were observed at 80 and
110°C in the thermogram of the DA adduct. Indeed, two stereoisomeric
adducts endo and exo can be produced. The endo isomer forms when the
electron-withdrawing group on the dienophile is oriented toward the diene,
enabling favorable secondary orbital interactions. This pathway is kinetically
favored due to its lower activation energy, allowing the endo product to form
more rapidly. The exo product, while forming more slowly, is typically more
thermodynamically stable. It is also known that the exo adduct undergoes
rDA cleavage at a higher temperature than the endo [67]. The enthalpy
energy of the two peaks were measured using the star-e software (Metler
Toledo, Greifensee, Switzerland), confirming the considerably higher
contribution from endo product. Surprisingly, this indicates the favored
formation of the kinetic product [71] in contradiction with previous work
reported by Morinval A. et al. [67]. This could be explained by the baseline
irregularities obtained for St-6MHA and KL-FU around 100°C for which
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trapped water might be responsible for. Moreover, in some cases, the
formation of the endo product can be favored, typically at low temperatures
for bulky materials as polysaccharides and lignin [71].
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Figure 37. DSC thermograms of St-6MHA/KL-FU mixture after heating at
65°C for 48 h (rDA) and of St-6MHA and KL-FU as references.

3.1.2 Schiff base reaction between starch and carbon dots (paper 1V)

DAS synthesis

St was oxidized into DAS as illustrated in Figure 38 to functionalize St with
aldehyde functions able to react with amino group of carbon dots described
later.
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Figure 38. Schematic representation of DAS synthetic route

Chemical characterization of DAS

Figure 39 presents the FTIR spectra of St and DAS. It shows the presence of
peaks at 1740 cm™ and 1679 cm™ corresponding to C=O stretching
vibrations, which were absent in the spectrum of St. Moreover, characteristic
peaks related to C—O stretching in St at 990, 1075, and 1150 cm™ decreased
in intensity or disappeared following its oxidation to DAS [72]. A signal at
875 cm™ also appeared, suggesting the presence of hemiacetal bonds formed
between dialdehyde groups and non-oxidized hydroxyls.

The C—H stretching band initially observed around 2960 cm™ in St shifts
to 2880 cm ™' after oxidation.

Carbonyl content was measured using a common titration procedure
based on hydroxylamine [56] to further confirm the oxidation. The carbonyl
content reached 85.1%.
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Figure 39. FTIR absorbance spectra of St and DAS.

Morphology of DAS

ESEM images of St and DAS at different magnifications are shown in Figure
40. As already shown in Figure 24, St typically appears as smooth particles
with oval shape morphologies. In contrast, the images of DAS display
distinct morphological characteristics compared to St. At lower
magnification, DAS appears as individual particles with an irregular surface,
dispersed throughout the field. When observed at higher magnification, the
particles show more complex surface with tubular-like clustered structures.
Similar structures of DAS have previously been reported [73]. Such changes
can have an impact on the reactivity of DAS, particularly in the context of
adhesive formulations with carbon dots described further.

80



AccV SpotMagn Det WD Exp j—————— 200um AccV SpotMagn Det WD Exp f———— 20um
100KV 43 150x  SE 107 2 100KV 43 1500x SE 106 2

AccV SpotMagn Det WD Exp f—————| 50;m AccV SpotMagn Det WD Exp j——————— 20um

100kv 43 500x SE 106 2 100kvV 43 1500x SE 106 2
y: = A

Figure 40. ESEM images of DAS (A-B) and of St (C-D).

CDs synthesis

As shown in Figure 41, CD1 was synthesized using citric acid, a bio-based
precursor commonly employed in the preparation of graphene quantum dots
and carbon nanomaterials [50]. Formamide and aniline were used to
incorporate nitrogen-containing functional groups such as amines and
amides. These nitrogen-rich functionalities enable crosslinking, which is
essential for designing bio-based adhesive systems. In a next step, CD1 was
further functionalized through microwave-assisted amidation with branched
PE], resulting in the formation of CD2.
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Figure 41. Schematic representation of the synthetic route used for the
preparation of CD1 and CD2.

Chemical characterization of CDs

The FTIR spectra of CD1 and CD2 (see Figure 42) show relatively complex
signals, confirming the presence of multiple functional groups. Concerning
CD1, peaks corresponding to N—H stretching at 3379 cm™', aromatic C—H
stretching in the 3100-3000 cm™ range were observed. A strong peak
displayed at 1697 cm™ is attributed to the C=O stretching vibration of amide
groups. A distinct signal at 1497 cm™ indicates the presence of pyridinic
nitrogen atoms, suggesting nitrogen doping. Stretching vibrations of
carboxylate groups appear at 1345 and 1399 cm™.

The FTIR spectrum of CD2 shares similarities with CD1 but also reveals
characteristic signals confirming successful incorporation of PEI. A broad
N-H stretching band around 3366 cm™ is observed, corresponding to
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primary and secondary amine groups introduced by PEI. Additionally, peaks
at 2931 and 2858 cm™ can be attributed to the C—H stretching vibrations
from the aliphatic chains of PEIL Strong N-H bending vibrations further
support evidence of amine functionalization. Indeed, band at 1566 cm™ and
several overlapping bands in the 1560-1600 cm™ range were present.
Furthermore, multiple C—N stretching vibrations were detected between
1000 and 1300 cm™.
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Figure 42. FTIR absorbance spectra of CD1 and CD2.

Figure 43 shows the high-resolution Cls XPS spectra of CD1 and CD2,
while detailed values of integrals and percentage contribution of the four
deconvoluted signals can be found in Table 2. The presence of various
carbon bonding environments was confirmed, including sp*> and sp?
hybridized carbon atoms, carbon bonded to nitrogen (from amines or
amides), and carbonyl groups associated with carboxylate and amide
functionalities.

The XPS spectrum of CD1 shows considerable C-N contributions,
indicating the presence of amide and amine functionalities, which aligns with
the FTIR findings. Moreover, deconvolution of the spectra confirmed the
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functionalization of CD1 with PEI to form CD2 as a notable increase in C—
N bonding was observed, particularly evident from the enhanced signal at
286.5 eV. Indeed, it can be seen in Table 2, a rise in the C—N signal area from
3.497 in CD1 to 3.897 in CD2. Additionally, the signal corresponding to sp?
carbon (285.5 e¢V) also increased in CD2, consistent with the methylene-rich
structure of branched PEI being introduced onto the CD1 surface.

Both CD1 and CD2 displayed broad C=0 signals around 288-288.5 eV,
attributed to carbonyl-containing groups such as carboxylates, amides, or
esters. Interestingly, CD2 exhibited a slight increase in the intensity of this
band, likely resulting from additional oxidation or partial carbonization
during the microwave-assisted PEI functionalization process.

A — C1s (CD1) B — C1s (CD2)
Csp3 Csp3
— C-N — C-N
— Csp2 — Csp2
— C=0 — C=0

292 290 288 286 284 282 280 292 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)

Figure 43. HR-Cls spectra of CD1 and CD2 and their deconvolution.

84



Table 2. Integrals and percentage contribution of the four deconvoluted
signals of the HR-C1s XPS spectra of CD1 and CD2.

CD1 CD2
Signal | Band Energy | Integral | Percentage | Integral | Percentage
(eV)

Csp2 285.0 0.759 11.7 0.899 9.9

Csp3 285.5 1.349 20.7 3.297 36.3

C-N 286.5 3.497 53.8 3.897 42.9

C=0 288.0-288.5 | 0.899 13.8 0.999 10.9

Morphology of CDs

The ESEM images of CD1 and CD2 are presented in Figure 44. Images of
CD1 showed quasi-spherical particles with relatively smooth surfaces and
sizes between 1 to 100 pm, some of which appear merged. This morphology
is consistent with observations from recent studies on CDs [74], and it aligns
with the structural effects of freeze-drying processes [75].

In contrast, CD2 displayed a relatively different morphology. As
illustrated in Figure 44.C, flakes with sharp, well-defined edges appeared
tightly arranged, possibly suggesting partial crystallinity. These structures
may result from processes such as exfoliation or layer-by-layer assembly.

These distinct morphological features between CD1 and CD2 could have
an impact on their functional properties. Specifically, they may affect
particle volume and surface area, both of which are critical for adhesive
penetration and bonding efficiency in various applications.
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Figure 44. ESEM images of CD1 (A-B) and of CD2 (C-D).

Characterization of the network based on Schiff base reaction

Due to the mixture’s insolubility in common deuterated solvents after
reaction, NMR analysis could not be performed in solution. Attempts to
analyze these materials using CP-MAS NMR were also unsuccessful.
Despite careful packing of the powdered samples, the rotor failed to spin at
the required speed. This issue might be associated with the starch component,
as similar problems were encountered during trials with both St and DAS.
As aresult, FTIR spectroscopy was employed to investigate the chemical
structure of DAS and its cross-linked networks with CDs and HMDA, as
shown in Figure 45. Although the spectra were complex and featured
overlapping signals, a consistent trend was observed across all samples.
Notably, a distinct peak corresponding to the C=O stretching vibration of
amide groups appeared at 1698 cm™ in each of the two DAS-based mixtures.
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Figure 45. FTIR absorbance spectra of the DAS/CDs/HMDA conjugated
system.

3.2 Debondability of reversible networks for use in wood
adhesives (papers Ill and 1V)

3.2.1 Diels-Alder reaction (paper Ill)

When designing debondable adhesives, there is a competition between
adhesion (bonding to the substrate) and cohesion (internal strength of the
adhesive). For debonding to occur, failure must happen either within the
adhesive itself or at the interface with the substrate, as illustrated in Figure
3. Therefore, to achieve controlled debonding, the adhesion or the cohesion
must rely importantly on the reversible bonds incorporated into the adhesive
system.

Here, it was designed a debondable adhesive system based on the formation
of a thermally reversible bond within the adhesive as well as between the
adhesive and the wood substrate to bond (see Figure 46).
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Figure 46. Schematic representation of debondable adhesive principle based
on Diels-Alder reaction.

Furan functionalization of wood

To enable the formation of a DA adduct between St-6MHA and the wood
surface, wood veneers were first furfurylated; a conventional wood
protection process that introduces furan groups onto the wood surface.

Under 103°C, furfuryl alcohol undergoes a complex polymerization
process characterized by multiple reactions, which lead to the development
of a highly cross-linked and structurally heterogeneous polymer network [76,
77]. The different mechanisms reported lead to the formation of polymer
chains containing furfuryl alcohol dimer, furfuryl ether, 2,5-dihydrofuran
ending with levulinic acid [76].

Evidence of the furan presence on the furfurylated wood surface was
made through FTIR of furfurylated and untreated beech veneer. The spectra
are shown in Figure 47. A cured solution of FA was used as a reference.
Characteristic peaks of furan were found in the spectrum of the furfurylated
specimen at 1710, 1600, and 1418 cm™ corresponding to C=O stretching
vibration, [78] C=C stretching [79], and C-H bending in oxygenated
aromatic compounds.
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Figure 47. FTIR absorbance spectra of furfurylated and raw beech veneer,
and of the cured solution used for furfurylation.

Thermal stability of St-6MHA an KL-FU

Thermograms of St-6MHA and KL-FU are presented in Figure 48 with their
respective unmodified materials. It is important to ensure that materials
involved in the adhesive system can resist to degradation under the curing
condition used in the adhesion process. It can be seen, according to Figure
48 that the thermal stability profiles of St-6MHA and KL-FU differ from
those of their original materials. However, in both cases, thermal degradation
begins only above 200 °C, which confirms that debonding tests at 65 °C and
135°C, as well as shear testing after curing at 160 °C, can be safely
conducted without compromising the materials.
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Figure 48. TGA thermograms of St and St-6MHA a) and of KL and KL-FU
b).

Mechanical properties of different formulations

In order to study the potential use of St-6MHA and KL-FU as an adhesive,
the shear strength of different blends bonding furfurylated beech veneers was
measured. The average maximum shear strength values can be found in
Figure 49.

Overall, the addition of KL-FU to St-6MHA was found to enhance shear
strength value, reaching a maximum of 5.00 + 0.5 MPa when the formulation
contained a 2:1 ratio of maleimide to furan groups. However, increasing the
proportion of furan groups beyond this ratio resulted in a slight decrease in
shear strength. This diminution suggests that maleimide groups play a
dominant role in adhesion, likely through DA adduct formation with furan
functionalities introduced on the surface of furfurylated wood veneers.
Thus, altering the St-6MHA to KL-FU ratio, impacts the balance between
adhesion and cohesion associated with DA adduct formation.

Increasing KL-FU content enhanced cohesion by forming more DA
cross-linked St-6MHA but reduced the number of maleimide groups
available to bond with the wood surface, thereby slightly diminishing
adhesion.
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Figure 49. Shear strength values of different St-6MHA:KL-FU
compositions.

A direct comparison with other starch-based debondable adhesives for wood
was not possible, as no prior studies on such systems were found in the
literature. Nonetheless, the shear strength values obtained in this study are
within the range typically reported for some conventional commercial
adhesives. Stockel et al. [80] evaluated the tensile shear strength of beech
veneer bonded with urea-formaldehyde and melamine-urea-formaldehyde
adhesives. Using similar curing techniques (ABES), they reported maximum
shear strengths between 4.0 and 6.0 MPa, depending on curing time.
Similarly, Hosseinpourpia et al. [81] found that birch veneers bonded with a
commercial polyurethane adhesive reached shear strength of approximately
3.2 MPa.

Accurate comparison of adhesive strength requires standardized testing
under identical conditions. Adhesive performance is highly dependent on
factors such as wood species, curing methods, surface preparation, and
testing protocols. As a result, the values cited should be seen as indicative
rather than directly comparable.

Debondability evaluation

ABES was used to evaluate the thermal debondability of St-6MHA:KL-FU
adhesive when used to bond furfurylated beech veneers (Figure50.b).

Measurements on untreated beech veneers were also made as references
(Figure 50.a).
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The functionalized system demonstrated relatively higher shear strength on
untreated beech veneers, reaching 3.3=0.3 MPa compared to 2.7+2 MPa for
the mixture of unmodified materials (Raw St:KL). Despite the reduced
number of hydroxyl groups after functionalization, the bonding strength did
not decrease. The aliphatic hydroxyl groups (see Figure 29) formed during
modification of KL along with the hydrogen bond acceptor character of
maleimide and furan seem to have compensated the hydrogen bonding loss
from hydroxyl groups’ substitution. The functionalized adhesive seemed to
benefit from new bonding mechanisms and improved network formation,
resulting in superior shear strength.

In the absence of a DA network (mixture of St:KL), a slight increase in
shear strength was observed, indicating that the heat exposure alone does not
weaken adhesion when no DA adducts are formed. On the opposite, in
samples bonded with the functionalized St-6MHA and KL-FU on untreated
veneer, a drop in shear strength from 3.3 MPa to 2.5 MPa after thermal
treatment was observed. This suggests the rDA reaction occurred, breaking
the covalent DA adducts and converting them back to their respective
maleimide and furan groups. The loss of these crosslinks likely weakened
the internal cohesion of the adhesive, making it more prone to failure at lower
shear strength. However, the adhesive did not fully debond after heating,
implying that the DA adducts do not contribute predominantly to either
adhesion or cohesion in this configuration.

The same experiment was repeated using furfurylated beech veneers (see
Figure 50.b), which introduced reactive furan groups on the wood surface.
None of the samples bonded with the control St:KL mixture performed well
enough to be tested in the ABES apparatus, with all failing during handling.
This result is attributed to the hydrophobic nature of PFA, which fills the
wood’s porous structure and blocks native hydroxyl groups, thereby limiting
adhesive penetration and preventing hydrogen bonding. Prior research [82,
83] supports these findings, reporting that PFA can act as a protective barrier
that block hydrogen bonding with wood cellulose, hemicelluloses or lignin.

When St-6MHA:KL-FU adhesive was applied to furfurylated veneers, a
significant drop in shear strength from 3.6 MPa to 1.3+0.2 MPa after
thermal treatment was observed. The residual bonding strength indicates
some DA bonds might be able to reform upon cooling. This was confirmed
by manually separating immediately after removal from the oven,
demonstrating the thermally reversible nature of the DA linkage.
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Figure 50. Shear strength measurements using ABES of St:KL and St-
6MHA:KL-FU (2:1 ratio of maleimide to furan groups) mixture in DMAc
before and after heat treatment at 135°C for 4 h using a) untreated beech

veneers and b) furfurylated beech veneers.

Wood penetration
Images of the bond line between untreated and furfurylated pine samples

bonded with the St-6MHA:KL-FU adhesive, captured with a fluorescence

microscope, are presented in Figure 51.
Penetration is often regarded as a key factor influencing bond strength

[84]. Indeed, it was reported that a deeper adhesive penetration enhances

mechanical interlocking and overall bond performance [85].

As mentioned earlier, multiple studies have explored the incorporation of
DA bonds into conventional adhesives such as polyurethanes [86, 87], and
epoxies [88, 89] where the adhesive network is formed from low molecular
weight monomers that polymerize into a larger, cross-linked structure. The
small molecular size of these starting compounds allows them to effectively
penetrate the porous wood structure, including the cell walls. Upon
polymerization, they interlock with the substrate, forming a strong bond. In
that case triggering DA adduct cleavage can simultaneously weaken both

cohesion and adhesion. Moreover, it has to be noted that despite the PFA
formed during furfurylation (dark brown region in Figure 51.c and 51.d);
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previous studies reported the possibilities of conventional wood adhesives to
penetrate wood structure [85].

Figure 51. Images of cured adhesives on transverse surfaces of untreated and
furfurylated pine using a fluorescence microscope.

The relatively high molecular weight of starch (amylose Mw ~10° g.mol™
and amylopectin Mw~10°-107 g.mol™* [90]) compared to conventional wood
adhesives limits its ability to deeply penetrate the wood cell walls. This
limitation is clearly reflected in the microscopy images, which show no
evidence of adhesive penetration into the cell wall structure. Instead, bulky
adhesive accumulation is visible along the bond line and open cells at the
interface. Nonetheless, in untreated pine, minor adhesive migration was
observed along the ray cells, indicating some localized penetration.

Interestingly, the bond line in furfurylated samples appeared thicker
compared to the one in unmodified pine. This might be the result of a
stronger network able to trap residues of solvent during the curing.
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Micromechanical study

The resulting lack of penetration in wood structure, suggests that the
adhesion mechanism in starch-based systems fundamentally differs from
adhesives based on small molecules. Rather than mechanical interlocking
through deep penetration, bonding relies predominantly on hydrogen
bonding between the hydroxyl groups of starch and the hydroxyl-rich
components of wood and surface interlocking. Micromechanical
investigation was made using AFM to understand the contribution of St-
6MHA and KL-FU in the adhesion mechanism.

At this scale, the forces detected between the probe and the sample
primarily arise from four types of interactions: electrostatic forces, van der
Waals forces, capillary forces, and chains interlocking [91, 92]. Electrostatic
forces are generally considered negligible in air, especially when compared
to capillary forces and van der Waals forces. Moreover, as the surfaces
prepared were dried with nitrogen gas, capillary forces can also be
considered as negligible.

A colloidal probe was coated with CNF to better mimic the natural

interactions between wood and the samples studied.
Figure 52 and 53 show that CNF-coated probe had mostly a visible influence
on lignin samples. For a contact time of 10 sec, the maximum adhesion force
increased from 590+ 19 with SiO; probe to 654 +56 mN/m with coated
probe. The chemical diversity of KL (aromatic rings, phenolic hydroxyls,
and carbonyl) compared to starch seems to enable more interaction
mechanisms with the CNF-coated probe.

The influence of time on recorded adhesion forces of KL, St, and silica
reference using the two types of colloidal probes are shown in Figure 52.
Adhesion forces increased with longer contact times (called “surface delays”
on Figure 52), reflecting the time-dependent nature of weak interactions such
as physical entanglements, and hydrogen bonding. For St, after
approximately one second, the adhesion force quickly reached a maximum.
KL exhibited a continuous rise in adhesion until 20 sec. This might found an
explanation in the difference in structure between KL and St. In one hand,
the rich accessible hydroxyl from St and on the other hand, the more various
functionalities but more hindered from KL lead to different behavior.
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Figure 52. Normalized adhesion force from AFM adhesion measurement of
St and KL at different surface delays using a) Si0, colloidal probe b) CNF
coated Si0, colloidal probe.

The influence of time on recorded adhesion forces of KL-Fu, St-6MHA, and
silica reference using the two types of colloidal probes are shown in Figure
53.

The plots reveal a clear reduction in adhesion following the chemical
modification of St. This can be the result of weaker hydrogen bonds and
compatibility with the probes as grafting 6-MHA onto St reduces the number
of free hydroxyl groups as well as potentially increasing hydrophobicity.
KL-FU demonstrated higher adhesion than KL. This increase can be related
to the formation of new aliphatic hydroxyl groups in KL-FU. Indeed, these
hydroxyl groups are located on side chains, potentially more flexible and
exposed compared to the native hydroxyl groups in KL, resulting in
improved van der Waals interactions.
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Figure 53. Normalized adhesion force from AFM adhesion measurement of
St, KL, St-6MHA and KL-FU at different surface delays using a) Si0,
colloidal probe b) CNF coated Si0- colloidal probe.

3.2.2 Schiff base reaction (paper V)

As illustrated in Figure 54, the adhesive formulation is based on the blend of
DAS, CDs and HMDA. The formation of an imine (Schiff base) network
between the aldehyde of DAS and the imine functions of CDs and HMDA
along with solvent evaporation are responsible for the adhesive curing.

The internal cohesion of the adhesive primarily arises from this imine-
based cross-linked network. On the other hand, physical interlocking of DAS
chains within the surface of wood, as well as hydrogen bonding might be
responsible for adhesion with wood. Indeed, hydrogen bonds can form
between hydroxyl and carbonyl groups on DAS, amino groups on HMDA
and CDs, and the various hydroxyl groups naturally present in lignin,
cellulose, and hemicelluloses within the wood structure.
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Thermal stability of DAS and CDs

As for St-6MHA and KL-FU, the thermal stability of DAS and CDs was
evaluated using TGA. The thermograms of St, DAS, CDI, and CD2 are
shown in Figure 55. Since these materials will be subjected to elevated
temperatures both to facilitate imine bond formation and to ensure solvent
evaporation, it is essential to confirm their stability under the 160 °C
conditions used in further bonding testing with ABES.

As illustrated in Figure 55, both St and DAS showed a two-step thermal
degradation that can be associated with the evaporation of trapped water
followed by the decomposition of starch backbone. DAS began to thermally
degrade at a lower temperature (approx. 175°C) compared to St. This may
be attributed to the breakdown of starch’s semi-crystalline structure
following oxidation. A previous study suggests that a higher amylopectin-to-
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amylose ratio enhances the thermal stability of starch [93], likely due to the
greater crystallinity commonly associated with amylopectin, which forms the
crystalline regions within starch granules.

Thermograms of both CDs showed that both materials remained
thermally stable up to approximately 150°C. As for starch samples, the
observed mass losses below this temperature were primarily attributed to the
evaporation of water. The multiple steps observed in both CDs thermograms
above 200°C attributed to the wide variety of functional groups makes their
interpretations difficult. However, within the context of this study, the
thermal stability of both CDs up to 200°C suggests they are well suited for
curing conditions needed for solvent evaporation.
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Figure 55. TGA thermograms of St and DAS a) and of CD1 and CD2 b).

Curing properties of DAS adhesive systems

The influence of pressing time, HMDA and CDs on the shear strength of the
different formulations were investigated using ABES; results are shown in
Figure 56. Pressing time plays a crucial role in adhesive performance,
influencing not only bond strength but also manufacturing speed and energy
consumption. As expected [94], longer pressing times led to increased shear
strength values, likely due to enhanced curing and more complete solvent
evaporation.

The effect of imine bond formation on shear strength was demonstrated
by the enhanced adhesion observed when DAS was combined with HMDA.
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This mixture achieved a relatively higher average maximum shear strength
of 3.63 = 0.44 MPa, compared to 2.40+ 0.11 MPa for DAS alone and 2.95 +
0.12 MPa for HMDA alone.

DAS solutions with CDs showed faster curing compared to solutions
containing only DAS. Indeed, DAS+CD2 reached the maximum shear
strength of the DAS solution within just 30 sec (2.47 + 0.10 MPa), while CD1
reached 2.19 £ 0.09 MPa in 120 sec. One explanation can be found in the
good thermal conductivity of graphene like materials. Moreover, the added
amino groups present on the surface of both CDs, enable crosslinking with
DAS while increasing number of hydrogen bonding with the wood surface.
The higher reactivity observed with CD2 may be attributed to the branched
PEI structure, offering more accessible amino groups for imine formation.

Interestingly, in the presence of HMDA, the curing properties trends were
reversed. CDI1 led to faster initial bonding than CD2. This may be explained
by the reduced availability of free aldehyde groups in the DAS+CD2
mixture, as more aldehydes are involved in crosslinking with PEI This limits
HMDA''s interaction with DAS. However, given enough time (after 300 sec),
the hindered aldehyde groups in DAS+CD2 might react, resulting in a higher
final shear strength of 3.96 + 0.18 MPa.
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Figure 56. Plots of shear strength as a function of pressing time (at set
temperature 160 “C) for DAS, DAS+CD1 and DAS+CD2 without HMDA a)
and with HMDA b).
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Debondability evaluation

Imine bonds are known to be reversible, particularly under acidic conditions
[95], where they hydrolyze back into their corresponding amine and
aldehyde. This property has potential to enable controlled debonding of the
adhesive when exposed to an acidic environment.

To evaluate potential debondability of this adhesive system, the bond
strength of wood veneers bonded with three different formulations:
DAS+HMDA, DAS+HMDA+CD1, and DAS+HMDA+CD2 was tested
using the ABES apparatus following immersion in both neutral and acidic
aqueous solutions. Results of these experiments are presented in Table 3. A
general decrease in shear strength was observed after immersion in both
media, which can be attributed to the DAS poor water resistance.
Nonetheless, only the DAS+HMDA-+CD1 formulation showed complete
debonding after 1 h in acidic solution.

In contrast, the DAS+HMDA+CD?2 adhesive retained a measurable bond
strength averaging 1.81 MPa in neutral water and decreasing to an average
1.27 MPa after 4 h in acidic water. This improved resistance to hydrolysis in
CD2-based systems is likely due to the presence of PEI, whose hydrophobic
and highly branched structure may avoid water access to DAS and enhance
the network’s stability.
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Table 3. ABES results obtained after the debondability test performed at pH
4 and pH 7.

pH | Time Shear Adhesive | pH | Time Shear Adhesive
7 (h) strength 4 (h) strength
(Mpa) (Mpa)
1 1.95+0.21 | DAS+ 1 1.49+0.21 | DAS+
Amin Amin
1 0.71£0.05 | DAS+Am 1 0 DAS+Ami
intCD1 n+CDI1
1 2.11£0.20 | DAS+Am 1 1.06+0.05 | DAS+Ami
in+CD2 n+CD2
4 1.64+0.36 | DAS+ 4 1.50+0.17 | DAS+
Amin Amin
4 0 DAS+Am 4 0 DAS+Ami
intCD1 n+CDI1
4 1.81£0.13 | DAS+Am 4 1.27+0.15 | DAS+Ami
in+tCD2 n+CD2
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4. Concluding remarks

This study presents an initial step towards the development of bio-based
and debondable adhesives for wood products. Two distinct dynamic
networks were designed to reversibly crosslink starch with either lignin or
carbon dots.

A novel, method for starch esterification was established. St-6MHA was
synthesized through a one-pot synthesis process without heating or using
potential harmful catalysts, aligning with green chemistry principles.

The DA network synthesized demonstrated the ability of starch and lignin
to form reversible covalent bonds. The DA adduct was successfully formed
at 65°C over 48h and cleaved at 135°C within 4h. However, the
reversibility only contributed to debonding when the adhesive system had a
significant role in either adhesion or cohesion. Indeed, without furfurylating
the wood surface to introduce reactive furan groups, no effective debonding
occurred, even though a decrease in shear strength was observed.

Shear strength performance of the DA system was comparable to
conventional adhesives according to literature. The shear strength reached
up to 5.0+0.5 MPa when St-6MHA and KL-FU were combined in a 2:1
molar ratio, respectively based on maleimide and furan reactive groups.
Despite starch’s limited ability to penetrate wood due to its high molecular
weight, micromechanical testing provided insights into other adhesion
mechanisms; mainly physical interlocking at the surface and hydrogen
bonding. Functionalization of both St and KL was found to influence these
interactions.

To explore pH-responsive debonding, a second system was developed
using imine chemistry. DAS was synthesized, and citric acid, formamide,
and aniline were used in a bottom-up approach to prepare amino-
functionalized CDs. Successful grafting of PEI onto CD1 was confirmed,
resulting in CD2. FTIR analysis confirmed the formation of imine linkages
between DAS, CDs, and HMDA.

When applied as adhesives for bonding wood veneers, the CDs
formulations not only reduced curing time but also improved shear strength,
indicating the promising role of such additives in adhesive formulation.
Debondability tests under acidic conditions revealed that only mixtures
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containing CD1 successfully debonded, even though all imine-based systems
showed a reduction in bonding strength.
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5. Future perspectives

The work presented in this thesis is a first step towards the development of
bio-based debondable adhesives for wood products. The use of a reversible
network in adhesive design could lead not only for debondability but has
some potential to develop reusable adhesive. Thus, repeated bonding and
debonding cycles should be investigated.

A study on the importance of the chain length of maleimide or furan
grafted moieties and the influence of the degree of substitution will be
interesting.

As a continuation of the present work on AFM characterization of the
starch and lignin network, it will be interesting to prepare colloidal probes
with functionalized CNF with maleimide or with furan to evaluate the
strength of Diels Alder adduct between the probe and St-6MHA or KL-FU.

As a continuation of the work on carbon dots, it will be interesting to
investigate further the potential of CD1 and CD2 as fluorescent marker to
study adhesive penetration into wood structure. Moreover, it will be
interesting to further investigate their potential to improve Diels-Alder-based
adhesive curing time.
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Popular science summary

Wood products are everywhere from furniture and flooring to construction
panels. However, there is a hidden challenge behind their durability: the
adhesives that hold them together. Most conventional wood adhesives are
designed to create strong, permanent bonds, often using synthetic, fossil-
based chemicals. While this ensures long-lasting performance, it also makes
recycling nearly impossible. Once bonded, wood components cannot be
easily separated without damage, and many end up in landfills or
incineration.

In this work, we are trying to tackle this problem with an innovative, eco-
friendly solution: going towards biobased debondable adhesives. These
new adhesives are made from renewable materials like plant-derived
polymers or by-product from industries (food, agriculture, pulp, etc.) and are
designed to be both strong and smart. Unlike traditional glues, they can “let
g0” of the bond on demand, using external triggers such as heat, or pH. This
smart debonding allows wood products to be disassembled at the end of their
life, so the materials can be reused or recycled instead of thrown away.

By combining sustainability with functionality, these biobased debondable
adhesives could help transform the wood industry, making it more circular
and less wasteful. It’s a breakthrough that sticks until we want it not to.
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Popularvetenskaplig sammanfattning

Traprodukter anviands Overallt, fran mobler och golv till byggpaneler. Det
finns dock en dold utmaning bakom deras hallbarhet: limmet som haller ihop
dem. De flesta konventionella trdlim dr utformade for att skapa starka,
permanenta bindningar, ofta med hjilp av syntetiska, fossilbaserade
kemikalier. Aven om detta sikerstiller ldngvarig prestanda, gor det ocksa
atervinning nistan omojlig. Nar trakomponenter dr limmade kan de inte 14tt
separeras utan att skadas, och manga hamnar pa soptippar eller forbréanning.

I detta arbete forsoker vi ta itu med detta problem med en innovativ,
miljovénlig 16sning: att g mot biobaserade avbindningsbara lim. Dessa nya
lim é&r tillverkade av fornybara material som véxtbaserade polymerer eller
biprodukter fran industrier (livsmedel, jordbruk, massa, etc.) och &r
utformade for att vara bade starka och “smarta”. Till skillnad frén
traditionella lim kan de "sldppa taget" om bindningen vid behov, med hjélp
av externa utldsare som véirme, ljus eller pH. Denna smarta avbindning gor
att triprodukter kan demonteras i slutet av sin livsldngd, sa att materialen kan
ateranvéndas eller atervinnas i stillet for att kastas bort.

Genom att kombinera hallbarhet med funktionalitet kan dessa biobaserade,

avbindbara lim bidra till att omvandla trdindustrin och géra den mer cirkulér
och mindre slosaktig.
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ARTICLE INFO ABSTRACT

Keywords:
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This study proposes an innovative approach to tailor the properties of two polysaccharides, microcrystalline
cellulose (MCC) and potato starch, through chemical modification in dispersion. The methodology involves the
grafting of 6-Maleimidohexanoic acid (6-MHA) moieties onto hydroxyl groups of the polysaccharides without
dissolving them in order to keep their native structure preserved. To overcome the slow and inefficient reaction
Acylation between carboxylic acids of 6-MHA and hydroxyl groups of the polysaccharides, a vinyl ester of 6-MHA was
Esterification synthesized through the transvinylation of 6-MHA acid with vinyl acetate. The resulting 6-MHA ester was
Starch employed to introduce a new functionality to polysaccharides’ hydroxyl groups via transesterification, catalyzed
by potassium carbonate. To enhance the reactivity, the polysaccharides were mercerized prior to modification
process. The efficiency of the transesterification reaction between the vinyl ester of 6-MHA and the hydroxyl
groups of the polysaccharides was confirmed using Fourier-transform infrared spectroscopy (FTIR) and nuclear
magnetic resonance spectroscopy (NMR). Thermal behavior analysis was carried out using thermogravimetric
analysis (TGA), while changes in crystallinity resulting from the modification were assessed through X-ray
diffraction analysis (XRD). Finally, the impact of the modification on the morphology of polysaccharides was
examined with environmental scanning electron microscopy (ESEM). Despite changes in microstructure, MCC
kept its macrostructure remained morphologically unchanged while the granular structure of starch was
damaged. Maleimide grafting onto MCC and starch has the potential to turn them into thermally reversible
materials for various applications such as debondable adhesive or coating.

Thermal stability
Crystallinity

1. Introduction

Polysaccharides, as a class of natural biopolymers, have attracted
considerable attention across various scientific disciplines due to their
abundance, availability, biodegradability, and versatile properties [1].
Among them, starch and cellulose have emerged as promising materials,
with numerous applications spanning from food [2] and pharmaceuti-
cals [1] to materials science [3,4] and biotechnology [1]. However,
despite their inherent advantages, both starch and cellulose often
require tailored modifications to meet the specific properties for the
intended applications.

One class of modification that has gained attention in recent years is
the grafting of maleimide groups [5,6] into the polysaccharides’ back-
bones. Maleimide functionalization offers a versatile platform for the
attachment of various biomolecules, drugs, or other compounds to
polysaccharides. These modifications can impart new functionalities,

such as improved drug delivery [7], enhanced adhesion properties [8],
or the introduction of responsive elements, thereby expanding the ap-
plications of starch and cellulose in diverse fields.

Starch or cellulose grafted with 6-Maleimidohexanoic acid (6-MHA)
will enable click chemistry between maleimide and other alkene or
furan-grafted molecules through a Diels-Alder reaction. The Diels-Alder
reaction stands as a cornerstone in organic chemistry, recognized for its
efficiency and versatility in forming carbon-carbon bonds. It belongs to
the category of cycloaddition reactions, specifically classified as a [4 +
2] cycloaddition. In this reaction, a conjugated diene reacts with a
dienophile to form a new six-membered ring structure. The reaction
proceeds through a concerted mechanism, where the = electrons of the
diene and dienophile interact to form two new ¢ bonds, resulting in the
formation of a cyclic product known as a cycloadduct. Click chemistry is
an approach of chemical synthesis that focuses on developing efficient
and selective chemical reactions that can be used to quickly and easily
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join two molecular building blocks together. This approach was first
introduced by K. Barry Sharpless and his colleagues in 2001 as a way to
accelerate drug delivery and material science research [9]. Click
chemistry has gained significance due its efficiency and versatility [10,
11]. Click reactions are specifically designed to occur under mild,
non-toxic conditions, enduring high efficiency and selectivity. This al-
lows for rapid synthesis of complex molecules with fewer synthetic
steps, minimizing waste and reducing environmental impact. The
grafting of maleimide moieties onto polysaccharides subsequently un-
locks a range of applications [12,13] such as debondable adhesive or
coating which would further enable recycling of bonded and coated
materials.

Among the various reactions available for grafting new functional-
ities onto polysaccharides such as starch and cellulose, esterification
stands out as one of the most common utilized chemical reactions
[14-20]. Esterification involves the introduction of ester functional
groups into the polymer structure by reacting carboxylic acid derivatives
with hydroxyl groups, typically abundant in polysaccharides. This re-
action results in the formation of ester bonds, thereby altering the
physicochemical properties of the polysaccharides. Esterification can be
tailored to achieve specific modifications, such as enhanced solubility,
hydrophobicity, improved film-forming capabilities, and biocompati-
bility [21]. Nonetheless, this functionalization has its limits, as it may
lead to the degradation of the microstructure of polysaccharides. The
microstructure is crucial in determining the inherent characteristics of
starch and cellulose, such as mechanical strength, solubility, rheological
behavior, and crystallinity [22]. Therefore, it is desirable to develop
modification techniques that minimize the damage on the
microstructure.

To effectively utilize polysaccharides as advanced materials, a high
degree of substitution is required [19]. The esterification of poly-
saccharides can be performed in aqueous or non-aqueous media [21].
Despite being cost-effective, safe, and environmentally friendly, the
method suffers from low reaction efficiency and degree of substitution
(DS). In the case of starch, this is attributed to its crystalline structure
and extensive intra- and intermolecular hydrogen bonding, rendering it
nearly insoluble in cold water. Even for small-molecules, it is difficult to
penetrate into the interior of starch granules [21]. The limited modifi-
cation capabilities of starch in an aqueous environment can be remedied
through the application of metal catalysts, which however are associ-
ated with health issues.

In order to achieve higher DS, starch can be esterified in a non-
aqueous environment [23]. In this case, starch in its dry form un-
dergoes modification using a solvent or the reagent as the medium,
typically at elevated temperatures (>100 °C). Liquid acid anhydride is
often utilized in excessive quantities, serving both as the reactive agent
and as a reaction solvent alongside acidic or alkaline catalysts. The
esterification of polysaccharides is traditionally achieved through acyl
chlorides or anhydrides reactions [4,24-27] owing to the limited reac-
tivity between carboxylic acid groups and hydroxyl groups present in
polysaccharides. Unfortunately, these reactions generate hydrochloric
acid or acids as a byproduct, leading to hydrolysis of glycosidic bonds.
The consequence of hydrolysis on polysaccharides structure is charac-
terized by a transformation in the macromolecular architecture and
properties of these carbohydrate polymers. Indeed, starch or cellulose
are both organized in semi crystalline and amorphous areas, and their
amorphous area is more prone to degradation. In an attempt to mitigate
this acid-induced degradation in polysaccharides, base such as pyridine
are frequently employed to neutralize the generated acid [28]. Although
the use of a nitrogen stream can help in eliminating gaseous hydrogen
chloride as it forms, it is important to note that even brief exposure to
localized acid conditions may result structural damage to cellulose or
starch. Continuous development in researching new solvent systems for
non-water soluble polysaccharides, such as cellulose or certain type of
starch is important for performing modification with high degree of
substitution. In recent years, lithium chloride/N,N-dimethylacetamide
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(LiCl/DMAc) has gained widespread popularity. Initially, it has been
recognized for its ability to dissolve polyamides and chitin while its
application expanded rapidly, with McCormick [29] and Turbak [30]
independently demonstrating its capability to dissolve cellulose. The
challenge of finding suitable solvents to perform the reaction is to avoid
the dissolution of polysaccharides but at the same time swell them to
increase their reactivity.

This article explores the feasibility of grafting maleimide groups onto
starch and cellulose while preserving their microstructure intact. The
study employs an innovative esterification procedure [31] that has
proven to be successful in producing long chain fatty acid cellulose es-
ters, with a high degree of substitution. This new process is based on the
transesterification reaction between the hydroxyl groups present at the
surface of polysaccharides and the vinyl ester of a carboxylic acid. In
contrast to conventional esterification methods using acyl chlorides or
anhydrides, the novel transesterification approach employing vinyl es-
ters represents a potential mild acylation technique. Moreover, this
method generates acetaldehyde as a byproduct that can be easily
removed from the reaction medium due to its low boiling point (21 °C).
To our knowledge, this process has not been used to graft maleimide
moieties onto polysaccharides.

In this study, we investigated the modification of microcrystalline
cellulose (MCC) and potato starch (hereafter referred as starch) using
the vinyl ester of 6-MHA under mild conditions. The adjusted reaction
parameter previously reported by Ref. [31], which resulted in the
highest degree of substitution, were used to graft 6-MHA moieties onto
cellulose and starch. Our goal was to graft 6-maleimidohexanoic acid
moieties onto starch and MCC, enhancing their functionalities without
compromising the integrity of these polysaccharides.

The initial step consists in the synthesis of vinyl ester through the
transvinylation of 6-MHA with vinyl acetate. The synthetized ester was
then used to functionalize MCC and starch through a transesterification
reaction, using potassium carbonate (K2CO3) as mild catalyst and a
mixture of dimethylformamide (DMF) and dimethylacetamide (DMAc)
as solvent. This solvent mixture was chosen for its inability to dissolve
starch or MCC, and its capacity to swell polysaccharide structures,
thereby increasing the degree of substitution. The esterification of MCC
and starch was investigated by Fourier-transform infrared spectroscopy
(FTIR) and nuclear magnetic resonance (NMR) spectroscopy. Thermal
characteristics of modified MCC and starch were determined by ther-
mogravimetric analysis (TGA). The impact of the reaction on the
macromolecular chains and microstructure of MCC and starch was
studied by X-ray diffraction (XRD). Finally, scanning electron micro-
scopy (SEM) was employed to investigate the morphology of the func-
tionalized polysaccharides.

2. Materials and methods
2.1. Materials

Microcrystalline cellulose (MCC, powder 20 pm), potato starch, 6-
maleimidohexanoic acid, chloro(1,5-cyclooctadiene) iridium-(I) dimer
(Ir 57.2 %) ([Ir(cod)Cl]2, HS157), potassium carbonate, sodium acetate,
vinyl acetate, acetonitrile, chloroform, dichloromethane, dimethylace-
tamide (DMAc), and dimethylformamide (DMF), Deuterated DMSO
(DMSO-dg, 99.80 % atom D), deuterated trifluoroacetic acid (d;-TFA,
99.5 % atom D, were purchased from Sigma-Aldrich (Stockholm, Swe-
den). All other solvents were American Chemical Society (ACS) grade
and used as received.

2.2. Instrumentation

2.2.1. FTIR spectroscopy

A Fourier-transform infrared (FTIR) spectrophotometer FTIR (Spec-
trum Two, PerkinElmer, Llantrisant, UK) was equipped with a Universal
Attenuated Total Reflectance (UATR) diamond accessory, which allows
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collection of spectroscopy FTIR spectra directly on a sample without any
special preparation. The “pressure arm” of the instrument was used to
apply a constant pressure (monitored by software) to the sample posi-
tioned on top of the diamond crystal to ensure a good contact between
the sample and the incident IR beam. All FTIR spectra were collected at a
spectrum resolution of 4 cm ™!, with 32 scans over the range from 4000
to 500 cm ™.

2.2.2. Nuclear magnetic resonance (NMR) spectroscopy

2.2.2.1. Liquid state NMR. 'H and *3C NMR spectra of starch samples in
dimethyl sulfoxide-dg (DMSO-ds) and 1H and '3C NMR spectra of 6-
MHA samples in chloroform-d (CDCl3) were recorded in a Bruker
Avance III 600 MHz CCD (Bruker, Billerica, USA) using TMS as refer-
ence. Multiplicities were abbreviated as follows: s = singlet, d = doublet,
dd = doublet of doublets, t = triplet, Q = quartet, and m = multiplet.
The degree of substitution (DS) of starch 6-MHA was measured using
TH-NMR spectroscopy, following a procedure similar to that commonly
reported in the literature [32]. The DS was determined as the ratio be-
tween the integrated areas of the peaks assigned to the grafted 6-MHA
and those of the starch backbone. The addition of deuterated trifluoro-
acetic acid (d-TFA) facilitated the exchange of labile protons from hy-
droxyl groups, leaving each a-p-glucopyranose unit with only seven
protons. However, since starch inherently contains traces of water that
d-TFA cannot completely deuterate, only the peak corresponding to the
anomeric proton of starch, located around 5.20 ppm, was used for the
calculation. The DS was then determined using the following equation

Igrated 6 — MHA
ps=-0o"— - T
S 2Istarch

2.2.2.2. Solid state NMR. The '3C CP-MAS NMR spectra of modified and
unmodified MCC samples were recorded at room temperature using a
Bruker Avance III 600 MHz CCD (Bruker, Billerica, USA) equipped with
a 4-mm 'H/?3C high-resolution magic angle spinning (HR-MAS) probe.
The samples were packed into 4 mm zirconia rotors. The sample spin-
ning speed was set to 12.0 MHz, with a contact time of 1 msec, and a
relaxation delay of 5 s between acquisitions.

2.2.3. Thermogravimetric analysis (TGA)

TGA plots were acquired using a Mettler-Toledo TGA2 (Mettler
Toledo, Greifensee, Switzerland), under nitrogen with a flow rate of 40
mlL min ", using alumina pans. For each TGA run, a sample of weight in
the range 5-10 mg was introduced in a standard TGA alumina crucible
pan and heated from 30 °C to 600 °C at a heating rate of 10 °C min™".

2.2.4. X-ray diffraction (XRD) analysis

XRD patterns were recorded on a Bruker D8 CCD (Bruker, Billerica,
USA) powder diffractometer with Mo Ka radiation in the angular range
of 260 = 5-70° at 25 °C.

2.2.5. Environmental scanning electron microscopy (ESEM)

After coating MCC and starch samples with gold using sputter coater
(Emitech k550X, Quorum Emitech, England), images were taken using a
PhilipsXL-30 ESEM (HITACHI, Chiyoda, Japan) at an accelerative
voltage of 10 KV, with a spot size of 4.3 using the secondary electrons
detector for a magnification ofx200 and x 1000.

2.3. Synthetic strategies

2.3.1. Hydroxyl numbers by titration

In order to calculate the necessary amount of 6-MHA required for
maximum degree of substitution, the hydroxyl numbers of poly-
saccharides was measured using the titration method described in the
standard ASTM D 4274 [33]. In this standard test method, the hydroxyl
(OH) content of polyurethane raw materials, specifically polyols, is
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determined. Starch samples were acetylated by reacting them with a
solution of acetic anhydride in pyridine inside a pressure bottle at 98 °C.
After the reaction, any excess reagent was hydrolyzed with water, and
the resulting acetic acid was titrated with a standard sodium hydroxide
solution. The hydroxyl content was calculated based on the difference in
titration volumes between the blank and the sample solutions.

2.3.2. Synthesis of vinyl ester of 6-MHA

Vinyl ester of 6-MHA was synthesized by mixing 37.40 mmol 6-MHA
in 20 mL DMF with a 10 equivalent excess of vinyl acetate in a three-
necked round-bottomed glass flask equipped with a reflux condenser
and thermometer, and thereafter degassed with argon for 15 min prior
to reaction. The catalyst HS157 (0.01 equiv.), along with sodium acetate
(0.03 equiv.), was then added, and the reaction mixture was kept under
magnetic stirring in a dry argon atmosphere at 110 °C for 24 h. After
reaction, the mixture was poured in water and extracted with
dichloromethane, and then the organic fraction was concentrated by a
rotary evaporation. The obtained viscous sample was dissolved in a
mixture of chloroform/acetonitrile (4:1, v:v), and purified using silica-
gel column chromatography. After purification, the solvent was
removed by rotary evaporation. The obtained vinyl ester of 6-MHA was
characterized by FTIR and NMR spectroscopy.

FTIR (cm’l) 3095 (vinyl C-H stretching), 3006 (chain unsaturation
C-H stretching), 2938 and 2863 (saturated CHy stretching modes), 1750
(C=0 stretching of vinyl ester), 1644 (non-conjugated C=C stretching),
1464 (H bending of CHy groups), 1135 (ester C-O stretching), 949 (CH
out of plane deformation of CH=CH,), 948 (CH; out-of-plane defor-
mation of -CH—CH5).

'H NMR (600 MHz, CDCl3): 5(ppm) = 7.18 (H;, t, 1H, (C=0)OCH),
6.62 (H,, s, 2H, CH=CH), 4.8 (Hj;, d, 1H, CH=C), 4.8 (Hy, d, 1H,
CH=CH), 3.5 (Hp, t, 2H, N-CH,-CHy), 2.3 (Hg, q, 2H, CH,-(C=0)0),
1.61 (H, q, 2H, CHa-CH2-CHy), 1.54 (He, q, 2H, CH2-CH2-CHy), 1.54
(Hg, q, 2H, CHy-CH,-CHa). 13C NMR (600 MHz, CDCls): 5(ppm): 171.1
(C=0 ester), 170.4 (C=0 maleimide), 141.4 (O-CH =), 134.4 (C—=C
maleimide), 97.8 (CH—CH; vinyl), 37.8-24.3 (aliphatic CHy).

2.3.3. Polysaccharides activation

MCC and starch were activated by mercerization. 20 g of the poly-
saccharides were placed in a beaker containing 1 L of sodium hydroxide
solution (4 M). The mixture was stirred for 1 h and then filtered and
washed by a series of dehydrating solvents, methanol, acetone and
hexane. The samples were freeze-dried and kept under vacuum in a
desiccator.

2.3.4. Grafting maleimide moieties onto polysaccharides

The activated polysaccharides (1 g) were placed in a 100 mL round-
bottomed flask, containing a solution of vinyl ester (1 equivalent of
polysaccharides hydroxyl groups), 0.15 g potassium carbonate (cata-
lyst), and 15 mL of DMF and 5 mL of DMAc. After degassing with argon,
the mixture was then heated under reflux with vigorous magnetic stir-
ring for 24 h at 110 °C. At the end of reaction, the flask content was
cooled down to room temperature and filtered, and excessively washed
with water to remove the catalyst and then with ethanol to remove re-
sidual reagent and solvents. The obtained maleimide grafted poly-
saccharides were characterized by FTIR and NMR spectroscopy, XRD,
TGA, and ESEM.

MCC 6-MHA: FTIR (cm ™ 1): 2929 and 2860 (saturated CH3 stretching
modes), 1770 (C=O0 stretching of vinyl ester), 1692 (C=O stretching of
maleimide), 1618 (non conjugated C—=C stretching), 1438 (H bending of
CH; groups), 1141 (ester C-O stretching), 783 (C—C bending), and 740
(CH_ bending).

13¢ CP MAS NMR (600 MHz): 5(ppm): 182.9 (Ch, Cp, C=0), 110.0
(C=C0), 42.2-24.6 (aliphatic CH3).

Starch 6-MHA: FTIR (ecm™1): 2929 and 2857 (saturated CH»
stretching modes), 1766 (C=O stretching of vinyl ester), 1690 (C=0
stretching of maleimide), 1563 (non-conjugated C=C stretching), 1435
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(H bending of CHy groups), 1100 (ester C-O stretching), 800 (C=C
bending), and 707 (CHa bending). H NMR (600 MHz, (CD3)2S0):
S8(ppm): 5.5-4.5 (m, 6, glucose unit), 1.1 (m, alkyl chain), 4.38 (m, alkyl
chain).

3. Results and discussion
3.1. Chemical synthesis and spectroscopic characterization of precursor

The commercially available 6-MHA underwent functionalization
through transvinylation with vinyl acetate, resulting in the formation of
a new vinyl ester: vinyl 6-maleimidohexanoate denoted as MHA ester,
following the procedure outlined in Fig. 1. The confirmation of the
structure of the synthesized vinyl ester was achieved through a combi-
nation of spectroscopic analyses, as described earlier.

Comparing the FTIR spectra of the starting 6-MHA with the spectra
of the synthesized corresponding vinyl ester revealed the appearance of
new characteristic absorption bands (Fig. 2). These newly emerged ab-
sorption bands attributed to the vinyl group were situated around 3095
cm ™! representing vinyl C-H stretching, 2938 and 2863 cm ™ indicating
saturated CHp stretching modes, 1644 em ™! associated with non-
conjugated C=C stretching, and 948 cm™! corresponding to C-H out-
of-plane deformation of CH=CHj;. The presence of a new ester bond
was shown with new bands at 1750 cm ™! indicative of C=0 stretching
in the vinyl ester and 1135 em ™ related to ester C-O stretching. The
disappearance of C=0 stretching band at 1680 cm ™! was also observed
and related to carbonyl groups of the acid, confirming the successful
transformation of 6-MHA into its corresponding vinyl ester (MHA ester).

The transvinylation reaction between 6-MHA and vinyl acetate was
further confirmed by 'H NMR and 'C NMR. The 'H NMR spectra of the
synthesized vinyl ester displayed new resonances characteristic of the
vinyl ester protons (5 4.5, 4.8, and 7.2 ppm) in addition to those of the
starting fatty acid precursor (Fig. 3).

The 1*C NMR analysis of the synthesized vinyl ester (Fig. 4) verified
the findings from the 'H NMR (Fig. 3). Alongside the unchanged reso-
nances related to the fatty acid carbons, the spectra of the synthesized
vinyl ester exhibited a new group of signals resonating at § 97.0 and
141.0 ppm, corresponding to the methylenic and methinic carbons of
the vinyl ester group. This was consistent with results reported by
Ref. [31].

3.2. Esterification of MCC and starch by MHA ester

6-MHA has been chosen as a diene for further Diels Alder reactions
for both its reactivity and selectivity [5,34]. The maleimide group is an
electron-deficient diene. It consists of a double bond conjugated with an
imide functional group. This conjugation increases its reactivity as a
diene in Diels-Alder reactions. The imide functionality is
electron-withdrawing, making the diene electron-poor. This electron
deficiency facilitates its reaction with electron-rich dienophiles in
Diels-Alder reactions, where the diene and the dienophile undergo a
cycloaddition reaction to form a cyclic compound. Maleimide-based
dienes often lead to high stereoselectivity in the Diels-Alder reaction.
The reaction typically proceeds through a concerted mechanism, and the
electron-withdrawing nature of the maleimide helps control the ste-
reochemistry of the newly formed cyclohexene ring. The maleimide
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Fig. 2. FTIR absorbance spectra of unmodified and modified 6-MHA
(MHA ester).

group can undergo a Diels-Alder reaction at both the 1,2- and 1,4-posi-
tions of the double bond. However, in many cases, the 1,4-addition
(ortho-addition) is favored due to steric hindrance and the possibility
of forming a more stable product [5].

The reactions were conducted following the procedure outlined in
Fig. 5, using potassium carbonate as a mild catalyst. In previous research
[311], the degree of grafting of fatty chains onto MCC’s hydroxyl groups
was measured as a function of reaction time and temperature. The re-
sults in that work revealed that increasing both reaction time and tem-
perature led to a higher level of esterification in the MCC. Notably, the
effect of reaction temperature was more significant than that of reaction
time. In other words, raising the reaction temperature favored the
diffusion of the vinyl ester into the MCC hydroxyl groups to a greater
extent.

This disparity in the effects of temperature and time could be
attributed to the diffusion mechanism governing the accessibility of
hydroxyl groups and the size of the reagent. Specifically, the three hy-
droxyl groups present in an anhydroglucose unit of MCC are not equally
accessible. Without using specific conditions [35], the primary hydroxyl
group can be more reactive compared to the two secondary hydroxyl
groups, primarily due to stereochemical hindrance factors.

The result of the previous research lead us to choose the optimum
reaction condition as 24 h duration and temperature 110 °C. The reac-
tion temperature was chosen considering the anticipated polymerization
of maleimide, which is known to occur at temperatures above 120 °C
[36].

3.2.1. Spectroscopic characterization of the synthesized MCC and starch
esters

Figs. 6 and 7 show the FTIR spectra of unmodified and esterified
MCC and starch. The MCC polymer modified through transesterification

Vinyl 6-Maleimidohexanoate

Fig. 1. Synthesis of MHA ester.
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Fig. 7. FTIR absorbance spectra of starch (St) and esterified starch (St 6-MHA).

reaction showed new absorption bands at 1741 cm ™! that is attributed to
the stretching of the ester carbonyl group (C=0), the band at 1695 cm !
is assigned to the stretching of the carbonyl group in the maleimide
group, while the band around 1560-1600 cm™! is attributed to C=C
stretching. The band at 1236 cm ™! is attributed to the C-O stretching
associate to new formed ester groups. Some new bands were identified
as characteristics for the 6-MHA such as: C-H bonding absorption bands
at 1440 cm ™! and 1400-1410 cm ™! and the C-N stretching absorption
bands at 1360 cm L. These results were found to be in accordance with
previous studies [31,37]. The appearance of new absorption bands in
the region between 2800 and 3000 cm ™ corresponds to the stretching
vibrations of the C-H bonds in the acyl groups. This indicates the
presence of acyl substituents in the modified MCC. The spectra of starch
samples displayed the same absorption bands with a notable difference
in the carbonyl stretching vibrations at 1740 cm ! and the C=0
stretching at 1690-1700 cm ™! assigned to the maleimide group [38].
Additionally, on both MCC and starch spectra, one of the most signifi-
cant changes is the decrease in the intensity of the hydroxyl groups
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absorption bands. This is indicative of successful transesterification,
where 6-MHA moieties have been grafted into the polysaccharides
backbone, thus reducing the available hydroxyl groups. The observed
vibrations related to unchanged hydroxyl groups in the spectra can be
explained as the reaction is performed in dispersion. MCC and starch
were not dissolved, this type of chemical modification would not affect
the hydroxyl OH groups protected inside their respective fibrous or
granule structure. These hydroxyl groups are important as they maintain
the internal organization of the polysaccharides, if affected, the
disruption of hydrogen bond between chains or between traces of water
would not enable the fibrous or granular structure to maintain.

The modified MCC samples underwent additional characterization
using ®C CP-MAS NMR spectroscopy (Fig. 8). Apart from the primary
pattern corresponding to cellulose carbons, distinct signals corre-
sponding to the newly introduced 6-MHA moieties were visible in the
spectra of modified MCC. These signals were directly assigned on the
modified MCC spectra based on the nomenclature provided in the
associated structure. These signals were in accordance with studies
made by others [31,39]. The new signals corresponding to the alkyl
chains were located in the region of 20-50 ppm while a weak signal was
observed around 180 ppm assigned to carbonyl groups.

The NMR spectroscopic analysis of the modified starch samples
(Fig. 9) showed relatively low intensity of the different peaks associated
to starch due to the challenging issue of their low solubility in various
deuterated solvents. It should also be noted that while the reaction may
modify a significant portion of the accessible hydroxyl groups on the
starch surface, it represents only a small fraction of the total hydroxyl
groups present in the starch. As a result, the ratio between the remaining
and modified hydroxyl groups tends to make the intensity of the new
peaks relatively low. Consequently, alternative strategies or solvents
that enhance solubility may be necessary to more effectively interrogate
the structural alterations and characteristics of these modified starch
samples using NMR techniques. It should be noted that the peaks cor-
responding to the protons of the hydroxyl groups attached to carbon C6
(H9) and C3 (H8) are significantly decreased. This is expected, as the
primary alcohol linked to carbon C6 is generally more reactive than the
secondary alcohol at carbon C3, unless under specific conditions. 1°C
NMR showed no signal of starch neither and trials of > CP MAS NMR
were made but unsuccessful. Despite the low intensity of the peaks
observed, the spectra showed the apparition of two new peaks at 1.1
ppm and 4.38 ppm that can be respectively attributed to alkyl group and
methoxy group that tends to confirm the modification according to
literature [32,40].

The degree of substitution (DS) of starch was determined using g
NMR (see Fig. S1) and was estimated to be 0.27. While this represents a
relatively low DS, it corresponds to a modification of 47 % of the

cm;,_o\(\/“v\

Ch' Cb
(MCC BMHA) oo

| [
[(Y ool RPN W S S TS ——

180 160 140 120 100 80 60 40 20 ppm

Fig. 8. '3C CP-MAS NMR spectra of unmodified and modified MCC with 6-
MHA ester for 24h at 110 °C.
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Fig. 9. 1H NMR spectra of unmodified (St 6MHA) and modified starch (St) with 6-MHA ester for 24h at 110 °C.

available hydroxyl groups when considering the 3.56 mmol/g hydroxyl
content of starch, as determined by titration in dispersion. It is worth
noting that the calculated DS may underestimate the actual value due to
the limited solubility of the modified starch in DMSO-de.

3.2.2. Thermal properties of the synthesized MCC and starch esters

Figs. 10 and 11 present the TGA and DTG thermograms of both starch
and MCC before and after modification. Continuous nitrogen was used
to study the decomposition properties of the MCC samples by perform-
ing TGA at optimum reaction time and temperature according to pre-
vious study (Jebrane et al.,, 2017). The weight loss reported was
normalized against the initial weight of the samples analyzed (Fig. 10).
The results indicated that the thermal degradation of native MCC began
at 295 °C and showed a single weight-loss step. In contrast, modified
MCC was less stable and began to decompose at relatively lower tem-
peratures than unmodified MCC. This was expected because the grafting
acyl groups into MCC’s hydroxyl groups affect its crystallinity contrib-
uting to its thermal instability [31]. Additionally, modified MCC

Weight (%)

a)

130 230 330 430 530 630

Temperature (°C)

displayed two distinct degradation steps visible on the DTG thermo-
gram, attributed at 159 °C to the degradation of the grafted 6-MHA and a
second peak attributed to degradation of the MCC backbone starting at
230 °C reaching a maximum at 322 °C (Fig. 11a). Similar results have
been reported in the literature [31].

The thermal stability of esterified starch was significantly improved
in comparison to unmodified starch. For native starch, a two step
degradation pattern was observed (Fig. 10b). It can be interpreted as a
first step linked to the water evaporation that was trapped into starch
structure, and a second step related to the starch backbone degradation
at 300 °C. Modified starch initiated its decomposition at around 230 °C
but at a significantly lower rate than native starch since the degradation
of starch is not complete at 630 °C. Although the thermal stability of
esterified starch outperformed that of native starch, modified samples
exhibited a similar decomposition process with the initial stage starting
at a lower temperature compared to unmodified starch. The thermal
stability behavior of starch can be explained in two different ways. A
first explanation is that starch can perform retrogradation [41]. This
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Fig. 10. TGA thermograms of (a) unmodified and modified (MCC 6-MHA) MCC and (b) unmodified and modified (St 6-MHA) starch (St) with 6-MHA ester for 24 h

at 110 °C.
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Fig. 11. DTG thermograms of (a) unmodified and modified(MCC 6-MHA) MCC and (b) unmodified and modified (St 6-MHA) starch with 6-MHA ester for 24 h

at 110 °C.

complex phenomenon occurs when a starch gel, formed after gelatini-
zation, undergoes structural changes upon cooling and aging. During
retrogradation, amylose and amylopectin molecules re-associate and
form ordered structures. When starch retrogrades, the reformation of
crystalline structures occurs, resulting in a more ordered and stable
structure, resistant to heat [42]. This phenomenon might have happened
during the first step of the chemical process, when mercerized, starch
gelatinized in contact with sodium hydroxide solution, and after pre-
cipitation and filtration the gel like material was freeze-dried. A second
explanation for the observed enhanced thermal stability, consists in
supposing that it was achieved a relatively high degree of substitution,
meaning a significant reduction of hydroxyl number within the starch
molecules after esterification. Given that the primary decomposition
mechanism of starch relies on inter- or intra-molecular dehydration
reactions involving water as a primary decomposition product, the
reduction in the number of remaining hydroxyl groups resulted in an
improvement of thermal stability at lower temperatures. Similar ob-
servations have been done by Ref. [43].

3.2.3. XRD analysis of MCC and starch esters

Fig. 12a presents the XRD patterns of MCC before and after esteri-
fication. The XRD pattern of native MCC exhibited three main diffraction
peaks at 7, 10, and 15.6°, associated respectively to the crystalline cel-
lulose I structure 101, 10 T, and 002 diffraction planes. Following the

(Mce)

/

r T T T T 1

5 10 15 20 25 30
260

reaction with MHA ester, the main characteristic planes of cellulose
were significantly weakened or entirely disappeared. Instead, a new
amorphous halo appeared between 20 = 7 and 18°, which can be
attributed to an increase of amorphous phase in the cellulosic backbone.
These observed changes were consistent with similar findings reported
in the literature for esterified cellulose, which were associated with an
increasing intermolecular distance of the backbone chain due to the
length of grafted entities [44]. Nonetheless, the mercerization per-
formed to increase MCC reactivity might have affected its morphology
and crystallinity. In order to investigate the morphology of MCC before
and after mercerization and modification, observations were performed
under an ESEM.

The main characteristic peak observed for native starch (Fig. 12b) at
7.8 and 10.5° following by overlapping peaks at 13.7, 15.5, 16.45 and
21° disappeared on the XRD pattern of modified starch. Only a broad
peak centered at 9.65° and a small peak at 20° were visible. This result
indicates the total loss of crystallinity of the esterified starch contra-
dicting the idea of starch retrogradation. Indeed, previous work per-
formed by Ref. [45] showed that freeze dried starch samples that
undergo retrogradation can show a broad peak in their XRD pattern, but
it will still be centered at the position of native starch peaks. The ex-
amination of XRD data from various starch acetylation methodologies
[46] reveals a consistent trend. The crystalline structure of native starch
is typically destroyed during esterification processes, as documented by
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Fig. 12. XRD patterns of unmodified (MCC) and modified MCC (MCC 6-MHA) with 6-MHA ester for 24 h at 110 °C (a) and unmodified (St) and modified potato

starch (St 6MHA) with 6-MHA ester for 24 h at 110 °C (b).
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Ref. [18]. In starch, crystallinity is predominantly attributed to the
formation of double helices facilitated by intermolecular hydrogen
bonds within amylopectin chains. Consequently, the reduction in crys-
tallinity observed during acylation is frequently attributed to the
diminished formation of both inter- and intra-molecular hydrogen
bonds. This decrease arises due to the partial substitution of starch hy-
droxyl groups with ester groups, ultimately leading to the destruction of
the original ordered crystalline structure, as elucidated by Ref. [47].

The disappearance of well-defined crystalline structures was re-
ported with a high degree of substitution. The decrease in the number of
hydroxyl groups inhibited the capacity for inter-molecular hydrogen
bond formation, resulting in the emergence of amorphous patterns
characterized by broad peaks, as documented by Ref. [20]. Moreover,
the degradation of the microstructure of both polysaccharides indicates
that not only their surfaces undergo modification but also the core. This
was possible due to the ability of DMAc to swell polysaccharides and
open up their structures [48].

3.2.4. Morphology of MCC and starch before and after modification

The alkaline pre-treatment of starch and MCC followed by the
esterification reaction might have changed the microstructure and
interaction between their macromolecules as shown previously in the
XRD analysis, and thus morphological changes could be expected. The
morphology of MCC and starch as revealed by ESEM in their unmodified
states, after mercerization, and after esterification are shown in Figs. 13
and 14.

The ESEM images of native MCC showed rough surfaces of linear
micro particles of varied sizes not exceeding 100 pm. The mercerization
treatment did not seemed to have any particular effect on the shape or
size of the MCC particles, showing a resistance of cellulose to alkaline
treatment [52]. The esterified MCC particles showed similar shape with
the unmodified MCC ones with an increase of the number of small
particles that can be explained by the mechanical stress caused by a long
time agitation at 110 °C. The ESEM images of native starch granules
showed oval or ellipsoidal shape particles, flattened along one axis,
ranging from few pm to 100 pm in diameter. The surface of granules
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appeared mostly smooth and lacked pronounced surface irregularities.
The only irregularities appeared to be the result of contact from one
granule onto another. Unlike MCC, mercerized starch showed a loss of
organised microstructure. It seems that the gelatinization of starch due
to alkaline treatment caused, after freeze-drying, a disintegration of
starch microstructure [49]. The oval granules merged or melted into
random shaped particles and agglomerates with rough surfaces with
sizes ranging from few pm to more than 100 pm. Same observations
were made for esterified starch, although the surface of particles
appeared to be smoother. A similar starch morphology has been re-
ported in studies where starch was esterified under acid conditions [19,
40].

The differential response of MCC particles and starch granules to
alkaline treatment, such as mercerization, can be attributed to the dif-
ferences in their chemical structure and molecular arrangement, as
presented in supporting information (FS2 and FS3).

Cellulose fibers have a fibrous, thread-like structure. This structure,
with its strong intermolecular interactions, contributes to the overall
stability of cellulose fibers. Cellulose molecules are arranged in highly
ordered, crystalline structures, held together by extensive hydrogen
bonding between adjacent cellulose chains. This crystalline structure
provides significant stability and resistance to chemical treatments,
including alkaline solutions [52]. Cellulose is a linear polysaccharide
composed of repeating glucose units linked by p-1,4-glycosidic bonds
[50]. These glucose units are connected in a way that forms long,
straight chains. The -1,4-glycosidic bonds in cellulose are highly stable
and resistant to hydrolysis under alkaline conditions.

In contrast, starch granules are composed of both amorphous and
semi-crystalline blockets. The amorphous blockets, composed of
amylose, are more likely to be modified in a first place. The amorphous
regions in the semi-crystalline blockets, which contain the branching
points of amylopectin, are more susceptible to hydrolysis. These amor-
phous regions can be more easily disrupted under alkaline conditions,
leading to changes in granule crystallinity and morphology [53]. At a
molecular level, starch is a mixture of two different polysaccharides,
amylose and amylopectin. Amylose consists of linear chains of glucose

MCC

MCC 6-MHAZ

Fig. 13. ESEM images of MCC before and after modification (MCC 6-MHA).
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Fig. 14. ESEM images of starch before and after modification (Starch 6-MHA).

units, but amylopectin has branched structures with both a-1,4 and -1,
6-glycosidic bonds [43,51]. The presence of a-1,4-glycosidic bonds in
starch makes it more susceptible to hydrolysis under alkaline conditions
[53].

In summary, MCC’s strong, linear, and highly crystalline structure, as
well as the stability of its p-1,4-glycosidic bonds and extensive hydrogen
bonding, make it more resistant to alkaline treatment. Starch, with its
branched, less organized structure and «-1,4-glycosidic bonds, is more
vulnerable to the effects of alkaline solutions. The differences in chem-
ical composition and structural organization between MCC and starch
may explain why cellulose fibers appear to have similar size and shape
when after alkaline treatment starch granules are degraded.

Grafting maleimide into polysaccharides open a wide range of pos-
sibilities to develop new materials for various applications (coatings,
paintings, adhesives, composites, ...) as it enables these latter to undergo
click chemistry with furan grafted molecules or polymers. As mentioned
earlier, the traditional esterification generate or occurs in presence of
hydrogen chloride that can hydrolyze glycosidic bonds and thus destroy
polysaccharides native structure. We believe that these organized
structures have interesting mechanical properties to develop new ma-
terials. As the morphology and microstructure of MCC remains similar
after modification, we believe that cellulose has mostly kept his me-
chanical properties and could be a good candidate to perform Diels
Alder reaction to develop thermally responsive materials.

4. Conclusions

6-MHA was grafted on the surface of both MCC and starch using a
mild condition transesterification reaction. The evidence of the grafting
was shown by FTIR and NMR spectroscopy. The thermal analysis
alongside with XRD analysis and ESEM observations brought a new
understanding of the impact of this process on the stability and micro-
structure of the modified polysaccharides.

This modification had a significant impact on the crystallinity of the
polysaccharides, which lead to different evolution of their
microstructures.

Indeed, if ESEM images corroborated the alteration of starch gran-
ules after the activation of starch hydroxyl groups by mercerization, the
morphology of MCC seemed relatively unchanged.

Opposite effect of modification were observed concerning thermal
analysis. TGA analysis of both polysaccharides before and after modi-
fication revealed that the partial loss of crystallinity of MCC make it
degrade at lower temperature when starch seemed to have gain thermal
stability with its full carbon backbone degradation still not reached at
600 °C.

These findings pave the way for further research into a tailored
utilization of modified starch and MCC in a variety of industrial appli-
cations such as the development of debondable adhesive or coating
promoting the recyclability of bonded materials.
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The bio-based materials potato starch (St) and Kraft lignin (KL) were chemically modified to create
a thermally responsive network through a reversible Diels—Alder (DA) reaction between maleimide and
furan groups present in St and KL, respectively. To achieve this, St was esterified in a one-pot synthesis
at room temperature with 6-maleimidohexanoic acid (6-MHA) to produce St 6MHA aligning with the 12
principles of green chemistry, which was confirmed by FTIR, H, **C, and 2D NMR spectroscopy. Furan
(Fu) groups were introduced to KL by reacting furfuryl glycidyl ether with the phenol entities of KL,
forming KL-Fu. The structures of the KL-Fu derivatives were characterized using FTIR, *H, °C, and 3P
spectroscopy, as well as TGA. St 6-MHA and KL-Fu were then subjected to thermal cycloaddition
through the DA reaction. Furthermore, controlled retro-DA reactions were induced thermally and
confirmed by FTIR and *H NMR spectroscopy. DSC analysis of the final products revealed the thermally
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responsive system, demonstrating that effective chemical modification of abundant renewable feedstock
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1 Introduction

The persistent use of fossil fuel-based materials has led to
significant environmental challenges, including pollution and
resource depletion. As a sustainable alternative, biopolymers
have emerged as promising solutions due to their biodegrad-
ability and renewable nature. Among these, starch and lignin,
derived from plant biomass, have gained attention for their
potential applications.”” However, these biopolymers often
exhibit poor performance when used in material applications in
terms of mechanical properties, thermal stability, water resis-
tance and others, limiting their broader use.** When used
alone, these biopolymers lack sufficient mechanical strength or
water resistance to function effectively as standalone materials.
Consequently, they have primarily been utilized as fillers in
traditional materials for enhancement of their bio-based
content or similar.” To address these limitations, researchers
have explored various modification techniques. For starch,
esterification® and oxidation have traditionally been employed
to enhance water resistance’ and facilitate crosslinking. Mean-
while, research on lignin has primarily focused on alkylation,
oxidation, and polymerization for applications as coatings,
adhesives, and emulsifiers.*® The growing interest in biopoly-
mers as replacements for conventional durable fossil fuel-based

Department of Forest Biomaterials and Technology, Swedish University of Agricultural
Sciences, Vallvigen 9C, 756 51 Uppsala, Sweden. E-mail: stergios.adamopoulos@slu.
se; Tel: +46 73-572 27 86
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can enable the development of high-value materials thereof.

materials reflects a global shift towards sustainable solutions*®
driven by environmental concerns and regulatory pressures.'*
Concerns about the accumulation of waste have heightened the
focus on sustainable alternatives with more circular end-of-life
options.

Starch, a natural polysaccharide derived from renewable
agricultural resources such as corn, potato, and cassava, is
widely regarded as a promising biopolymer for replacing fossil-
fuel based materials, such as adhesives, films, and resins.*>**
Its inherent biodegradability, abundance, and low cost make it
an attractive candidate for producing eco-friendly packaging,
disposable items, and films."*** Moreover, the film-forming
ability of starch, when processed through plasticization or
blending, enables the creation of flexible, lightweight materials
suitable for a range of applications. However, the thermoplastic
character of starch presents significant challenges to replacing
thermoset resins. Its hydrophilic nature leads to high moisture
sensitivity, resulting in poor water resistance and limited
durability under humid conditions."® Starch-based plastics also
exhibit brittleness and insufficient mechanical strength
compared to conventional plastics,"” necessitating the use of
plasticizers or blending with other polymers to improve flexi-
bility and toughness. Additionally, processing starch requires
specific conditions to avoid thermal degradation, and its
compatibility with industrial-scale production processes
remains an ongoing area of research. Despite these challenges,
advancements in modification techniques and composite
formulations continue to expand the potential of starch as

RSC Adv, 2025, 15, 28255-28268 | 28255
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a viable, sustainable alternative to traditional synthetic
materials.*®

On the other hand, lignin is a complex biopolymer found in
plant cell walls, providing structural support and resistance to
degradation. It is primarily composed of aromatic macromole-
cules derived from three monolignols: p-coumaryl alcohol,
coniferyl alcohol, and sinapyl alcohol. These form hydrox-
yphenyl, guaiacyl, and syringyl units, which determine lignin's
properties.” Lignin, being one of the most abundant biopoly-
mers on our planet, also exhibits potential to replace aromatic
fossil fuel-based resources. Of the 100 million tons of lignin
generated annually through biomass processing, only approxi-
mately 2% are commercially utilized* for diverse applications
such as binders, emulsifiers, and adhesives.”® Currently, the
majority of lignin is still being burned in pulping plants for
energy production. As lignin is a by-product of the pulping
process and not the primary product, its quality and purity can
be relatively low. The specific production method influences its
composition, often resulting in a mixture of impurities,
including carbohydrates, proteins, and inorganic salts.”
Moreover, the structural complexity and wide variability of
lignin remain significant challenges for its direct use in appli-
cation for high-value products. Although significant efforts have
been made over the past few decades to characterize its struc-
ture, a clear understanding of its molecular composition has
only recently emerged.” Controlling lignin's multifunctional
nature is a crucial step in its refinement and valorization. For
this reason, chemical modification has been recognized as a key
strategy to address these issues, primarily by enhancing
chemical reactivity, reducing polymer brittleness, improving
solubility in organic solvents, and facilitating the processing of
lignin.>*?* Like polysaccharides, the modification of lignin
relies on the presence of multiple hydroxyl groups, whether
aliphatic or phenolic. Attempts to crosslink lignin to produce
materials with higher bio-based content have been reported
through esterification with diacids,” acetal formation with
aldehyde,*® and urethane formation with diisocyanate.”®

Combining starch with lignin has been investigated as an
effective strategy to address starch's deficient properties
compared to fossil fuel-based materials, such as moisture sensi-
tivity, thermal stability, and mechanical properties. Research has
primarily focused on enhancing water resistance and decreasing
the hydrophilicity of starch-based materials by integrating lignin
into the starch matrix.** Several attempts have been reported to
combine these two polymers. The focus has been towards the
development of starch blends, more specifically thermoplastic
starch, in which lignin is incorporated to improve both the film
properties and the resistance to degradation of the film.** Indeed,
lignin is a naturally occurring material with exceptional UV
absorption capabilities, attributed to its aromatic structure and
the presence of phenolic groups, ketones, and intramolecular
hydrogen bonds.*" For example Majeed et al.** tried to introduce
lignin in urea cross-linked starch to improve coating properties.
However, lignin's compatibility with other biopolymers and
polymers, including starch, is limited due to its weak interfacial
bonding, which often results in particle aggregation and phase
separation. To overcome this issue, attempts to chemically bond
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starch and lignin have been made. Indeed, crosslinking of starch
with lignin has been reported by using ammonium zirconium
carbonate,” glutaraldehyde,* and urea after modifying both
materials with aldehyde.** More recently, Rashedi et al.** cross-
linked starch and lignin using a diepoxy crosslinker to improve
the rheological and thermal properties of starch. The resin was
produced through the formation of stable and resistant ether
bonds, which prevent material degradation and enhance the
recyclability of the bonded material.

Over the past years, research has increasingly been focused
on integrating dynamic bonds into polymer structures, utilizing
a click chemistry approach.?”** These bonds can form and break
in response to external stimuli, such as heat, pH changes, or
light irradiation, enabling reversible cross-linking in poly-
mers.*> This property leads to the creation of self-healing,
debondable, and reprocessable materials. These architectures,
known as covalent adaptable networks (CANs), can be either
associative or dissociative, depending on the nature of bond
formation.” One of the most widely used reactions in CAN
formation is the Diels-Alder (DA), a [4 + 2] cycloaddition
between a diene and a dienophile, offering 100% atom effi-
ciency. For bio-based applications, the DA cycloaddition
between furan and maleimide groups, acting as diene and di-
enophile respectively, provides a versatile approach to form
reversible bonds.** This reaction offers several benefits,
including its relatively low reaction temperatures around 60 to
70 °C for bond formation and 110 to 120 °C for the reverse
reaction, which is well-suited to the thermal stability of starch
and lignin.”” In response to this, numerous such as lignin,
tannins, alginate, and various other polysaccharides.”*™**
Indeed, several studies have employed the DA reversible reac-
tion to create starch hydrogels, either by using a bismaleimide
molecule to cross-link furan-modified starch or by reacting
furan-modified starch with maleimide-modified starch.***” The
focus of the past years has been on introducing DA in thermoset
resins, such as polyurethanes and epoxies, to maintain good
mechanical properties and enable recyclability.** Nevertheless,
little work has been done on developing fully bio-based
reversible systems. The main interest in using DA reaction lies
in the possibility of designing smart materials able to debond
from each other or a given substrate, to debond back to initial
components, to be reprocessed, and even self-healed.* This
enables an easier recycling of composite materials if used as an
adhesive, and offering composites a longer service-life if used as
a coating. This approach enhances the structural integrity and
functional properties of starch and lignin, rendering them more
suitable for advanced applications. The DA reaction, a type of
click chemistry,**° is particularly advantageous due to its effi-
ciency, mild reaction conditions, and eco-compatibility.”* We
believe that by incorporating click chemistry, these biopolymers
can be tailored to exhibit improved compatibility and advanced
properties, paving the way for their use in innovative and
sustainable materials. Indeed, by crosslinking a poly-
saccharides with a phenolic compound it is possible to create
a material that benefits from both advantages of starch and
lignin. To the authors knowledge such investigation has not
been made previously.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In this study, we report the development of a novel
temperature-responsive material by combining the properties
of starch and lignin with the advantages of the furan-mal-
eimide DA reaction. The present work reports a new one-pot
esterification at room temperature of starch using a solvent as
a catalyst. Potato starch (St) was modified using 6-mal-
eimidohexanoic acid (6-MHA), and kraft lignin (KL) was selec-
tively modified at its phenolic chain ends using furfuryl glycidyl
ether, introducing pendant maleimide and furan groups,
respectively. These modifications were confirmed using spec-
troscopic methods (*'P and 'H NMR, UV-Vis Absorption, and
FTIR). Finally, furan and maleimide-grafted starch (St 6-MHA)
and lignin (KL-Fu) were combined to perform the DA reaction,
leading to formations of gels that returned to a liquid state upon
triggering the reverse (retro) DA reaction. Our green method
combines high carbon efficiency and one-pot/in situ synthetic
methodologies, which significantly reduce the need to clean
intermediate products. This, in turn, lowers energy demands
and minimizes the extensive use of organic solvents.

2 Materials

Potato starch (St), kraft lignin (KL), oxalyl chloride, 6-mal-
eimidohexanoic acid (6-MHA), dimethylacetamide (DMAc), di-
methylsulfoxide (DMSO), furfuryl glycidyl ether (FGE), sodium
hydroxide (NaOH), hydrochloric acid (HCI), lithium chloride, 2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP,
95%), chromium(i) acetyl acetonate (Cr(acac)s, 97%), choles-
terol (greater than 99%), deuterated DMSO (DMSO-dg), deuter-
ated trifluoroacetic acid (TFA-d;, 99.5% atom D)were
purchased from Sigma-Aldrich (Stockholm, Sweden). All other
solvents were American Chemical Society (ACS) grade and used
as received.

3 Synthetic strategies
3.1 One-pot modification of starch

3.1.1 Preparation of acyl chloride. 6-MHA was dissolved in
DMAc. Then, 1 equivalent of oxalyl chloride was added dropwise
under ice bath. After adding, the reaction was conducted at
room temperature under an inert atmosphere of argon for 3 h.
Gaseous by-products (HCI, CO and CO,) were allowed to escape
the reaction mixture. At the end of reaction, the resulting acyl
chloride was used without further purification.

3.1.2 Modification of starch with acyl chloride in solution.
3.2 g of oven dried St were placed in a round flask bottom
containing 50 mL dry DMAc, the mixture was stirred at 140 °C
for 1 h, then the temperature was lowered to 100 °C and 1 g of
lithium chloride was added, the suspension instantly become
transparent and the viscosity obviously rise to obtain a slurry.
The solution was heated overnight to assess complete dissolu-
tion of St. The solution of St was added into the solution of acyl
chloride in DMAc corresponding to 2 equivalent of hydroxyl
group per anhydroglucose unit, and the reaction mixture was
stirred at room temperature for 24 h under continuous flow of
Argon. After reaction, the St was precipitated using methanol.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Then, the modified St was washed/centrifuged with meth-
anol 3-5 times, and then freeze-dried.

3.1.3 Functionalization of KL with furfuryl glycidyl ether.
KL-Fu was synthetized based on previously reported method>
without particularly considering a green approach. (1 g) was
dissolved in water containing NaOH (200 mg, 5 mmol, corre-
sponding to 1 eq. of total acidic groups in KL, i.e. phenolic OH
and COOH). After 1 h of stirring, FGE was added (1.5 eq. of KL
phenolic OH) and the reaction mixture was stirred at 50 °C for
24 h. After cooling to room temperature and acidifying to pH 2
using 10% (v/v) aqueous HCI, the suspension was centrifuged to
recover the precipitated KL. The functionalized KL was then
washed 3 times with 50 mL acidified water (pH 2) and subse-
quently freeze-dried.

4 Characterization
4.1 Amylose content of St

The amylose/amylopectin content of the St samples was deter-
mined by a colorimetric method previously described.*® It
consists of measuring the absorbance at 620 nm using
ultraviolet-visible spectrophotometer (Lambda 35 UV/vis spec-
trometer, PerkinElmer, Waltham, USA) of a standard solution of
pure amylopectin/amylose bound with iodine salt at different
ratio to build a standard curve on the evolution of absorbance
for the different amylose composition. The St amylose content
was evaluated by the absorbance peak at 620 nm and compared
with the standard curve. An amylose content of 17.1% was
measured for St.

4.2 Spectroscopy

Spectrum Two FTIR (PerkinElmer, Waltham, USA) was equip-
ped with an UATR Diamond accessory, which allows collection
of FTIR spectra directly on a sample without any special prep-
aration. The “pressure arm” of the instrument was used to apply
a constant pressure (monitored by software) to the sample
positioned on top of the diamond crystal to ensure a good
contact between the sample and the incident IR beam. All FTIR
spectra were collected at a spectrum resolution of 4 cm™*, with
32 scans over the range from 4000 to 450 cm ™.

All NMR spectra ("H, '*C, '*C DEPT, *'P, and 2D NMR
spectroscopies) were recorded on a Bruker Avance 111 600 MHz
spectrometer (Billerica, USA). Samples were dissolved in DMSO-
de.

For *'P NMR spectroscopy, a 0.1 M solution of cholesterol in
a pyridine/CDCl; anhydrous mixture (1.6:1) (v/v) was used as
internal standard, Chromium(m) acetylacetonate was added
into the internal solution as a relaxation agent. TMDP was used
as phosphorylating agent, as described in standard protocols®
128 scans were recorded with 10 s delay and a spectral width of
100 ppm (180-100 ppm).

For 'H NMR spectroscopic analysis, TMS was used as
areference. In this case, 16 scans were collected with 30 s delay.
In a typical procedure for proper dissolution of St for "H NMR
analyses, 100 to 150 mg of St were suspended in 800 uL of dry
DMSO-ds. The suspension was then shaken overnight on
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a bidirectional mixer at 80 °C and finally transferred to a 5 mm
NMR tube for analysis at room temperature. When TFA-d; was
used, one to two drops were added to the solution just prior to
measurement.

The degree of substitution (DS) of St-6-MHA was calculated
by '"H NMR spectroscopy, similarly to a commonly reported
procedure.* It is based on the determination of the areas of the
peaks assigned to grafted 6-MHA and those assigned to St
backbone. After the addition of d,-TFA, each a-p-glucopyranose
unit contains seven protons. However, since St always contains
traces of water that d-TFA wasn't able to deuterated, only the
peak corresponding to the proton of the St at 5.19 ppm was
usable. The DS was thus calculated using the following
equation:

Tgrafted 6-MHA 1)

DS =
2 Lstarch

where Igragted-emra aNd Isearen corresponds to the intensity of the
protons from 6-MHA and to the intensity of the starch proton at
5.19 ppm, respectively.

4.3 Thermal stability

Thermogravimetric analysis (TGA) plots were carried out using
a Mettler-Toledo TGA2 (Greifensee, Switzerland), under
nitrogen with a flow rate of 40 mL min~". Around 5 to 10 mg of
samples were put in alumina pans. The samples were heated

from 30 to 650 °C at a heating rate of 10 °C min .

4.4 Analysis of the DA and retro rDA reactions between St-
maleimide and KL-furan

St-6-MHA and KL-Fu were dissolved in DMSO-de with an equi-
molar ratio of maleimide and furan functions. The reaction was
carried out at 65 °C for 4 days to ensure the total formation of
the DA adduct. The intensity of the peak at 7.62 ppm assigned to
furan double bonds protons was integrated to compare the area
of the peak before and after reaction.

The retro DA of St-KL sample was analyzed using a DSC3+
differential scanning calorimeter (Mettler Toledo, city, Swit-
zerland). A mixture containing St-6-MHA and KL-furan with an
equimolarity of functionalizing group in DMSO were heated at
65 °C for 3 days to ensure that the DA reaction occurred.
Approximately 5 mg of this mixture were accurately weighed by
a balance with a resolution of 0.00001 g and put into an
aluminum crucible of 100 pL with the empty aluminum crucible
(with lead pierced) as reference. The samples were heated from
—30 to 220 °C and subsequently cooled down to —50 °C for
5 min at a rate of 30 °C min ™. Then, it was immediately heated
from —50 to 200 °C at a rate of 30 °C min~". The first heating
curve was use for functionalized materials when only the second
heating curve was analyzed for raw materials. Dry nitrogen gas
flow of 10 mL min ™" was used to purge the furnace chamber of
the DSC instrument.

Modified St and KL were dissolved in DMSO with an equi-
molar ratio of maleimide and furan functions. DMSO was
chosen as a solvent to minimize solvent evaporation during the
measurement. The storage dynamic modulus (G') the loss
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modulus (G”), and viscosity were measured at 65 °C for 600 min
using a rheometer (Haake Mars 60, Waltham, USA), equipped
with a C35 1°/Ti measuring geometry at an oscillation frequency
of 1 Hz. The sample was heated using a pelletier and temper-
ature controller (MTMC Mars 60, Waltham, USA) and kept at
a constant temperature using a water bath/circulator (Accel 500
LT, Waltham, USA).

4.5 E-factor
E-factor was calculated using the following equation:

total mass of waste from process
total mass of product

E-factor =

©)

By definition it takes into account waste such as byproducts
of the reaction, unreacted reagents and solvent losses (anything
else than the product of interest that can't be recovered for
reuse). In the starch esterification process, we considered that
potential wastes are the following:

- Lithium chloride used in starch dissolution.

- CO, CO, and HCI produced during acyl chloride formation.

- Excess of acyl chloride during starch esterification.

- DMAc used as solvent and methanol used to washed
esterified starch.

Considering that the only wastes remaining in the solvent
after starch modification is unreacted acyl chloride and starch
residues, it is possible to recover DMAc and methanol by
distillation. Thus DMAc and methanol were not included in E-
factor.

5 Results and discussion
5.1 Analysis of the synthesized St-maleimide

The novelty of this esterification reaction (Scheme 1) is that it is
performed in one pot at room temperature without the use of
a harmful catalyst. We believe that the solvent also acts as
a catalyst, similar to dimethyl formamide** and can be recov-
ered at the end of the reaction. An E-factor of 1.2 was calculated
under the assumption that both DMAc (b.p. 165 °C), used as the
reaction solvent, and methanol (b.p. 64.7 °C), used for washing
the final product, can be readily recovered through distillation.
Consequently, the only likely residues in the process are LiCl,
unreacted 6-MHA (b.p. 407 °C) and either native starch or St-
6MHA. If we make the common assumption that 10%°° of the
solvents (DMAc and methanol) is lost, the E-factor raised up to
2.4. This raise the necessity for this reaction to be considered
green to effectively recycle solvent.

Prior to St modification, 6-MHA was turn into its corre-
sponding acyl chloride to increase its reactivity towards St
hydroxyl groups. The reaction was carried under inert atmo-
sphere to avoid the reaction of water present in the air with the
newly form acyl chloride. Former studies reported the direct use
of the synthetized acyl chloride without further purification.>>*”
We believe that it is hard to isolate the product and analyze it, as
conventional FTIR is challenging to perform without hydro-
lyzing acyl chloride® because of the moisture present in the air.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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NMR has been done previously by other researchers.*” Indeed,
by evaporation of the solvent under vacuum followed by disso-
lution in deuterated solvent under inert atmosphere using
septum, it is possible to transfer the product in NMR tube
without any contact with the air. In order to minimize hydro-
lysis (potentially decreasing esterification yield), the acyl chlo-
ride was directly used without further purification, and the St
solution in DMAc was added into it. The raw and modified St
were analyzed by FTIR (Fig. 1).

Bands corresponding to the grafted 6-MHA St were observed
at 1696, 1624 and 826 cm ' respectively, attributed to mal-
eimide N-C=O stretching, C=C bending and C-H ring
bending. A band at 1740 em ™' was attributed to ester C=0
stretching confirming the esterification. Moreover, consump-
tion of the hydroxyl after esterification was shown by the
decrease of intensity of St hydroxyl groups stretching corre-
sponding band around 3380 cm™". These results are consistent
with previous work found in the literature.***

'H and "*C NMR of native (unmodified) St and St 6-MHA
were recorded and peaks were assigned in details to confirm the
success of the modification before performing the DA reaction.
In order to confirm 'H and "*C NMR's assignments, 2D NMR of
native and modified St was, 'H-"C HSQC and HMBC spectra
can be found in SI (Fig. S2-S5).
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Fig.1 FTIR absorbance spectra of unmodified St and 6-MHA grafted
St.
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The presence of maleimide groups grafted onto St was
confirmed through 'H (Fig. 2) and "*C (Fig. 3) NMR. The 'H
NMR spectrograms show peaks corresponding to the protons of
grafted 6-MHA St peak at 6.90 ppm, attributed to the protons on
the maleimide ring. This signal was used to determine the
degree of substitution (DS) after d,-TFA addition, 0.97 & 0.02. In
theory, the addition of d;-TFA enables to exchange OH protons
with TFA-d, deuteron leading to shift all peaks corresponding to
starch hydroxyl and water to a single peak around 8 ppm. Thus,
allowing to simplify '"H NMR spectrum in order to use St
backbone protons to determine DS. This method was described
by Morinval et al.** in order to calculate the degree of substi-
tution of amylomaise St. Nonetheless, there is still traces of
water trap into starch structure that doesn't exchange is proton
with TFA-d,. Indeed, unlike potato St, amylomaise has a high
amylose content, and thus less crystalline, and be easier to
solubilize and get rid of water into the St core. For this reason,
only the peak at 5.19 ppm corresponding to one of the St proton
was clear enough to be use in this purpose. Spectra of St-6-MHA
in DMSO-d; are given in the SL

On the "*C NMR spectrum (Fig. 3), peaks between 171.5 and
173.2 ppm respectively corresponded to (C=O) carbons of
maleimide and ester, indicating successful esterification.

On both 'H and >C NMR spectra of St 6-MHA the peaks
corresponding to the St native structure appeared broader and
flattened. This decrease in peaks intensity is due to partial
esterification of St, increasing the number of different equiva-
lent groups of protons, and thus broadening the peak range
while lowering intensity.®® High scans number was required to
make those peaks appeared on *C NMR as "*C NMR is more
sensitive to neighboring atoms than 'H NMR and has a lower
natural abundance of *C.

By integrating data from both 1D and 2D NMR spectroscopy,
the observed peaks were successfully assigned to their respec-
tive hydrogen and carbon atoms. HMBC and HSQC of native St
was performed (Fig. S2 and S3) to differentiate peaks from St
and 6-MHA. The structure determination of St 6-MHA through
HSQC (Fig. S5) and HMBC (Fig. S4) further confirmed the
esterification. HSQC (Fig. S5) displayed peaks corresponding to
the ring carbons and hydrogens of St when HMBC mostly
shown the peaks corresponding to grafted FGE.

RSC Adv,, 2025, 15, 28255-28268 | 28259
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Fig. 2 *H NMR spectra of unmodified St and 6-MHA grafted St.

5.2 Analysis of the synthesized lignin-furan

KL was functionalized with FGE to introduce furan rings mostly
at the phenolic chain ends, as illustrated in Scheme 2. The
reaction was conducted in water with a stoichiometric amount
of NaOH, calculated based on the total acidic groups in KL (both
carboxyl and phenolic hydroxyl groups). Under these condi-
tions, only carboxyl and phenolic OH groups were deproto-
nated, while aliphatic OH groups remained unaffected due to
their significantly higher pK,. As a result, phenolate ions acted
as the reactive species, while carboxyl groups were inactive as
carboxylates.

FTIR spectra of native KL and furan-grafted KL (KL-Fu) were
recorded (see Fig. 4). Bands at » = 1711, 1588, 918 and 750 cm ™'
were attributed to furan C=C stretching, C=C stretching, furan
ring bending and C=C bending, respectively.”® The furan
grafting also cause an increase of intensity of the broad band
between 3000 and 3600 cm ™", corresponding to O-H stretching
due to the epoxide ring opening leading to the formation of
aliphatic hydroxyl groups.

'H and "C NMR KL and KL-Fu were recorded and peaks
were assigned to confirm the reaction. 'H and "*C NMR spectra
of furfuryl glycidyl ether were also recorded to help in assign-
ment of new peaks (Fig. S10).

The presence of maleimide groups grafted onto St was
confirmed through 'H (Fig. 5) and *C (Fig. 6) NMR. The 'H
NMR spectrograms show peaks corresponding to the protons of
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ppm

grafted 6-MHA St peak at 6.90 ppm, attributed to the protons on
the maleimide ring.

The 'H NMR spectra of the functionalized KL (Fig. 5),
revealed two new peaks at 6.40 and 7.60 ppm, corresponding to
the hydrogen atoms of the furan ring. Moreover, two peaks
around 3.20 and 4.20 ppm corresponding to protons of the
carbon chain of FGE could be observed.

The grafting of furan moieties onto KL was further
confirmed through "*C NMR (Fig. 6), and clear peaks associated
to FGE after ring opening of the epoxide could be distinguished
from broad and less intense peak from KL. Indeed, peaks cor-
responding to carbons of the furan ring were identified at 110,
and 142 ppm. The peaks of the remaining carbon of FGE were
present between 60 and 70 ppm (Fig. 6).

As illustrated in Scheme 2, the epoxide ring opening gener-
ates a new aliphatic hydroxyl group, leading to an increase in
aliphatic OH content. This reaction results in the appearance of
a new peak with high intensity in the *'P NMR spectrum at
146 ppm, which is distinct from the original KL aliphatic OH
signal, consistent with previous observations.” Indeed, 3
distinct area characteristic to KL *'P NMR spectra: 134 to
136 ppm (carboxylic acid), 137 to 145 ppm (phenolic) and 145 to
150 ppm (aliphatic hydroxyl) are shown in Fig. 7. Moreover, 3
sharp peaks with high intensities are displayed in *'P NMR
spectrum at 175, 144 and 132 ppm. They can be respectively
attributed to the excess of TMDP, the cholesterol (internal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 '*C NMR spectra of unmodified St and 6-MHA grafted St.

standard) and the hydroxylated-TMDP. The presence of these
peaks confirmed the sample complete derivatization.*®

As it could be seen on NMR spectra of St-6MHA, the peaks
corresponding to the KL native structure appeared broader and
flattened. This decrease in peaks intensity is due to partial
modification of KL, increasing the number of different

equivalent group of protons and thus broadening the peak
range while lowering intensity. High scans number was
required to make those peaks appeared on **C NMR as *C NMR
is more sensitive to neighboring atoms than "H NMR and has
a lower natural abundance of **C.
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The furan content of KL-Fu was measured through quanti- 5.3 Analysis of the DA and rDA reactions between St-
tative *'P NMR following the procedure reported by Argyr- maleimide and KL-furan
O?OUlOS e.t al.* resulting as 2.30 mmol g™". Thi.s resu.lt aI.igned The formation of DA network was investigated as we believe that
with previous work reported by Duval et al** in which it was o . networks might show potential interest in the develop-
four'ld that the total phenol content can react in the presence of ment of thermally responsive material such as on demand
a slight excess of FGE. debonding adhesive. Moreover, this reversible network benefit
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were mixed in a 1:1 maleimide to furan ratio and dispersed
in DMSO to create a liquid with very low viscosity, facilitating
observation of gel formation as the modified starch form a gel
by itself at high concentration. This mixture was heated to 65 °C

from the green aspect of the DA reaction, which provides

a 100% atom economy, through click-chemistry (Scheme 3).
In order to demonstrate the cross-linking between the

modified materials via DA cycloaddition, St 6-MHA and KL-Fu
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Fig. 8 FTIR absorbance spectra of St-6-MHA/KL-Fu mixture before and after heating at 65 °C for 48 h.
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and stirred overnight. The gel formation was observed, and later
disassembled upon heating to 135 °C for 2 h. A darker solution
was obtained. When the mixture was too dilute, a phase sepa-
ration between the gel formed and the excess of solvent could be
observed.

To further confirm the forward and retro DA reactions, KL-Fu
and St 6-MHA dispersed in DMSO and consecutively heated at
65 °C for 2 days and 135 °C for 3 hours, this sequence was
repeated 2 times and FTIR spectra were recorded at regular time
points. The decrease of intensity of the band around 1640-
1680 cm ™' corresponding to the maleimide C=C bending,
showed the formation of the DA adduct.®* As can be seen on
Fig. 8, the ratio between the intensity of this band and the band
corresponding to the DMSO clearly confirmed the consumption
of maleimide in the forward reaction and regeneration in the
retro reaction.

The analysis of DA reaction was also confirmed by 'H NMR
(Fig. 9), and the modified St and KL were dissolved in DMSO-d,
at low concentration to avoid gel formation to obtain a clear
signal. The spectrum revealed a decrease of the peak intensity at
7.62 ppm corresponding to the furan double bonds. This
observation is consistent with the disappearance of the furan
double bonds during the formation of DA adduct. A 70%
conversion was estimated by using peaks at 7.00 related to
maleimide consumption aligning with the literature.*

The decomposition of DA adduct was investigated through
Differential Scanning Calorimetry (DSC). A mixture of raw St
and KL as well as the DA adduct were placed in 100 pL crucible
and heated from 0 to 180 °C, and the obtained thermograms are
presented in Fig. 10. In order to prove that the peaks observed in
Fig. 10 do not correspond to individual behavior of St, St 6-
MHA, KL and KL-Fu, their DSC thermograms were recorded and
can be found in supported information (Fig. S6 and S7).

(DA 48h) -t A
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Fig. 10 DSC thermogram of St-6-MHA/KL-Fu mixture after heating at
65 °C for 48 h.

Moreover, to show the stability of all materials under this range
of temperature, TGA and DTG thermograms of St, St 6-MHA, KL
and KL-Fu were recorded between 30 and 630 °C (Fig. S8 and
S9). As reported in previous work,* the thermal stability of St
(Fig. S8) seems to be slightly better after modification. More-
over, the TGA thermograms of St showed a two-step degradation
corresponding to the degradation of St backbone followed by
the degradation of 6-MHA further confirming the success of
esterification. Same observations were made for KL (Fig. S9). It
was concluded that St 6-MHA and KL-Fu could both support the
thermal condition of forward and retro-Diels-Alder reaction.
This enabled to ensure preventing the degradation of renewable

5.0 ppm

(DAOh)

Fig. 9 'H NMR spectra of St-6-MHA/KL-Fu mixture before and after heating at 65 °C for 48 h.
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Fig. 11 Rheological analysis of a mixture of raw St and raw KL (a) and a mixture of St 6-MHA and KL-Fu (b) at 65 °C for 600 min.

feedstocks and maintaining the functional performance of bi-
obased components.

While the DSC thermograms of initial materials (St mixed
with KL) do not show the presence of any peaks (aligning with
TGA's observations), the thermograms of DA adduct show the
presence of two broad endothermic peaks around 80 and 110 °©
C. These two peaks correspond to the retro DA of the two DA
adducts diastereoisomer. Indeed, in the DA reaction, two
possible stereoisomeric products can be formed: the endo and
exo products. The endo product arises when the electron-
withdrawing group of the dienophile is oriented towards the
diene, benefiting from secondary orbital interactions. This
makes the endo pathway kinetically favored, meaning it forms
more quickly due to a lower activation energy. In contrast, the
exo product is often the thermodynamically more stable form
but forms more slowly. As a result, the endo product is expected
to dominate, especially at lower temperatures with bulky
substrates.®” It is well known that the exo diastereoisomer
cleaved after the endo hence the higher temperature peak can be
assigned to the exo diastereoisomer.*

The enthalpy energy of the contribution from endo and exo
peaks was measured using star-e software (Metler Toledo,
Greifensee, Switzerland), and it was calculated that the endo
product has a significantly higher contribution with a factor 2.2.
In the end, the DSC analysis enabled to further confirm the
reversibility of the DA adduct.

The rheological behavior of a mixture of raw St and KL as
well as St 6-MHA and KL-Fu was studied as a trial to confirm the
forward DA reaction. It has to be noticed that, after 10 h at 65 °C,
both mixtures had a completely different aspect. While the
mixture of raw materials appeared as a slurry viscous solution,
the mixture of modified materials appeared instead as a thin
film coating the surface of the metal base of the rheometer
apparatus.

The graphs in Fig. 11 show the evolution of storage modulus
(@), loss modulus (G”) and the modulus of complex viscosity
|n*| of a mixture containing St and KL (11a) and a mixture
containing St 6-MHA and KL-Fu (11b). When the DA material is
heated to 65 °C, which corresponds to the forward DA reaction
and possibly the gel-point temperature its loss modulus does
not surpasses the elastic modulus, indicating a sol-gel
behavior.®® On the other hand, for the native materials mix,
when heated to 65 °C in the same conditions, its viscous
modulus surpasses the elastic modulus, indicating a liquid-like
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sol behavior.*® The mixture of St and KL displayed an increase in
both moduli and viscosity along time. Starch is known to exhibit
shear-thickening behavior, wherein viscosity increases with
shear frequency. Although the experimental frequency was held
constant throughout our measurements. It was reported that
shear-induced physical crosslinking® can happen in St di-
ssolved in 90 : 10 DMSO : water solution. This can be seen as the
formation of a highly entangled network of St itself as well as
between St and KL. We also believe that a prolonged heating can
induce solvent evaporation, leading to an increased concen-
tration of starch and, consequently, a rise in viscosity. Moreover
the fact that G’ is higher than G” indicated that the mixture
tends to behave like a solid (elastic) rather than a liquid
(viscous). We believe that upon heating, the starch and lignin
components have the opportunity to interact via intermolecular
hydrogen bonding. The hydroxyl groups of starch may form
hydrogen bonds with both aliphatic and phenolic OH groups
present in KL. As heating might cause a partial loosening of
starch's granular structure (increase of chains distance with
temperature),” improving its accessibility and increasing the
likelihood of interfacial contact with lignin. This enhanced
intermolecular bonding contributes to a denser network struc-
ture, which is expected to result in G’ being higher than G”.
Moreover, the starch gelatinization has been found to be
dependent on hydrogen bond density in the solvent.®® Adding
KL to DMSO could decrease the volumetric density of inter-
molecular hydrogen bonds leading to an increase in St gelati-
nization temperature.

On the graph of DA (Fig. 11b) we can see twice the breakage
of the materials resulting in two consecutive drastic drops after
120 and 480 min. This shows the different state of both mate-
rials. On one side, we have a viscous solution slowly turning into
entangled network. On the other side we have a fast curing
cross-linked gel. We believe that the curing is more efficient in
the rheometer set up. The small sample thickness,*” which is
less than 1 mm, resulting in a higher surface-to-volume ratio in
contact with the plates. This geometry allows heat to be trans-
ferred more rapidly and uniformly throughout the material,
potentially resulting in faster curing.

6 Conclusions

In conclusion, a new thermally responsive and sustainable
macromolecular system was successfully developed. Efficient

© 2025 The Author(s). Published by the Royal Society of Chemistry
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synthetic strategies for the functionalization of potato St and KL
were established. St was first esterified through a one-pot
synthesis, and the grafting of maleimide groups onto the
starch backbone was clearly confirmed by FTIR and NMR
spectroscopies. On the other hand, KL was modified with fur-
furyl glycidyl ether, as demonstrated by FTIR, 'H, '*C, and *'P
NMR spectroscopies. The two counterparts were conjugated
through the DA reaction between the furan and maleimide
functionalities of the two modified biopolymers. This reaction
was confirmed through various spectroscopic and thermal
analysis methods. Subsequently, the reversibility of the DA-
conjugated network was examined thermally, and it was
found that the retro DA reaction is possible through heating at
135 °C. Indeed, the adduct decomposition was shown by DSC
and the reversibility was followed with the evolution of mal-
eimide characteristic band by FTIR through successive heating
cycles at 65 (DA) and 135 °C (rDA). By harnessing the advantages
of the furan-maleimide DA reaction, this study highlights
a sustainable approach on developing advanced biopolymer
systems. The efficient synthetic methodologies reduce the need
for intermediate cleaning steps, thus lowering energy demands
and minimizing the use of organic solvents. This thermally
responsive macromolecular system not only addresses envi-
ronmental challenges posed by fossil fuel-derived materials but
also contributes to the advancement of eco-friendly materials
with enhanced functional properties.
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ABSTRACT ARTICLE HISTORY
In this study, biobased materials, Dialdehyde starch (DAS) and Received 9 December 2024
Carbon Dots (CDs) were synthesised to develop debondable Accepted 2 February 2025
adhesives via the formation of reversible imine networks KEYWORDS
between aldehyde and amine groups. Potato starch (St) was Carbon dots; starch;
oxidised using Sodium periodate (NalO4) and the modification bio-based adhesives
was confirmed using FTIR spectroscopy, thermal analyses and

Environmental scanning electron microscopy (ESEM). Two types

of CDs were prepared: CD1, synthesized via a hydrothermal

treatment of citric acid with formamide and aniline, and CD2,

a post-functionalized version of CD1, prepared through

a microwave-assisted reaction with polyethylenimine (PEI). CDs

were characterized using XPS, fluorescence and absorbance

spectroscopy, FTIR, TGA, DSC, as well as ESEM. DAS and CDs

were reacted in DMAC to form DAS-CD conjugates through

Schiff base formation. In the case of CD1, the reaction occurred

through amino groups at the edges, while for CD2, the primary

amino groups of PEl. The curing properties of these solutions

with and without hexamethylenediamine (HMDA) as an auxili-

ary crosslinker were evaluated through ABES using beech

veneer pressed at 160°C. Finally, debondability tests on veneer

samples adhered with DAS-CD1 and DAS-CD2 were tested

employing the reversibility of the Schiff-base connectivity

motifs. Full debondability was achieved for DAS-CD1 after

1 hour in acidic solutions.

1. Introduction

The development of bio-based adhesives is crucial for reducing environmental
impact and decreasing dependence on petroleum resources."* Traditional
petroleum-based adhesives contribute significantly to environmental pollu-
tion and are derived from non-renewable resources, which are becoming
increasingly scarce. In contrast, bio-based adhesives are derived from renew-
able resources such as plants, which can be sustainably sourced and have
a lower carbon footprint.*** Moreover, bio-based adhesives often exhibit
biodegradability, reducing the long-term environmental impact associated
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with adhesive waste.!”! They also tend to be less toxic, making them safer for
both human health and environment.® The shift towards bio-based adhesives
aligns with the global sustainability goals and the principles of green chem-
istry, which emphasize the use of safer, renewable materials.”! Recent
advancements in the field have shown that bio-based adhesives can achieve
performing characteristics comparable to their petroleum-based
counterparts. 71

Carbon dots (CDs) can play an important role in achieving this milestone
due to their unique properties'®'®! and potential to enhance adhesive
performance."'~** Indeed, the use of Carbon Dots as an additives for adhesive
formulation has recently been explored in various ways. The versatility of
carbon dots (CDs) has been explored as crosslinkers in bioadhesives, aiming to
enhance drug delivery by increasing the porosity of gelatin-based gels while
enabling optical tracking and photoactivated sterilization through their
fluorescence.!”! Additionally, CDs have been investigated as crosslinkers in
wood adhesives to improve the adhesion properties of conventional urea-
formaldehyde (UF) adhesives.!"?) By replacing hydrogen cohesive interactions
within the UF resin with functionalized CDs (bearing amino, carboxyl, and
hydroxyl groups), strong hydrogen bonds between the CDs and the polymer
chains of UF can be achieved leading to enhancement of the original cross-
linking structure and improvement of the micromechanical strength of bond
lines.!"?! Recent research also highlights the use of CDs as rigid nanofillers'*"
to enhance energy dissipation and increase adhesive toughness, thereby
improving resistance to failure. The surface functionalities of CDs, which
provide excellent water dispersibility, make them a promising alternative to
traditional nanofillers like silicon dioxide (SiOz). Furthermore, the lower
cytotoxicity of CDs has brought significant interest, and their fluorescence
offers a valuable feature for routine safety checks during adhesive applications.

A wide variety of CDs derived from citric acid have been reported to date.
Citric acid, a naturally occurring organic acid, is abundant, low-cost product,
and exhibits excellent bioavailability and biocompatibility, making it an ideal
precursor for CD synthesis!'®'”) but also of novel bio-based adhesives.!"®!
Numerous CDs have been synthesized from citric acid, exhibiting high fluor-
escence quantum yields[19’20] and tunable photoluminescence, which are
necessary for applications in energy conversion,?!! bioimaging,**
sensing,m] and optoelectronics. Additionally, citric acid derived CDs have
been found to exhibit a corrosion inhibiting role®* which is highly interesting
for novel application in devices requiring high materials performance and
endurance. Very interestingly, recent studies have demonstrated that citric
acid-derived CDs can also significantly improve the performance of adhesives,
showcasing their versatility.'?! Their incorporation into polysaccharide-based
adhesives could enhance bonding strength and curing properties. In the
context of wood adhesives, citric acid itself can play a crucial role. When
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combined with starch, citric acid forms strong adhesive bonds through ester-
ification and cross-linking reactions, improving adhesive properties and
ensuring biodegradability and reducing toxicity.?”! As CDs often encompass
moieties of their small-molecule precursors it is apparent that citric acid is
a key ingredient for the development of CD-based adhesives."”!

Embracing these findings, we report on the synthesis and post-
functionalization of novel citric acid-derived CDs to enhance the curing
properties of dialdehyde starch (DAS)-involving adhesives. Aiming to render
them suitable for advanced adhesive formulations, we functionalized CDs with
branched polyethyleneimine (PEI) to enhance crosslinking with dialdehyde
starch (DAS). To improve the chemical stability and bonding of the intended
adhesives, we developed a methodology that allows for the dynamic cross-
linking of CDs with DAS in dimethylacetamide (DMAc) solvent. Additionally,
we evaluated the need for an auxiliary crosslinker, hexamethylenediamine, to
optimize adhesive performance. We applied mild conditions for curing and
assessed the curing and bonding properties using the Automated Bond
Evaluation System (ABES). To our knowledge, this approach has not been
considered so far.

2. Results and discussion
2.1. Chemistry

For the needs of this study, carbon dots (CDs) were synthesized using citric
acid, a bio-derived molecule widely recognized for its role in the development
of graphene quantum dots and carbon dots.”*®! Additionally, nitrogen-
containing compounds (formamide and aniline) were employed to introduce
N-doping into the CDs, delivering primary, secondary, or tertiary amino
groups as well as corresponding amides. Similar synthetic approaches invol-
ving amines and citric acid have been recently reported.’*”! This method was
chosen to enhance the dipolarity of the CDs, thereby improving their disper-
sibility and solubility. Furthermore, these functionalities facilitate post-
functionalization and crosslinking, which are crucial for developing novel
adhesives. Specifically, CD1 was synthesized via a hydrothermal method
using citric acid as the carbon source, along with significant amounts of
formamide and aniline at 185°C (see Scheme 1).

After solvent removal following the hydrothermal process, CD1 was iso-
lated and purified using size exclusion chromatography using Sephadex G-10,
and eluted with MilliQ water. The collection criteria were based on the blue
fluorescence of the desired CDs, monitored using a 365 nm UV-light source.
The combined collected fractions were dried in a vacuum oven, yielding
a yellow, shiny solid. This solid was then analyzed, and a portion of it was post-
functionalized to product CD2. CD2 was synthesized via microwave
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Scheme 1. The synthetic route used for the preparation of CD1 and CD2.

amidation of CD1 with branched polyethyleneimine (PEI). The synthesis was
conducted in dimethylformamide (DMF), a solvent commonly used in similar
microwave syntheses and proven to be effective for both CD1 and PEI X-ray
photoelectron spectroscopy (XPS) analysis suggests that further carbonization
may have occurred during the post-functionalization process (vide infra). The
proposed CDs have a quasi-spherical geometry (Figure 1) and a variety of
functionalities as deduced through the different analytical methods used.
Notably, connectivity motifs other than amide bonds might be present due
to the occurrence of aldehyde or ketone functional groups appearing at the
edges of the encompassed graphene layers in CD1 (see Scheme 1). While this
model is mostly accepted by many research groups, a recent model developed
by Boukhvalov et al. on the structure of carbon nanodots, which aligns with
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Figure 1. A schematic illustration of the spherical structure of CD1 with a hint of the structure of
involved nano-graphene-like inner layers.

experimental observations (e.g. TEM studies) and is based on theoretical
computations, suggests that CDs involve AA-stacked graphene layers with
interlayer C - C covalent bonds and functional groups on their surface.’*®! For
instance, see the model in Figure 1, where the C - C interlayer bonds are
marked in red.

Noteworthy, both CDs are very hygroscopic and they need to be stored
under a dry atmosphere. While CD1 is readily soluble in water, CD2 becomes
soluble only after heating above 50°C. Both CDs can be efficiently suspended
in polar organic solvents such as DMSO, DMF, or DMAC.

The investigated adhesive formulations involve dialdehyde starch (DAS),
a modified starch material prepared through the reaction of starch with
sodium metaperiodate. This method was previously developed by our
team.'””) We chose DAS as a key component of the adhesives due to its
bioavailability (derived from starch) and its ability to undergo crosslinking
with various crosslinkers such as amines, thanks to the presence of aldehyde
groups. The DAS variant used in this study has been thoroughly analyzed (see
Characterization) to fine-tune the reaction conditions, allowing for the opti-
mal development of the DAS-CD adhesives.

For the development of the DAS-CD adhesives, a dynamic process was used
involving condensation reactions between aldehyde units and the amino-
groups of the two CDs (see Scheme 2). The role of such a dynamic conjugation
methodology allowing for polysaccharide-graphene conjugations has been
thoroughly discussed very recently.*” In both cases (CD1 and CD2) CDs
and DAS were suspended in DMAC and heated at 120°C overnight (16 h) with
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Scheme 2. Conjugation of CDs to DAS yielding CD1-DAS (a) and CD2-DAS (b).

CDs at 5% concentration relative to DAS. The dark brown solutions obtained
using this process were used for ABES studies. As shown in Scheme 2, while
conjugation of CD1 to DAS occurs through the amino-groups at its surface, in
case of CD2, the corresponding Schiff base conjugation occurs through the
primary NH, groups of the PEI units (which are covalently attached on CD2).

2.2. Characterization

2.2.1. X-ray photoelectron spectroscopy (XPS) analysis

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
spectroscopic technique that can measure the topmost 200 atoms, (top 10
nm), of a surface. Given that the size of carbon dots (CDs) is typically less
than 10 nm, XPS is a crucial technique for providing information on both
the surface and the inner matter of a CD. In the case of CD1 and CD?2,
high-resolution (HR) Cls XPS spectra confirmed the presence of structures
involving sp® and sp’ hybridized carbon atoms, along with carbon atoms
connected to nitrogen atoms (e.g., amines or amides) and distinct C=0
bonding corresponding to the carboxylate and amide groups present in
CD1 and CD2 (see Figure 2). The deconvolution of the measured HR-
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Figure 2. HR-C1s spectra of CD1 (a) and CD2 (b) and their deconvolution. (c) Superimposed HR-C1s
XPS spectra of CD1 and CD2. Pie charts depicting the percentage contribution of each deconvolu-
tion signal in the HR-C1s XPS spectra of CD1 (D) and CD2 (E).

spectra for CD1 and CD2 revealed that, as expected, the post-
functionalization of CDI1 to CD2 resulted in enhanced C-N bonding
(bands at 286.5eV) due to the incorporation of PEI (a polyamine). It is
noteworthy that CD1 has a substantial amount of N-involving groups (e.g.
amides or amines) and this explains the large contribution of C-N bonding
in the HR-Cl1s spectra of CD1 (more discussions on the types of groups in
CD1 can be found in FTIR analysis below). This enhancement is evident
from the significantly larger area of the C-N band in CD2 compared to
CD1 (3.497 in CDI1 and 3.897 in CD2; see Table 1 and Figure 2d,e).
Additionally, the Csp3 signal (at 285.5eV) increased after treatment with
PEL This increase aligns with the structure of branched PEI, which con-
tains a large number of amino-methylene groups. Finally, distinct C=0
bonding (broad bands at 288-288.5 eV) was identified through the HR-Cls
spectra of both CDs examined. These bands are attributed to the presence
of carboxylates, amides, or esters (all involving C=0O bonds). Interestingly,
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Table 1. Integrals and percentage contribution of the four deconvoluted signals of the HR-C1s and
N1s XPS spectra of CD1 and CD2.

CD1 D2

Signal Band Energy (eV) Integral Percentage Integral Percentage
Csp2 285.0 0.759 1.7 0.899 9.9
Csp3 285.5 1.349 20.7 3.297 36.3
C-N 286.5 3.497 53.8 3.897 429
=0 288.0-288.5 0.899 13.8 0.999 10.9
graphitic N 398.0-398.3 0.245 7.09 0.244 533

pyrrolic N 399.9-400.1 1.365 395 1.621 354
-NH;* 401.9-402.0 1.848 534 2.710 59.2

the C=0 signal increased somewhat in the case of CD2 (see Table 1),
presumably due to further carbonization and oxidation occurring under
the microwave conditions applied to CDI.

The above small but important changes in the XPS of CD2 produced after
the post-functionalization of CD1, lead to important changes in the shape and
intensity of the spectra (see Figure 2 for comparison). The presence of PEI
functionalities in CD2 is further supported through the FTIR analyses (vide
infra).

Additional evidence of the introduction of PEI via condensation (amida-
tion) on the surface of CD1 can be provided through a comparison of the High
Resolution N1s-XPS of CD1 and CD2. The splitting of the various convoluted
bands in this case allows for a better comparison due to the lower uncertainty
upon deconvolution. As seen in Figure 3 (Panels A and B), a drastic increase of
the band centered at 402 eV corresponding to -NH;"* groups is observed®!! in
the N1s-XPS of CD2, corresponding to 59.2% of the entire convoluted N1s-
XPS peak. At this level, the aforementioned band results in clear peak splitting.
The corresponding contribution of this band in the N1s-XPS of CDI1 was
53.4%, i.e., approximately 6% lower (Figure 3d and Table 1). Noteworthy,
amino/ammonium groups are also present in CD1 since aniline was used in its
hydrothermal production as an N-doping agent. The described finding is clear
evidence of the introduction of PEI functionalities onto the CDs. Moreover,
upon treatment of CD1 with PEI, the pyrrolic-N"? and graphitic-N"** con-
tent is retained at nearly the same levels (35-39% and 5.3-7.0%, respectively).
The lowering of contribution of these peaks in CD2 is presumably associated
with a “dilution effect” after the introduction of the PEI functionalities.
Moreover, it also indicates that no drastic changes are observed on the CDs
core upon treatment with PEL

2.2.2. FTIR Analysis

2.2.2.1. CDI and CD2. The complex FTIR spectrum of CD1 exhibits numer-
ous signals attributed to the incorporation of a variety of functional groups in
the structure. Most important is the presence of amide groups, with a sharp,
strong signal at 1697 cm™ ' corresponding to a typical C=0 stretching band, as
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Figure 3. HR-N1s spectra of CD1 (a) and CD2 (b) and their deconvolution. (c) Superimposed HR-N1s
XPS spectra of CD1 and CD2. Bar diagram depicting the percentage contribution of each
deconvolution signal in the HR-N1s XPS spectra of CD1 (d).

well as carboxylate functionalities with symmetric C=O stretching bands at
1345 and 1399 cm™ . Evidence of the presence of pyridinic nitrogen atoms
(N-doping) is based on a signal centered at 1497 cm™ '. Additionally, CD1
involves amino groups with a distinct stretching N-H band at 3379 cm™ ' and
possibly N-H amine bending at 1635 cm™ '. The presence of aliphatic (sp’
hybridized carbon; see also XPS analysis) is also apparent in a convoluted
broadband with elements of peaks at 2928 and 2867 cm™ ', corresponding to
the asymmetric stretching of C-H bonds in aliphatic chains. Additionally,

aromatic amine-related functionalities are present (derived from aniline)
with N-H stretching at 3379 cm™ ' and convoluted aromatic C-H (phenyl
rings) stretching bands around 3100-3000cm™ ', and finally, aromatic

C-H bending between 900-700 cm™ ' (specifically at 884, 781, and 734 cm™ ')
On the other hand, the FTIR spectrum of CD2 indicated many similarities

with that of its parent CD1. The spectrum exhibits various bands attributed to

the incorporation of PEI in the CDs via amidation, the most important being
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the N-H stretching broad band around 3366cm™ ', indicative of
N-H stretching vibrations from primary and secondary amines (see Figure
4). The C-H stretching peaks at 2858 and 2931 cm™ ' correspond to the
C-H stretching vibrations from the aliphatic chains of PEI. Additionally,
N-H bending bands are present, such as a strong band at 1566 cm™ ' and
other convoluted bands between 1560 and Various C-N stretching bands are
also observed between 1000 and 1300 cm™ !, for example, at 1074, 1136, and
1192 cm™ ', attributed to C-N stretching vibrations. The amide signals are also
present in the spectra of CD2 as in CD1, specifically a strong sharp band at
1698 cm™ ! (also present in CD1 at 1697 cm™ ; vide supra) and possibly other
convoluted bands between 1640 and 1700 cm™ ' at lower wavenumbers than
the main peak at 1697 cm™ '. It is important to mention that the characteristic
structures presented in Scheme 1 are mostly based on the findings of the XPS
and FTIR analyses discussed above. 1600 cm™ ', which are associated with
N-H bending vibrations.

— CD1
(C=0)migeStretch CD2
(C-N)pyriginicStreteh

(C=O )carboxylateStretCh

(N-H),mineStretch

/ Y (C-N)stretch

I T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Absorbance

Wavenumbers (cm™)

Figure 4. FTIR spectra of solid samples of CD1 and CD2.

2.2.2.2. Dialdehyde starch. The FTIR spectra show significant differences
between DAS and Potato Starch (St), particularly in the carbonyl region and
the 500-1000 cm™" range. Specifically, the DAS spectrum exhibits peaks
around 1729 cm ™! and 1679 cm™’, associated with the carbonyl (C=0) stretch-
ing vibrations. These peaks are not present in the FTIR spectra of native St.
The FTIR spectra of St (Figure 5) on the other hand showed three character-
istic peaks at 990, 1075, and 1150 cm™, attributed to C-O bond stretching.
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Figure 5. FTIR spectra of solid samples of DAS and St.

These peaks disappeared in the DAS samples after oxidation.”?®! The absorp-
tion peaks in case of St at 1640 and 3290 cm ™" could be related to trapped
moisture in the non-crystalline region of the starch structure or intermolecular
hydrogen bonds.**! Additionally, The peak at 2960 cm ™" in case of St assigned
to CH group stretching, shifted slightly to 2880 cm™" within the 2800-3000
cm™? range, after the oxidation of St to DAS. Moreover, the DAS samples
displayed a new stretching vibration at 1729 cm™’, associated with carbonyl
groups and a peak at 875 cm ™, indicating hemiacetal bonds between dialde-
hyde groups and adjacent hydroxyl groups. The decrease of the intensity of the
peak corresponding to hydroxyl groups around 3400 cm™' corroborate the
consumption of these latter toward the formation of aldehyde groups.

2.2.3. Spectrophotometric evaluation of the CDs

A clear proof of the formation of the CDs is provided through their measured
emission properties. Both CDs emit light in an excitation dependent fashion
(see Figure 7).****) CD1 appears to be more emissive than CD2 when their
emission properties are examined in aqueous solutions with about the same
concentration. This is presumably associated with the presence of PEI units in
case of CD2. The surface states responsible for CD-emission are drastically
dependent on dopants, functional groups (especially bulky ones e.g. polymeric
species).
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The maximal emission in both cases is observed upon excitation at approx.
327 nm (near UV-light). Interestingly, CD2 exhibits some emission also in the
visible region at around 620 nm as a result of a weak absorption band of CD2
at roughly 590 nm (see Figure 6). This absorption is clearly associated with the
presence of PEI and accumulation of different unsaturated connectivity motifs
e.g. imine (Schift bases).

2.2.4. Thermal analysis

To be suitable for wood adhesive applications, CDs and DAS must exhibit
thermal stability within the temperature range used in these processes. In this
study, the temperature was set to 160°C. The thermal stability of the different
materials was assessed using thermogravimetric (TG) and derivative thermo-
gravimetric (DTG) analysis.

a Absorbance b Difference in absorbance
CD1-CD2
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Figure 6. Absorption spectra of CD1 and CD2 (a) and difference in absorbance of CD1 and CD2 (b).
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Figure 7. Emission spectra when dissolved in water at concentration Tmg/mL upon excitation at
various wavelengths for CD1 (a) and CD2 (b).
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Figure 8. TG (left) and DTG (right) analyses of CD1 and CD2.

The TG and DTG analyses of the two CDs revealed that both are relatively
stable up to temperatures close to 150°C (see Figure 8). The mass losses up to
this temperature mostly correspond to the loss of trapped water. The TGA
profiles of CD1 and CD2 are very similar, yet DTG indicates a range of
thermal decomposition processes occurring at elevated temperatures
(>200°C). Due to the high polydispersity of the CDs and the large range of
encompassed functional groups, it is challenging to understand their multi-
step thermal decomposition pathways at temperatures higher than 200°C.
Generally, TGA results can be ambiguous when there are more than two
peaks, as these peaks cannot be straightforwardly attributed to surface and
core decomposition based solely on the temperature.*” Nonetheless, for the
scope of this work, their thermal behavior up to 160°C (the set temperature for
the curing tests) indicates that both CDs are a good match for the design of
resins/adhesives involving these CDs and DAS.

On the other hand, the thermograms of unmodified (St) and oxidized
(DAS) (Figure 9) show fewer degradation steps. Unmodified starch displayed
a two-step mass loss: the first at 100°C corresponds to approximately 5% mass
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Figure 9. TG (left) and DTG (right) analyses of DAS and parent starch (St) material.
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Figure 10. DSC analyses of CDs CD1 and CD2 (left panel) and of DAS and native St material (right
panel).

loss of the water trapped in the starch structure. The second, occurring around
320°C is associated with the starch backbone thermal degradation, with an
onset temperature of 205°C and a peak weight loss at 302°C. The residual
weight was approximately 20%. The oxidized starch also displayed a two-step
mass loss that can be interpreted in a similar way to native starch. However,
the step corresponding to the starch degradation appeared at a lower tem-
perature and started around 175°C with a peak weight loss at 240°C according
to the DTG thermograms. It can be explained according to previous work!>®
as the oxidation of starch results in the depolymerization of amylose and
amylopectin chains, leading to a reduction in molecular weight and, conse-
quently, a decrease in the thermal stability of starch. Moreover, it was reported
that®”! Dialdehyde starch exhibits lower thermal stability compared to native
starch, primarily due to the cleavage of the C2-C3 bonds in glucosyl units and
the breaking of glycosidic bonds in the starch backbone.

Figure 10 shows the Differential scanning calorimetry (DSC) thermographs
of CD and starch samples.

Both CDs exhibit glass transition temperatures (Tg) higher than 100°C,
with CD2 showing a slightly higher Tg than CD1 (124°C vs. 115°C). CD2, with
its higher Tg, is expected to exhibit slightly better mechanical properties after
processing (thermal pressing at 160°C) compared to CD1. This could translate
to slightly better performance in terms of rigidity and resistance to deforma-
tion under stress. Overall, the higher Tg of CD2 suggests a wider processing
window, making it potentially more versatile and easier to handle during the
adhesive formulation process. In terms of potential adhesive performance,
both CDs are expected to perform well, with CD2 offering a slight edge in
thermal and mechanical stability compared to CD1. The slightly higher Tg of
CD2 can be explained by the restricted molecular mobility in CD2 compared
to CD1. This restriction is due to pronounced H-bonding in CD2, attributed
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to the presence of PEI units, which limits the mobility of polymer chains.
Consequently, more energy (higher temperature) is required to achieve the
molecular motion associated with the glass transition. Additionally, intermo-
lecular interactions are more pronounced in CD2 due to H-bonding, contri-
buting to the overall intermolecular forces within the material and generally
leading to higher Tg values. Overall, both CDs are suitable for use at 160°C,
but CD2 may provide marginally better performance due to its higher Tg.
On the other hand, the native potato starch displayed a Glass transition
temperature of around 129°C. The Tg of unmodified starch was determined to
be around 129°C. Previous research!®®! has highlighted the significant influence
of moisture content on the Tg of starch. Consequently, a lower moisture
content of starch leads to higher Tg values compared to those reported in
other studies. The oxidized starch showed a Tg around 92°C, this decreased
value cannot be attributed to a different moisture content as the TGA analysis
previously showed (see Figure 9) a similar moisture content of 5% for both
starch. The significant decrease in Tg can be attributed to the formation of
aldehydes during oxidation, which increases polymer mobility by reducing the
number of hydroxyl groups and consequently weakening hydrogen bonding.*”!

2.2.5. Analysis of the morphology

2.2.5.1. Scanning electron microscopy (SEM) analysis of CD1 and CD2. CD1
(Figures 11a,b): The SEM images of CD1 reveal quasi-spherical particles with
some of them merged to one another in varying sizes and relatively smooth
textures. Similar morphologies have recently been reported for different
CDs."**!! In Figure 11a, the particles are loosely aggregated and irregularly
distributed across the field of view, with a scale marker at 100 um. In contrast,
Figure 11b which is an image realised at higher magnification (a scale marker
of 50 um) shows more distinct and larger quasi-spherical particles that are
uniformly distributed, with smoother surfaces. The quasi-spherical shape and
smooth surface of these particles is in line with the freeze-drying process™*
used for their fabrication which promotes spherical morphology.

CD2 (Figures 11c,d): The SEM images of CD2 depict densely packed, flake-
like structures. Figure 11c shows these flakes arranged in a compact and
possibly crystalline structure, with sharp, well-defined edges at a scale 20 um.
Figure 11d provides a closer view of a single flake-like structure, revealing its
detailed geometry with smooth faces and sharp edges. The scale marker of
5 um allows for a close examination of the flake’s surface and edges, suggesting
a high degree of regularity and precision in its formation. The flake-like
morphology indicates a different formation process, such as exfoliation or
layer-by-layer assembly, resulting in distinct layered and sharp-edged
structures.

These morphological differences between CD1 and CD2 can signifi-
cantly influence their properties and potential applications, with CD1I’s
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Figure 11. Scanning electron microscope (SEM) images of CD1 (a-b) and of CD2 (c-d).

quasi-spherical particles being suitable for applications requiring
smooth, spherical morphologies, and CD2’s flake-like structures being
ideal for a wide range of adhesive applications needing layered, crystal-
line-like materials.

2.2.5.2. Scanning electron microscopy (SEM) analysis of DAS. The SEM images
of Dialdehyde Starch (DAS) at 150x magnification (Figure 12a) reveal
individual particles with a rough texture scattered across the field. At
1500x magnification (Figure 12b), a cluster of particles with more defined
edges and intricate surface details, including tubular structures, is visible.
These images illustrate a clear difference between DAS and the parent
starch material (seen in Figure 12c,d), which exhibits smooth, oval to
round-shaped particles densely packed together, a typical morphology
encountered in starch. This drastic morphological change (which has
been reported before upon oxidation of starch**!) can significantly influ-
ence the miscibility and reactivity of DAS in the intended adhesive for-
mulations (DAS-CD1 and DAS-CD2).

2.2.6. Adhesive bond strength development evaluation using ABES

2.2.6.1. Influence of pressing time. Pressing time is a critical factor as it
influences bond strength, production speed, and energy consumption. To
assess its impact on bonding strength, tests were conducted at a fixed pressing
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Figure 12. Scanning electron microscope (SEM) images of DAS (a-b) and of starch (c-d).

temperature of 160°C using the ABES system depicted in Figure 13. As
anticipated, the results indicate that extended pressing times result in greater
shear strength due to improved curing and solvent loss of the adhesives. This
finding aligns with the observations of previous studies, which reported that
longer pressing times enhance adhesive bonding, thereby increasing bond
strength.[**]

2.2.6.2. Influence of HMDA. The prepared adhesive consists of a mix of linear
and branched chains from DAS and Hexamethylenediamine (HMDA). The
curing process is driven by the evaporation of the solvent (DMAc) and the
cross-linking between the aldehyde groups of DAS and the amino groups of
HMDA, resulting in the formation of imines. The internal cohesion is due to
the formation of this imine network, while adhesion might be explained by the
interlocking of starch chains in the wood structure and hydrogen bonding
between hydroxyl groups from DAS, amino groups from HMDA, and hydro-
xyl groups present in the different components of wood (lignin, hemicellulose,
cellulose).

As seen in Figures 14 and 15, solutions containing only DAS or only HMDA
show adhesion with respective maximum shear strengths of 2.40 MPa +0.11
and 2.95 MPa +0.12. The formation of the imine network improves the
bonding strength of DAS, achieving a maximum average shear strength of
3.63 MPa +0.44.



18 (&) V.SILVEIRAET AL.

Figure 13. Top view of the ABES equipment used in this study.
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Figure 15. Plots of shear strength as a function of pressing time (at set temperature 160°C) for
HMDA, DAS+HMDA, DAS+HMDA+CD1 and DAS+HMDA+CD2.

2.2.6.3. Influence of carbon dots. Figure 14 shows the evolution of shear
strength over pressing time for Dialdehyde starch solution in the presence or
not of the different synthetized Carbon dots. The Solution containing only DAS
shows a continuous increase of shear strength over time reaching a maximum at
around 240s with 2.3MPa +0,17. The solutions containing CDs show faster
curing, reaching the maximum shear strength of DAS solution at only 30s for
CD2 with 2.47MPa +0,10 and 120s for CD1 with 2.19MPa +0,09. We believe that
the amino groups present on both Carbon dots lead to the crosslinking of DAS
enabling a better compatibility between the two materials. However, the amino
groups of PEI grafted on CD2 might be more accessible due to the carbon chain
length thus more reactive, improving the crosslinking between starch and CD2
compared to CD1. Moreover, in the presence of HMDA, we can observe a reverse
trend, indeed, CD1 shows faster curing than CD2. We believe that this is due to
the fact that the dialdehyde starch that has reacted with CD2 has less available
reactive aldehyde than the one that as been crosslinked with CD1 allowing in
a first step HMDA to crosslink more DAS+CD1 than DAS+CD2. However, after
300s we believe that the more hindered aldehyde present on DAS+CD2 is given
enough time to react resulting in a higher shear strength of 3.96MPa +0,18.

2.2.6.4. Reversibility test. The imine formation is known to be a reversible
reaction.'*”! Indeed, at acidic pH the imine can be hydrolysed leading back to
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Figure 16. lllustration depicting the procedure followed for the reversibility tests on veneers
adhered with resins DAS+HMDA, DAS+HMDA+CD (1 or 2).

Table 2. ABES results obtained after reversibility test performed at pH 4.

pH =4

Time (h) Average Maximum shear strength (Mpa) Resin

1 1.49+0.21 DAS+HMDA

1 0 DAS+HMDA+CD1
1 1.06+0.05 DAS+HMDA+CD2
4 1.50+0.17 DAS+HMDA

4 0 DAS+HMDA+CD1
4 1.27+0.15 DAS+HMDA+CD2

the formation of amine and aldehyde. We expect that this will enable the
adhesive to debond on demand in the presence of acidic conditions. The bond
strength of veneer bonded with DAS+HMDA, DAS+HMDA+CD1 and DAS
+HMDA+CD2 was then recorded using ABES after immersion in neutral
water solution and acidic water solution. If in general the shear strength
decreased after immersion in both solutions, only DAS+HMDA+CD1 was
completely debonded after 1hour in an acidic solution (see Figure 16). Indeed,
DAS+HMDA+CD2 will still show an average shear strength of 1.27MPa after
4 hours in acidic against 1.81MPa in neutral solution (detailed results are
gathered in Tables 2 and 3). We believe this might be the result of the PEI
chain making the system more water-resistant compared to CD1.

2.3. Experimental section

2.3.1. Materials

Citric acid monohydrate, aniline, formamide (FA), N,N-dimethylformamide
(DMF), N,N-dimethylacetamide (DMAc), 1,6-Hexanediamine (HMDA),
Sodium periodate (NalO4), all of reagent grade were purchased from Sigma
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Table 3. ABES results obtained after reversibility test performed at pH 7.

pH =7

Time (h) Average Maximum shear strength (Mpa) Adhesive

1 1.95+0.21 DAS+HMDA

1 0.71+0.05 DAS+HMDA+CD1
1 2.11+0.20 DAS+HMDA+CD2
4 1.64+0.36 DAS+HMDA

4 0 DAS+HMDA+CD1
4 1.81£0.13 DAS+HMDA+CD2

Aldrich. Branched polyethylenimine (PEI) (average Mw ~ 25,000) and Potato
Starch were also purchased from Sigma Aldrich. Purified water used in this
research was produced using a Milli-Q” water purification system (Millipore).
Beech veneer samples were cut at dimensions: 170 mm x 20 mm. For micro-
wave treatment, a household microwave oven operating at scalable power with
a maximal 900 MW power was used. Microwave reactions were carried out in
Biotage 352,016 microwave reaction vials. Sephadex G-10 and G-25 (Medium)
were purchased from Cytiva.

2.3.2. Synthesis
Carbon dots CD1 were synthesized using the following hydrothermal method.
Citric acid (2.00 g) was wetted with 1.00 g of formamide and then 1 g of freshly
distilled aniline (1.00 g) was added. The slurry was mechanically treated in
a mortar and finally dissolved in 25 mL of MilliQ water. Subsequently, the
solution was heated at 185°C for 24 h in a 50.0 mL Teflon-lined autoclave.
After this process, the reaction mixture was transferred in a 100 mL round
bottom flask (rbf) and the solvent was removed using rotary evaporation. The
obtained dark orange product was purified through size exclusion chromato-
graphy (Sephadex G-10) to remove unreacted reagents and low molecular
weight impurities. After this procedure, the obtained dialyzed sample was
freeze-dried to obtain a fluffy deep-yellow colored powder. Final yield: 1.75 g.
Carbon Dots CD2 were synthesized via microwave-assisted post-
functionalization (amidation) of CDI1. Specifically, 0.50 g of CD1 was dis-
solved in 5 mL of DMF, and a fresh DMF solution of PEI (0.10 g in 5mL)
was added. The mixture was divided into four 5mL Biotage microwave
reaction vials, which were sealed and microwave-irradiated for 20 minutes at
300 W. After irradiation, the vials were allowed to cool to room temperature,
and the contents were combined in a single 50 mL round-bottom flask. The
resulting brown residue was separated using size exclusion chromatography
(Sephadex G-25). The collected fractions were rotavaped to remove DMF
solvent. The residue was collected and dried in a vacuum oven at 50°C for
16 hours. The final material (0.55g) was not fully soluble in water and was
analyzed using solid-state methods.
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Dialdehyde Starch (DAS) was synthesized according to a published
method by our group.”*®! Specifically the method followed was the follow-
ing: A 5% solution of oven-dried native potato starch (dried at 40°C for
48 hours in a vacuum oven) was initially dispersed in distilled water using
a magnetic stirrer. Sodium periodate (NalO,) was then added to the
mixture in a 1:1.65 weight ratio of potato starch to NalO,. To prevent light-
induced decomposition of NalO,, the reaction vessel was wrapped in
several layers of aluminum foil. The reaction was conducted at 35°C for
24 hours. The reaction was eventually quenched by adding acetone and
centrifuged for 5minutes at 5000 rpm. The precipitates were further
washed with water and centrifuged at 5000 rpm, first for 5minutes and
then for 10 minutes. This was followed by washing with ethanol and
centrifugation for 10 minutes at 5000 rpm to remove any remaining
unreacted oxidative agents. The oxidized starch (DAS) was dried in
a vacuum oven at 35°C for 48 hours. The as dried samples were used for
analysis.

2.3.2.1. CD-DAS conjugates preparations. Different mixtures were prepared
prior to ABES measurement. Dialdehyde Starch was dissolved in DMAc and
divided in 4 portions. The two carbon dots were added to a Dialdehyde starch
solution at 5% concentration relative to starch, then, the solution was heated at
120°C overnight. The reaction between aldehyde present on starch and amines
present on CD2 was confirmed by the resulting homogeneous dark brown
solution obtained, as CD2 is initially not soluble in DMAC. After testing that
solution in ABES, an excess of Hexamethylenediamine was added (4:1, Amine:
Aldehyde molar ratio) in order to crosslink DAS. A solution of 70%
Hexamethylenediamine was also tested as a reference.

2.3.2.2. Reversibility tests. Samples of veneer were pressed using the ABES for
300s at 160°C with the different adhesives formulated. The bonded veneer was
then immersed in different solutions. A first batch of bonded veneer was
placed in a water solution at pH 7 and a second batch in a solution at pH 4.
The shear strength was measured using ABES after 1 hour and 4 hours of
immersion. Experiments were done in triplicates.

2.3.3. Characterization

UV-Vis spectra were recorded on a Varian CARY 1E UV - Vis spectro-
photometer at 25 + 1°C. Each measurement was repeated three times. Fourier-
transform infrared spectroscopy: Infrared spectrum were recorded using
a Fourier-transform infrared spectrophotometer (Spectrum Two, Perkin-
Elmer, Llantrisant, UK) equipped with a Universal Attenuated Total
Reflectance diamond. Fluorescence spectra were recorded on a HITACHI
F-7000 fluorescence spectrophotometer.
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All FTIR spectra were collected at a spectrum resolution of 4 cm™', with
32 scans from 4000 to 500cm™'. Thermogravimetric analysis:
Thermograms were made with a Mettler-Toledo TGA2 (Mettler Toledo,
Greifensee, Switzerland), under nitrogen with a flow rate of 40 mL min !,
using alumina pans. 5 to 10 mg of each sample were put in a standard TGA
alumina crucible pan and heated from 30°C to 600°C at a heating rate of
10°C min ™",

The changes in glass transition temperature (Tg) of Carbon Dots and Starch
were performed using a DSC analyzer (Mettler Toledo DSC3+ equipment,
Columbus, USA). The samples were heated from — 30 to 200°C at a heating
rate of 30°C min~" followed by a cooling from 200 to — 30°C at — 20°C.min "'
under a nitrogen flow of 10 mL-min~". This cycle was repeated 3 times and only
curves corresponding to the 2" or 3™ heating were analyzed. Approximately 5
mg of priory oven-dried sample (at 50°C for 24 h) was used for each analysis.

The bond strength of the adhesives was evaluated using lab-shear bonds
subjected to tensile loading through the ABES technique (Adhesive Bond
Evaluation System, Corvalis., USA). This apparatus enables the assessment
of strength development characteristics for various adhesive types in shear
mode between two thin veneer pieces. It offers a rapid, cost-effective, and
immediate method to characterize various bond-influencing parameters nota-
bly the curing speed of adhesives. The device consists of a pressing unit
associated with a displacement module enabling to cure and test the adhesion
on a single device, as shown in Figure 13. Adhesives were applied to a single
side of one beech veneer (20 x 5 mm? overlapping area) using spatula to put
approximatively around 20 mg of adhesive. The veneers were then hot-pressed
under controlled conditions of temperature and time. The temperature was set
to 160°C to enable solvent evaporation and avoid reagent evaporation. After
curing, the pressure was released, and the bond was immediately subjected to
shear testing. Shear strength was recorded at different pressing time. Each
condition was tested with 10 replicates.

X-ray Photoelectron spectroscopy (XPS) X-ray photoelectron spectra of CVD
graphene samples were recorded on a Quantum 2000 Scanning ESCA instru-
ment) using a monochromatic Al K-Alpha X-ray (1486.7 eV) excitation source.

The morphology of CDs and DAS-CDs was visualized using an
Environmental Scanning Electron Microscope (PhilipsXL-30 ESEM,
HITACHLI, Japan) at 10 KV, with a spot size of 4.3 using the secondary
electrons detector for a magnification of 200 and 1000. Before observation,
the samples were coated with gold using a sputter coater (Emitech k550X,
Quorum Emitech, England).
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3. Concluding remarks

We have developed two variants of carbon dots (CDs) with high hydro-
gen-bonding and covalent-bonding aptitude, suitable for new bio-based
adhesive formulations when combined with dialdehyde starch (DAS).
Both hydrothermal and microwave-assisted synthetic approaches were
successfully employed. Thermal and physicochemical analyses of the
CDs indicate high potential for efficient and safe thermomechanical
treatment. The ABES study of combined formulations of DAS and CDs
revealed significant influences on curing, with CDs assisting in achieving
faster curing than DAS alone. Due to the potential of the CDs to act as
crosslinkers in the presence of HMDA (an auxiliary crosslinker) at low
concentrations, adhesion is enhanced by the imine network and hydrogen
bonding offering additional options for adhesive formulations.
Furthermore, we demonstrated that these resins can exhibit reversibility
induced by an acidic environment, owing to the acidic hydrolysis of imine
covalent bonds formed during the curing of the resins, within one hour of
treatment.
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