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Abstract

The development of bio-based materials is crucial to reduce dependence on fossil
resources and to support the transition towards more sustainable polymer
production. As one of the most abundant renewable sources of aromatic
structures, lignin represents a highly promising renewable feedstock for
valorization, both as a precursor for high-value chemicals and as a
macromonomer for lignin-based polymers. This thesis presents three
complementary strategies for the implementation of lignin as a macromonomer

in the design of more sustainable thermosetting materials.

Initially, lignin was modified using dimethyl carbonate (DMC) to enable the
synthesis of lignin-based polycarbonates with potential for chemical recyclability
via methanolysis. Several synthetic routes were investigated and compared,
including a two-step approach involving intermediate functionalization followed
by self-condensation, and an additional strategy employing an external diol co-

monomer.

The second part describes an innovative methodology for the preparation of
partially lignin-based, fully bio-based non-isocyanate polyurethane (NIPU)
thermosets. Lignin was functionalized bearing cyclic carbonate groups, enabling
it to act as a crosslinker for NIPUs, acting as a safer alternative to conventional
and toxic isocyanates used in polyurethane (PU) production. In parallel, a bio-
based polyamine derived from high oleic sunflower oil was synthesized via thiol—
ene chemistry. The process was optimized in both batch and continuous flow,
and the resulting polyamine was employed as the amine component, together
with cyclic carbonate-functionalized lignin and a sugar-based co-component, to
achieve fully bio-based NIPU thermosets. Comprehensive characterization
confirmed successful curing and revealed promising thermal and surface
properties, supporting their potential as greener alternatives to conventional

polyurethanes.



Lastly, lignin was functionalized with two cyclic anhydrides (itaconic and succinic
anhydride) to produce lignin-based polycarboxylic acids, which can serve as
crosslinkers in diverse thermosetting systems, including epoxy and Passerini
resins, together with an additional difunctional renewable diacid, Pripol™ 1009,
which was utilized to tune the lignin content. The synthesis of the lignin
macromonomers was optimized, and multiple strategies for solvent and
precipitation-medium recovery were developed to reduce the environmental
impact and to lower the E-factor. Subsequently, detailed characterization of the
resulting thermosets demonstrated that lignin incorporation can yield epoxy
networks with tunable lignin content, high flexibility, and degradability under
alkaline conditions. In addition, Passerini-based materials showed high thermal
stability, tunable gel content and glass transition temperature (Tg) correlating with
lignin content. Moreover, for one lignin derivative, the reactivity of the installed
Michael system was also tested for thermoset preparation as a proof of concept,

further highlighting the versatility of these derivatives.

Overall, this work demonstrates that lignin can be successfully implemented as a
versatile macromonomer for the production of polymer networks while increasing
renewable content and enabling more sustainable end-of-life options. These
findings highlight the potential of lignin as a key component in the development

of environmentally friendlier polymeric materials.



Zusammenfassung

Die Entwicklung biobasierter Materialien ist entscheidend um die Abhangigkeit
von fossilen Ressourcen zu verringern und den Ubergang zu einer
nachhaltigeren Polymerproduktion zu unterstutzen. Als eine der reichhaltigsten
nachwachsenden Quellen aromatischer Verbindungen stellt Lignin einen dul3erst
vielversprechenden erneuerbaren Rohstoff flr die Valorisierung dar — sowohl als
Ausgangsstoff fur hochwertige Chemikalien als auch als Makromonomer fur
ligninbasierte Polymere. Diese Dissertation prasentiert drei komplementare
Strategien zur Implementierung von Lignin als Makromonomer flur die

Entwicklung nachhaltigerer duroplastischer Materialien.

Zunachst wurde Lignin mit Dimethylcarbonat (DMC) modifiziert, um die Synthese
ligninbasierter Polycarbonate mit Potenzial fur eine chemische Rezyklierbarkeit
mittels Methanolyse zu ermoglichen. Mehrere Syntheserouten wurden
untersucht und miteinander verglichen, darunter ein zweistufiger Ansatz Uber
eine Zwischenfunktionalisierung mit anschlielender Selbstkondensation sowie

eine zusatzliche Strategie unter Einsatz eines externen Diol-Co-Monomers.

Der zweite Teil beschreibt eine innovative Methodik zur Herstellung teilweise
ligninbasierter, vollstandig biobasierter nicht-isocyanatbasierter Polyurethan-
(NIPU)-Duroplaste.  Lignin  wurde mit cyclischen Carbonatgruppen
funktionalisiert, wodurch es als Vernetzer fir NIPUs eingesetzt werden kann und
eine sicherere Alternative zu konventionellen und toxischen Isocyanaten
darstellt, die ublicherweise in der Polyurethan-(PU)-Herstellung verwendet
werden. Parallel dazu wurde ein biobasiertes Polyamin aus High-Oleic-
Sonnenblumendl mittels Thiol-En-Chemie synthetisiert. Der Prozess wurde
sowohl im Batch- als auch im kontinuierlichen Flow-Verfahren optimiert, und das
erhaltene Polyamin wurde als Aminkomponente zusammen mit cyclisch-
carbonatfunktionalisiertem Lignin und einer zuckerbasierten Co-Komponente

eingesetzt, um vollstandig biobasierte NIPU-Duroplaste zu erhalten. Eine



umfassende Charakterisierung bestatigte eine erfolgreiche Aushartung und
zeigte vielversprechende thermische sowie oberflachenbezogene
Eigenschaften, welche das Potenzial dieser Materialien als umweltfreundlichere

Alternative zu konventionellen Polyurethanen unterstreichen.

AbschlielRend wurde Lignin mit zwei cyclischen Anhydriden (Itaconsaureanhydrid
und Bernsteinsaureanhydrid) funktionalisiert, um ligninbasierte
Polycarbonsauren zu erzeugen, die als Vernetzer in unterschiedlichen
duroplastischen Systemen eingesetzt werden koénnen, darunter Epoxid- und
Passerini-Harze. Zur Einstellung des Ligningehalts wurde zusatzlich eine
difunktionelle erneuerbare Dicarbonsaure, Pripol™ 1009, eingesetzt. Die
Synthese der Lignin-Makromonomere wurde optimiert und mehrere Strategien
zur Ruckgewinnung des Losungsmittels, sowie des Fallungsmediums entwickelt,
um die Umweltbelastung zu reduzieren und den E-Faktor zu senken.
AnschlieRend zeigte eine detaillierte Charakterisierung der resultierenden
Duroplaste, dass die Integration von Lignin Epoxidnetzwerke mit einstellbarem
Ligningehalt, hoher Flexibilitat und Abbaubarkeit unter alkalischen Bedingungen
ermdglichen kann. Daruber hinaus wiesen Passerini-basierte Materialien eine
hdéhe thermische Stabilitdt sowie einen einstellbaren Gelgehalt und eine
einstellbare Glaslubergangstemperatur (Tg) auf, welche mit dem Ligningehalt
korrelieren. Zudem wurde fur ein Ligninderivat die Reaktivitat des eingefuhrten
Michael-Systems als Proof-of-Concept fur die Herstellung von Duroplasten
untersucht, wodurch die Vielseitigkeit dieser Derivate zusatzlich hervorgehoben

wird.

Insgesamt zeigt diese Arbeit, dass Lignin erfolgreich als vielseitiges
Makromonomer zur Herstellung polymerer Netzwerke eingesetzt werden kann,
wobei der Anteil erneuerbarer Rohstoffe erhdht und gleichzeitig nachhaltigere
End-of-Life-Optionen ermdglicht werden. Die vorliegenden Ergebnisse
verdeutlichen das Potenzial von Lignin als Schlisselkomponente flir die

Entwicklung umweltfreundlicherer polymerer Materialien.
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1 Preface

Climate change remains one of the most complex challenges of our time,
requiring action from society. Its origins and its resolution are rooted in a collective
societal effort, in which governments and nations, as well as individual citizens,
are called as major actors to take responsibility for safeguarding our shared future

and that of generations to come.

The latest International Panel of Climate Change (IPCC, 6" Assessment Report

presentation)' opens with a significant statement:

“Pace and scale of climate action are insufficient to tackle climate

change.”

Climate change is measured by tracking the long-term changes such as the
global average temperature and Greenhouse Gases (GHGs) emissions. The
latest data (2011-2020) describe a global warming of + 1.1 °C (compared to the
1850-1900). Higher concentrations of GHGs, especially related to human-
activities, led to global warming, with CO2 and CH4 as the most impactful gases.
In the latest years, emissions have tremendously increased, and will continue to
increase, impacting every aspect of human life. It is clear that common
consequences of global warming (floods, heavy precipitations, tropical
cyclones, heatwaves) are anthropogenic and impact several areas of our planet
(including ocean, atmosphere, cryosphere and biosphere). According to the 2025
Emissions Gap Report published by the United Nations Environment Programme
(UNEP), the mitigation pathway required to meet international temperature
targets is substantially more stringent than previously assumed. To remain below
2 °C and 1.5 °C of global warming, global annual greenhouse gas emissions must
be reduced by approximately 35% and 55%, respectively, relative to 2019 levels,
by 2035.2 The Director of UNEP’s Climate Change Division, Martin Krause,
further notes that current national commitments are projected to reduce

emissions by only 12-15% by 2035, making the 2 °C pathway increasingly
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unlikely.> Under existing policies, global mean temperature is projected to
increase by approximately 2.8 °C by the end of the century.? Together, these
figures highlight the urgent need for rapid and sustained policy action to close the

emissions gap.

In an article published in 1999, Mann, Bradley and Hughes used a multiproxy
network (tree rings, corals, ice cores, documentary records, etc.) to reconstruct
the annual Northern Hemisphere mean temperatures from the year 1000 until the
late 20" century. The resulting reconstruction displayed relatively low variability
and a slight long-term cooling trend from around the year 1000 until the late 19t
century, followed by a sharp increase during the 20" century, when reconstructed
temperatures, later supported by instrumental records, rose rapidly and
exceeded pre-industrial levels. Owing to the distinctive shape of this curve,
climatologist Jerry Mahiman coined the term “hockey stick graph” to describe the
reconstruction. The study subsequently became the subject of intense scrutiny
and controversy and a focal point for climate change sceptics, who questioned
the methodology and disputed the robustness of the reconstruction.

Nevertheless, numerous independent studies and subsequent assessments
evaluated the methods and findings of Mann, Bradley, and Hughes and
consistently reached the same conclusion: the pronounced warming observed in

the 20t century is anomalous in the context of the previous millennium.>’
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Figure 1.1 — In blue is the original hockey stick of Mann, Bradley and Hughes (1999)* with its
uncertainty range (light blue). Green dots show the 30-year average of the new PAGES 2k
reconstruction. The red curve shows the global mean temperature, according to HadCRUT4 data
from 1850 onwards. Source: Klaus Bittermann, T comp 61-90, Wikimedia Commons, licensed
under Creative Commons Attribution-ShareAlike 4.0 International (CC BY-SA 4.0) — reproduced
unchanged.

Despite measurable progress made, inadequate adaptation gaps remain. As the
ARG states, many current initiatives focus primarily on short-term risk reduction,
addressing immediate impacts rather than enabling long-term transformational
adjustments. It is also outlined that these limitations are often intensified by
insufficient financial resources and by the absence of robust political frameworks
and economic incentives.

An important issue that emerged from the report is that public and private
investments in fossil fuels continue to exceed those allocated to climate mitigation
and adaptation. These imbalances hinder the transition toward building a

resilient, low-carbon economy.

At the European level, recent regulatory developments aim to address these
shortcomings. To name some: The European Climate Law, the Fit for 55
package, the EU Taxonomy, and the Sustainable Finance Disclosure Regulation
(SFDR) are designed to align financial markets with climate objectives, redirect

capital toward sustainable activities, and reinforce long-term climate ambition


https://creativecommons.org/licenses/by-sa/4.0/
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toward 2030 and beyond. In parallel, instruments such as the Social Climate Fund
and an increased attention to adaptation within EU climate strategies highlight a
growing recognition of social equity and resilience needs. However, the
effectiveness of these measures will depend on their swift and coherent
implementation, alongside the increase of dedicated financing adaptation and the

systematic phaseout of fossil fuel subsidies.

In this context, approximately 99 % of global plastic production still relies on fossil-
based feedstocks. The plastics sector is estimated to account for roughly 4 % of
global greenhouse gas emissions, considering emissions associated with fossil
fuel extraction and transport, refining, polymer manufacturing, and end-of-life
treatment. However, this value may be underestimated due to limited data
availability across the full life cycle of plastic products.®°® Moreover, plastics are
not only associated with substantial emissions, but also with major environmental
challenges, including waste accumulation, pollution, and degradation into
microplastics, which can impact ecosystems and living organisms.'® Therefore, a
transition toward renewable alternatives to fossil-based polymers, together with

the development of more effective recycling strategies, is urgently required.

Within this broader transition framework, the present doctoral thesis offers a
focused yet substantive contribution, by examining the use of renewable
resources (in particular lignin) and green chemistry principles for the development

of more environmentally sustainable polymeric materials.



2 Theoretical Background

2.1 Green Chemistry

In regards of the transition toward a world being less dependent on fossil-fuels
and a collective effort to achieve a more sustainable future, it is essential to

understand two main concepts: Sustainability and Green Chemistry.

Sustainability itself may seem like a simple concept, however there are various
facets to it that need to be explained. The most famous and cited definition of
sustainability was introduced in 1987 by the UN World Commission on

Environment and Development as:"’

“Meeting the needs of the present without compromising the ability of

future generations to meet their own needs.”

Within the concept of Sustainability, the intricate equilibrium between nature,
economy, and society cannot be neglected. It thus integrates these aspects
through a dynamic and inter-connected system that builds a long-term fusion
between environmental sustainability (managing natural resources, keeping
biodiversity, and protecting nature) with societal sustainability (equity, health, and
human well-being) and economic sustainability (long-term growth and profit
without negatively impacting other aspects).'? Since 2015, the UN’s Sustainable
Development goals (SDGs) have served as global objectives and a positive call
to action aimed to end poverty, protecting the planet, and ensuring prosperity for
each individual.’® The SDGs are a perfect example that highlights the connection

between the economic, environmental, and societal aspects of Sustainability.
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Figure 2.1.1 — Left: the three core-aspects of sustainability and sustainable development; right:
the UN’s Sustainable Development goals. Picture drawn by the author, readapted from Ref. [13].

During the 1960s, the need for greater awareness to chemical substances and
chemical processes began to emerge, notably with the publication of a seminal
book by marine biologist Rachel Carson. Silent Spring exposed the devastating
effects of pesticides—particularly 1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane
(DDT)—highlighting their environmental persistence, bioaccumulation, and

harmful impacts on wildlife and human health.

Originally developed for the effective control of mosquitoes, the primary vectors
of malaria, DDT later saw widespread application in agriculture with limited prior
assessment of its long-term consequences for human health and ecosystems. In
one of the book’s most striking chapters, A Fable for Tomorrow, Carson depicts
a fictional town in which “spring has been silenced”: birds no longer fly, bees
disappear and fail to pollinate trees, and a pervasive shadow of death hangs over
the landscape. The book helped catalyze a wave of environmental movements
and sharpened public awareness of the chemical industry and its products.
This growing concern contributed, in the early 1970s, to the establishment of the
U.S. Environmental Protection Agency (EPA) and, only two years later, to the ban
of DDT."



During the same period, a series of significant environmental disasters further
intensified the ongoing transformation in the relationship between the scientific
community and governmental authorities. Notable examples include the Love
Canal disaster, in which approximately 21 kt of toxic chemical waste were
disposed of over a ten-year period by the Hooker Chemical Company,'® as well
as the Seveso disaster in ltaly in 1976, which resulted in the release of
exceptionally high concentrations of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)

into the environment.!”

Those events unquestionably led to the implementation of stricter environmental
regulations, simultaneously catalyzing a broader re-evaluation within the
scientific community. Progressively, attention shifted toward preventing
environmental and public-health risks, rather than bearing the far greater social,

economic, and environmental costs of remediation after damage had occurred.

With the Pollution Prevention Act of 1990, the conception and design of new
processes and products moved from an “end of pipe” approach to a more circular
approach. The policy declared that pollution should be eliminated (or prevented)

within the design phase, instead of focusing on the treatment and disposal phase.

A few years later, Paul Anastas and John Warner established the 12 principles
of Green Chemistry as a guide to serve further development of green chemistry
practices.'® The principles cover concepts based on several pathways to lower
environmental and health impacts, and they indicate priorities for both industrial

chemistry practices and research. In Figure 2.1.2, the principles are illustrated.

In that period, there were other milestones in the history of green chemistry, such
as the establishment of The Presidential Green Chemistry Challenge Awards that

commenced in 1996, and the institution of the journal Green Chemistry in 1999.
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Figure 2.1.2 — The 12 Principles of Green Chemistry. Picture drawn by the author based on the
original Ref. [18].

As leading example, the Small Business Award of the Presidential Green
Chemistry Challenge in 2011 went to BioAmber Inc. for the production of bio-
based succinic acid. Succinic acid, an important building block used in the
chemical industry, was conventionally produced from petroleum-based resources
(butane).’® BioAmber developed the technology to produce bio-based succinic
acid by bacterial fermentation of glucose, reducing energy consumption by 60 %
compared to its petrochemical equivalent while consuming COz2, rather than
generating it. However, in 2018 the company filed for bankruptcy due to declining
oil prices, emphasizing that technological viability and greener environmental
intent alone are insufficient in the absence of market conditions and financial

frameworks that adequately value sustainability.2°2"
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2.1.1 Green Chemistry Metrics

Contextually to the 12 Principles, new metrics to evaluate the sustainability and
efficiency of chemical processes started to develop. In 1991, Barry Trost
introduced for the first time the concept of Afom Economy (AE).?? This metric is
intended to provide an initial indicator to assess whether a reaction can be
considered greener by design. In particular, the most basic definition of AE is the
ratio between the molar mass of the desired product (or products) and the molar

mass of all reactants, often expressed as a percentage, according to Eq. 1.

Mw desired product
AE = , 14

Zi Mwi,starting materials

-100% Eq. 1

In the case of an ideal reaction, where all the reactants convert into the desired
product without unwanted side products, the AE would correspond to 100 %. AE
is an important metric to look at while planning a new synthetic protocol.
Examples of reactions with high AE are, for instance, addition reactions such as
Diels Alder reactions or catalytic hydrogenations.?? AE is a useful metric, however
does not take into account solvents and auxiliaries employed during the

synthesis. It does furthermore not consider yield or stoichiometric imbalance.

Another valuable metric was introduced in 1992 by R. A. Sheldon,?* the
Environmental factor, or simply E-factor. This metric is defined as the amount of
waste produced for a given process, considering everything but the desired
product as waste. It is calculated following Eq. 2, and includes solvent losses,

auxiliaries, yield and reagents.

sttartin materials — Mproduct
E — factor = g 2 Eq. 2
mproduct
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An ideal E-factor is zero, as a higher the E-factor is related to more waste
generated.?> However, the E-factor does not take into account which type of
waste is generated, therefore, ideally prior investigation into the toxicity or
hazardousness of the process is needed. According to the original work of
Sheldon,?* water is generally excluded from E-factor calculations, as it can lead
to exceptionally high E-factors, making comparisons more difficult. Later work
defined a simple E-factor (sEF) avoiding the inclusions of solvents and water in
the calculations, and a complex E-factor (cEF), that includes both but no recycling

steps.?62” Eq. 3 and Eq. 4 describe their calculations:

2 Myaw materials + Z mreagents - mproduct

SEF = Eq. 3
mproduct
cEF
_ Z Myaw materials + 2 mreagents + Z Msolvents + Z Myater — mproduct Eq' 4
mproduct

The skEF, with the relative approximations, should be regarded as an early
assessment metric when developing a new synthesis method, but with some
important advantages compared to the AE. cEF, on the other hand, does not take
into account any recovery practice that can be applied to the solvents or to the
water waste. Therefore, when recyclability measures are applied, the real E-

factor will fall between sEF and cEF.

In Table 2.1.1, the E-factors of the main areas of the chemical industry are
highlighted. Fine chemicals and pharmaceuticals present higher E-factor values
compared to oil refining and bulk chemical sectors, due to the complex or multi-

step syntheses.
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Table 2.1.1 — Overview of the E-factors for the main sectors of the chemical industry, adapted
from Sheldon.?®

Product E-factors
Industry segment
(t-a™) (kg waste/kg products)
Oil refining 108-108 <0.1
Bulk chemicals 10%-108 <1-5
Fine chemicals 10%-10% 5-50
Pharmaceuticals 10-10°3 25-100

Other worth-mentioning metrics include for instance the Process Mass Intensity
(PMI). PMI is a mass-based metric defined as the total mass of starting materials
needed (including solvents, raw materials, reagents, and catalysts) to produce a
specific mass of final product, as described in Eq. 5. Due to its definition, the

value is equivalent to the E-factor value+1.

_ Mmaterials

PMI = =FE — factor + 1 Eq. 5

mproduct

PMI is broadly adopted in the pharmaceutical industry for its ease applicability

and clear data.?®

For a more detailed analysis, a far more precise analysis of a process can be
achieved via Life-Cycle-Assessment (LCA). LCA is a comprehensive approach
that identifies and quantifies the environmental and human health impacts of a

product or system throughout its life cycle.

The life of the product is therefore understood as a set of activities and processes,
that require a certain amount of material and energy. Each stage undergoes a
series of transformations, and results in the release of various emissions. LCA
applies standardized scientific models to describe the cause-effect chain linking

human activity to the impact on the ecosystem.

Recognized procedures for conducting LCA studies are provided in the

ISO 14000 series (a set of international standards for environmental
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management systems) that provides reference standards for impact assessment,

labeling, and environmental communication.3°

An LCA study is normally articulated in four stages,®'3? the goal and scope
definition phase, which includes a description of the intent of the study and which
parameters are part of the analysis; the life cycle inventory (LCI), in which the
data and information necessary for the study are collected; the life cycle impact
assessment (LCIA) phase, in which the material and energy flow inventory is
transformed into a potential environmental impact; lastly the interpretation of the
results supports actions and planning strategies that can reduce the

environmental impact of the system under consideration.

When establishing the scope of an LCA study, there are generally three
approaches which define the boundaries of systems relating to the anthropogenic

resource cycle. These approaches are:3334

e Cradle to grave: Refers to the entire life cycle of a product system, from the
extraction of raw materials to final disposal.

e Cradle to gate: Limits the LCA study to the stages from the extraction of raw
materials to the production of the material, product, or service. The phases
of use and end-of-life management are excluded.

e Cradle to cradle: This concept is based on the idea that materials should be
designed for continuous circulation in closed loops, thereby eliminating the

notion of waste and promoting regenerative systems.3°

The Cradle to cradle concept was introduced in the early 2000s by William
McDonough and Michael Braungart®® as a variant of the Cradle to grave
approach that emphasizes material recycling and energy recovery as alternative

strategies for disposal.

Within the Cradle to cradle framework, material flows are divided into two distinct

cycles: the biological cycle and the technological cycle. Materials in the biological
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cycle are designed to safely return to the biosphere after use, where they can
biodegrade and contribute to natural systems without causing harm. In contrast,
materials in the technological cycle are intended to remain in closed industrial
loops through reuse, repair, remanufacturing, or recycling, thereby retaining their
material value over multiple life cycles. A schematic overview of the concept with

the two cycles is reported in Figure 2.1.3.
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Figure 2.1.3 — Schematic representation of the Cradle to cradle concept, illustrating the biological
and technological material cycles. The scheme was drawn by the author based on the Cradle to
cradle design framework originally proposed by McDonough and Braungart.36

While LCA provides robust insights for industrial-scale and well-developed
processes, its implementation during early-stage research is frequently
constrained by high data requirements, uncertainty, and cost, limiting its

applicability for initial process evaluation.
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2.1.2 Multicomponent Reactions

According to the principles of Green Chemistry, minimizing waste, improving
process efficiency, and reducing the number of derivatization steps are key
objectives to achieve a more sustainable synthesis. In this context,
multicomponent reactions (MCRs) represent an attractive class of
transformations, as they enable the selective combination of three or more
starting materials into a single product, typically in a one-pot and one-step
process.’” MCRs are therefore often associated with high atom economy,
reduced solvent and energy consumption, and improved overall synthetic
efficiency, making them advantageous compared to traditional multistep synthetic
routes in regards of sustainability.3® Historically, the first example of a MCR was
reported in 1850 with the Strecker reaction, where an aldehyde, ammonia, and
hydrogen cyanide combine together to give an a-amino nitrile, which is
subsequently hydrolyzed to an amino acid.3® Another significant representative is
the Biginelli reaction. This three-component reaction between an aldehyde, urea,
and a 1,3-dione affords the straightforward synthesis of 3,4-dihydro-2(H)-
pyrimidinones (DHPM),® which have aroused particular interest in medicinal

chemistry due to their interesting pharmacological properties.4142

Another noteworthy example is the Mannich reaction, which is also discussed in
paragraph 2.2.1.4.1 in relation to lignin modification. This reaction involves the
condensation of three components, typically under acidic conditions: an
enolizable ketone/aldehyde, a non-enolizable aldehyde, and an amine
component (primary / secondary amine or ammonia).** Hantzsch developed
multicomponent reactions for pyrrole and especially for dihydropyridines, with

the latter yielding their respective pyridines after oxidation.*4

Among the different classes of MCRs, isocyanide-based reactions, such as the
Passerini and Ugi reactions, have attracted significant attention in
macromolecular and polymer chemistry. The Passerini reaction involves the

coupling of a carboxylic acid, an aldehyde or ketone, and an isocyanide to form

14



an a-acyloxy amide, while the Ugi four-multicomponent reaction (4-MCR)
proceeds analogously with the additional incorporation of an amine, yielding
a-aminoacyl amides.*® Notably, the Passerini reaction shows 100% atom
economy due to the absence of stoichiometric by-products, in contrast to many
other MCRs where water is typically formed. Owing to its mild conditions, broad
functional group tolerance, and efficiency, the Passerini reaction has emerged as
a particularly powerful tool for polymer synthesis and macromolecular design.*6-
49 An overview of the multicomponent reactions discussed in this section is

reported in Scheme 2.1.1, as well as their AE values.
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Scheme 2.1.1 — Overview of the above-mentioned MCRs with the necessary components. For
AE calculations, all non-specified substituents were assumed to be methyl groups.
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To further emphasize the applicability of the Passerini reaction in polymer
chemistry, its ability to proceed under mild conditions, often at room temperature
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and without the need for a catalyst, makes it an operationally simple yet powerful
tool for the synthesis of complex macromolecular architectures with tunable
properties. Several strategies have been reported for Passerini-based polymer
synthesis, including multicomponent polyaddition using bifunctional monomers,
as well as post-polymerization modification through Passerini grafting.4%%° In the
case of multicomponent polyaddition, bifunctional monomers can be employed
either as AA+BB type, or AB-type monomers. For AA + BB approaches, three
different monomer combinations are possible, as depicted in Scheme 2.1.2. By
selecting the functional groups of each component, the resulting polymers can be
tailored in terms of backbone structure and side-chain functionality, enabling

access to a wide range of poly(ester-amide)-type materials.*°

In a notable work from Meier et al. several strategies for the synthesis of polymers
via Passerini chemistry were outlined.®' In one approach, monomers bearing
terminal double bonds were prepared through the Passerini reaction and
subsequently polymerized via acyclic diene metathesis (ADMET). Alternatively,
the authors demonstrated the direct Passerini polyaddition of dialdehydes and
diacids with various isocyanides, providing an efficient route to poly(ester-amide)-
type materials. In addition, Li and Du et al. report of a new library of poly(ester-
amide)s via Passerini multicomponent polymerization with a diacid, difunctional
isocyanide, and different electron-deficient ketones, generating tertiary ester
linkages in the polymer chains.5? The resulting polymers exhibited tunable

properties depending on the ketone species.

As mentioned previously, polymers can also be obtained using AB-type
monomers. In this strategy, a difunctional monomer bearing both aldehyde and
carboxylic acid functionalities is polymerized through the Passerini three-
component reaction in the presence of monofunctional isocyanides. This enables
the synthesis of polyester-type backbones while introducing tunable amide-
containing side chains depending on the isocyanide structure (Scheme 2.1.2).
Meier and co-workers reported an AB-type monomer prepared via thiol-ene

addition between 10-undecenal and 3-mercaptopropionic acid, which was
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subsequently polymerized successfully, yielding polymers with molecular weights
up to 34.6 kDa.*8

Scheme 2.1.2 — Examples of polymerization possibilities from AA+BB-type or AB-type
monomers. Scheme is readapted and modified with permission from ref. [49].
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Passerini chemistry has also been exploited in polymer science as a post-
polymerization modification strategy to tune material properties. In particular,
Meier and Montero de Espinosa et al. reported the preparation of poly(ethylene-

co-butylene) (PEBs) with Passerini modified end-groups, in order to display
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different amide derivatives as end groups and study their phase segregation
behavior.>® Another interesting example from Fleury and Charlot et al. involves
the modification of the carboxylic acid groups of carboxymethyl cellulose (CMC)
via Passerini through different aldehydes and isocyanides, leading to a wide
scope of CMC-Passerini derivatives.>* Moreover, Meier et al. presented the a
MCR-post-functionalization of cellulose succinates via Passerini 3-MCR and Ugi
4-MCR.%®

In addition Tunca and Durmaz et al., describe an elegant sequence modification
of an electron-deficient polyester via Huisgen 1,3-dipolar cycloaddition to
introduce a pendant carboxylic acid functionality, followed by a Passerini

modification reaction using different aldehydes and isocyanides.%®

Collectively, these studies highlight the versatility and broad applicability of
Passerini-based MCRs for the functionalization of polymeric substrates. In this
doctoral thesis, Passerini chemistry will be exploited for the synthesis of

Passerini-based thermosets, as discussed in Section 4.3.5.1.
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2.1.3 Click Chemistry

Click chemistry was introduced by Sharpless and co-workers in 2001 as a
concept describing a class of highly efficient and reliable chemical
transformations.%” In their seminal work, a set of defining criteria was proposed,
including modularity, broad substrate scope, high yields, stereospecificity, and
the formation of only benign or easily removable by-products. In addition, click
reactions are characterized by operational simplicity, the use of readily available
starting materials, mild reaction conditions, and minimal purification

requirements, often employing solvent-free or environmentally benign solvents.%®

Owing to these features, click chemistry has become a powerful and widely
adopted toolbox in polymer and materials science. Several reactions fulfill the
click chemistry criteria, including CuAAC (Cu-catalyzed azide—alkyne
cycloadditions),®® Diels—Alder reactions,®% and thiol-based coupling reactions.®"62
Among these, thiol-ene and thia—Michael reactions have emerged as particularly
attractive for macromolecular synthesis and network formation due to their high

efficiency and compatibility with complex, multifunctional substrates.

2.1.3.1 Thia-Michael Reaction

The thia—Michael addition reaction refers to the hydrothiolation of an electron
deficient C=C double bond and can be considered a specific type of nucleophilic
1,4-addition in which a thiol acts as the nucleophile. This reaction is well
established and is widely regarded as a click-like transformation due to its broad
substrate scope, mild reaction conditions, operational simplicity, high selectivity,

and ability to proceed efficiently even under solvent-free conditions.®3

The reaction between the thiol and the activated C=C bond can be facilitated by
catalytic amounts of base, which deprotonate the thiol to generate the
corresponding thiolate anion and conjugate acid, initiating the reaction (Scheme
2.1.3). This process can also be catalyzed by strong nucleophiles, which

ultimately lead to the formation of the same reactive thiolate species.®® Reaction
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rates are often faster for nucleophile-catalyzed thia—Michael additions.®* Several
factors influence the reaction rate and the selectivity, such as solvent, pH, nature
of the electron withdrawing groups and the one of the thiols.® Common Michael-
acceptors are, for instance, a,B-unsaturated carbonyl compounds,®®
maleimides,®” or vinyl sulfones.®® It is important to note that the classification of
the thia—Michael addition as a click reaction depends strongly on the choice of
Michael acceptor, thiol, and reaction conditions. For instance, highly activated
acceptors such as maleimides and acrylates typically show rapid kinetics and
high conversion under mild conditions, consistent with click chemistry,8%70
whereas less activated acceptors (e.g., certain acrylamides) require stronger

bases or longer times and may not inherently exhibit ideal click characteristics.”?

Scheme 2.1.3 — Schematic representation of the nucleophilic or base initiated thia—Michael
reaction, as well as the formation of the thiol-Michael adduct and the regeneration of the thiolate
anion. The anionic intermediate is resonance-stabilized by the electron-withdrawing group
(EWG).
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Notably, it has been demonstrated that the dynamic behavior of thia—Michael
linkages can be activated, and in some cases tailored, through the structure of
the Michael acceptor and the alkene substituents, as well as by external

stimuli.”>73 It was observed that under elevated temperatures or elevated pH,
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thiol-Michael adducts can undergo dynamic covalent exchange. Moreover, by
fine tuning the type of acceptor, this dynamicity could be achieved under catalyst-

free and room temperature conditions.”

Thia—Michael addition will be used in Section 4.3.5.3 in relation to lignin-based

thermoset formation.
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2.1.3.2 Thiol-Ene Reaction

The thiol-ene reaction generally proceeds through a radical-mediated
mechanism. While it is conceptually related to thia—Michael addition in terms of
overall hydrothiolation, thiol-ene coupling does not necessarily require an
electron-deficient alkene and can be applied to a broader range of C=C bonds.”>"
T The reaction is most commonly initiated photochemically, generating thiyl
radicals, although thermal initiation is also possible. Propagation occurs via anti-
Markovnikov addition of the thiyl radical to the alkene, forming a carbon-centered
radical intermediate. Subsequent hydrogen atom abstraction from another thiol
molecule yields the thioether product and regenerates the thiyl radical, enabling
the radical chain reaction (Scheme 2.1.4). Thiol-ene reactivity generally
decreases as the electron density of the C=C bond decreases.’® Reactivity is also
affected by the substitution of the alkene species, due to steric hindrance and
competing cis—trans isomerization, as thiyl radical addition to the double bond

can be reversible.”6.79

Scheme 2.1.4 — Schematic representation of the thiol-ene reaction following a radical pathway.
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Thiol—-ene reactions will be utilized in Sections 4.2.3 and 4.2.4 to synthesize a

renewable vegetable oil-based polyamine for lignin-based thermosets.
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2.2 Renewable Feedstocks

The term “renewable feedstocks” refers to a class of resources that replenish
themselves naturally within a shorter time than their use phase, making them
sustainable for continuous use. Renewable feedstocks for polymer chemistry
include lignocellulosic biomass, starch, chitin, vegetable oils and fats, terpenes,
waste and by-products (organic waste, food-industry residues, and forestry
by-products),®® and CO:x. In this context, they can be divided into first-generation
resources, such as starch, corn, and sugarcane, which rely on food-grade
feedstocks, and second-generation resources, which rely on non-food-based
materials, such as wood, cellulose, straw, and agricultural residues.®! In recent
years, a clear shift toward second-generation feedstocks has been observed to
mitigate food—fuel competition and land-use concerns.®2 Moreover, replacing
fossil carbon with renewable carbon (derived from both biomass and COz2) can
significantly lower life-cycle greenhouse gas emissions, particularly when
biomass valorization is combined with COz2-utilization routes within polymer

supply chains.®

According to a report by Plasticseurope 2025,% global biobased plastics
production capacity currently accounts for approximately 0.6% of the 431 million
tonnes of plastics produced annually. When circular plastics, including
mechanically and chemically recycled materials, are considered, this share
increases to 10.2%. In Europe, of the total 54.6 million tonnes of plastics
produced, 1.1% are biobased. These figures indicate that significant efforts are
still required to enable the transition from fossil-based to renewable and circular
polymer production. Among bio-based polymers, two main categories can be
distinguished: natural bio-based polymers, which occur naturally (e.g., starch,
chitin, nucleic acids, and lignin), and bio-based polymers analogous to
conventional polymers.®5 The latter can be obtained through the chemical
modification of natural biobased polymers,8 the synthesis of biobased monomers

followed by polymerization (e.g., poly(lactic acid) and polybutylene
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succinate),8”-# or via microbial fermentation processes, such as the production
of polyhydroxyalkanoates.®® Among second-generation renewable feedstocks,
lignocellulosic biomass has attracted particular attention due to its abundance,
non-food nature, and rich chemical functionality. Wood, as one of the most widely
available lignocellulosic resources, represents a key feedstock for sustainable
polymer development. The structure of wood and plants in general can be
ascribed to four main natural biobased polymers: cellulose, hemicellulose, lignin,
and pectin.®® For wood and other lignified tissues, typical mass fractions are
roughly 35-55% cellulose, 20—-35% hemicellulose, and 15-36% lignin, along with
smaller amounts of pectin and other components.®! In the cell wall, stiff cellulose
microfibrils are embedded in and interconnected by a branched hemicellulose
matrix, while lignin fills the spaces between these polysaccharides, providing
additional rigidity and mechanical strength to the plant tissue.®? In Figure 2.2.1,

an overview of the plant cell walls and its main component is depicted.
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Figure 2.2.1 — Overview of the structure of the plant cell wall and its main components, cellulose,
hemicellulose and lignin, for woody biomass. Picture drawn by the author.
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2.2.1 Lignin

This chapter is based on a published literature review by the author of this
thesis:%

C. Libretti; L. Santos Correa; M. A. R. Meier. From waste to resource:
advancements in sustainable lignin modification. Green Chem., 2024, 26, 4358-
4386.

Licensed under Creative Commons Attribution 3.0 (CC BY 3.0). Reuse is
permitted under the terms of this license. The work presented here follows the
structure of the published article.

Text, figures, and data are reproduced from this article and were partially edited
and extended with permission from the Royal Society of Chemistry.

L. Santos Correa contributed to the conceptualization and drafting of the work
and provided valuable scientific input during discussions.

Detailed E-factor calculations for the protocols discussed in this chapter are
reported in Appendix 7 and were previously published in ref. [93]
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2.2.1.1 Chemical Structure of Lignin

Besides its intrinsic heterogeneity, the basic chemical structure of lignin is
characterized by three phenylpropane units: p-hydroxyphenyl (H), guaiacyl (G),
and syringyl units (S), derived, respectively, from p-coumaryl alcohol, coniferyl
alcohol, and sinapy! alcohol, which can vary considerably in their ratio depending
on the lignin source.®* In Figure 2.2.2, a model representation of the structure of
lignin is presented, alongside the common interunit linkages and their typical
occurrence in hardwood and softwood lignin, which are listed in Table 2.2.1.
Among the various linkages, the 3-O-4 is the most common and the most affected
during depolymerization processes.® In fact, C-O bonds usually have a lower

bond dissociation energy than C-C bonds,®® rendering them easier to cleave.

Table 2.2.1 — Typical interunit linkages of different lignins and their natural occurrence; structures
of interunit linkages are shown in Figure 2.2.2. HW: hardwood; SW: softwood.

Natural occurrence (%)%

Letter Interunit linkage HW sSw
A p-0O-4 60 46
B B-5 6 11
C B-B 3 2

D 5-5 5 10
E Dibenzodioxocin 5-7 0-2
F B-1 7 7

G 4-0-5 7 4

H a-0-4 7 7

HW: hardwood; SW: Softwood
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Figure 2.2.2 - Model representation of the chemical structure of lignin (readapted from ref. [95]),
structures A-H are specified in Table 2.2.1.93
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2.2.1.2 Lignin Isolation Methods

A variety of processes have been developed for lignin production and biomass
separation of cellulose/hemicellulose/lignin fractions. A schematic representation
of the commercially developed and emerging processes is presented in Figure
2.23.
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Figure 2.2.3 — Schematic representation of commercially developed and emerging processes for
lignin isolation (readapted from ref. [99]).93

Sulfur-containing processes, i.e., Kraft and Lignosulfonates (or Sulfite)
processes, account for the main annual lignin production. Recently, a decline in
the lignosulfonate production process has been observed, thereby facilitating
the growth of kraft processes as predominant methods for lignin production.'00
The Kraft process, which is the most used process by the pulp and paper industry,
applies a hot mixture of water, sodium hydroxide (NaOH) and sodium sulfide
(Naz2S). This medium, also called “white liquor”, allows the breaking of the
linkages between lignin and cellulose, its depolymerization and, to a lesser

extent, its derivatization (for instance with thiol functional groups).'®' In this
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process, ~90% of lignin is separated from the cellulosic fibers, and the
lower molecular weight fragments are soluble in the basic medium, which
assumes a dark coloration (hence the name “black-liquor”). The separation is
achieved by acidification of the medium, which causes the lignin to agglomerate
and precipitate, permitting the subsequent filtration.'%2 Kraft lignin contains
usually about 2-3 wt% of sulfur, while the Lignosulfonate lignin usually has
a higher sulfur content, between 5-9 wt%.'°! In the Sulfite process, the pulp is
treated with sulfur dioxide (SOz2), which forms a variety of sulfite (SO3? ) /bisulfite
(HSOy3") salts, depending on the type of bases used, at 130-180 °C.1% The
isolated lignin can eventually be sulfonated by replacing a hydroxyl group with a
sulfonate group.’® The Lignosulfonate lignin is water-soluble and can be
separated from the rest of the biomass. On the other hand, the Soda Process has
seen extensive pilot trials.'®" This process, despite being remarkably similar to
the Kraft process, does not involve sulfur, since it employs just an alkaline
medium, such as sodium or potassium hydroxide (KOH). This process
causes hydrolytic cleavage of the lignin structure into smaller fragments, leaving
a type of lignin relatively chemically unaltered compared to other types of
lignins.'%® Environmental concerns associated with traditional pulping processes
(Kraft and Sulfite in particular) have been discussed. Indeed, these
processes have been tied to significant emissions and negative impact on the
environment.'® Major pollution sources are associated with air emissions and
liquid effluents, i.e., wastewater high in BOD (biochemical oxygen demand) and
COD (chemical oxygen demand).'®” Discussing in detail and comparing the
various processes in terms of sustainability would require the use of other
instruments, such as LCAs (life cycle assessments), and it is beyond the scope
of this thesis. Still, in this paragraph are delineated recent advancements in LCB

delignification processes toward more sustainable solutions.

Other types of sulfur-free isolation procedures, namely the Organosolv and the
Steam explosion processes, involve the use of organic solvents for the former

and high-pressure steam for the latter. In the Organosolv process, biomass is
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mixed with organic solvents, such as methanol, ethanol, acetone, etc., whereby
the solubility of lignin during the process depends on the organic solvent used. %8
To be financially competitive and more sustainable, due to the higher costs of
solvents, the process must contemplate a recycling phase of the solvents used,
i.e. via distillation.’®-""" Furthermore, this process yields a sulfur-free lignin,
typically characterized by lower molecular weights compared to Kraft lignin.'?
Organosolv pulping was the isolation method for the lignin employed in this

doctoral thesis.

Interestingly, a study from 2021 analyzed the GWP (global warming potential) of
an Organosolv process from spruce bark, leading to 0.23 kg CO:2 eq./kg lignin
using ethanol, while using bioethanol from wood the GWP could be more
than halved to 0.11 kg COz2 eq./kg lignin.""® These results are considerably lower

compared to Kraft lignin with a GWP of 0.6 kg CO2 eq./kg lignin.4

In contrast, during the Steam explosion process, biomass is treated with hot
steam at high temperatures and pressures. Then, the pressure is released rapidly
and the steam present in the biomass expands, causing fibers to break down.%°
This process is considered to be one of the most efficient and cost-effective,
although it is important to note that it is often used as pretreatment of
lignocellulosic biomass before other processes are applied,’” and there is a
large heterogeneity of the lignin obtained.®® Hydrolysis lignin, on the other hand,
is usually a by-product of bio-ethanol production from cellulose hydrolysis.®®:116
The process aims to hydrolyze cellulose and hemicellulose in order to obtain
fermentable sugars, while lignin is a solid by-product. Hydrolysis lignin presents
a different structure compared to Kraft lignin, it is reported to have more
condensed and cross-linked structures, making it more difficult to
depolymerize.''6117 Pyrolysis methods convert lignocellulosic biomass to bio-oil,
char and gases (Hz2, CO, CO2, CHa4), in absence of oxygen.'® Numerous
concomitant reactions take place during pyrolysis, such as a major degradation
of the lignin structure, resulting in phenolic compounds and char formation.''® The
yield of the liquid fraction can be enhanced by optimization of the process
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temperature.’” Pyrolytic lignin (PL) is subsequently obtained through a
straightforward phase separation of such fraction, due to water addition. The
fragments and oligomers of PL precipitate and can be separated from the
pyrolytic-sugar fraction.’?® Being a by-product of the pyrolysis processes,
pyrolytic lignin has lower molecular weight and an increased number
of hydroxyl groups compared to other types of lignin'® and represents a

promising precursor for aromatic and phenolic monomers.

Among the emerging methods for lignin isolation, the Aldehyde-Assisted
Fractionation (AAF) is making its way as a powerful process to retrieve
uncondensed lignin. This aldehyde-aided treatment generates a type of lignin
easier to depolymerize, avoiding undesired condensation pathways that lead to
C-C coupling. The most problematic pathway leading to condensation involves
the elimination of benzylic alcohol, producing a relatively stable benzylic
carbocation, which undergoes electrophilic aromatic substitution with guaiacyl or
syringyl units.’®' This significantly alters the possibility of selectively cleaving
these C-C bonds, and therefore the depolymerization.'?? In the presence of an
aldehyde (usually formaldehyde or propionaldehyde are used), the 1,3-diols of
the B-O-4 linkages form an acetal that avoids benzylic alcohol elimination
(Scheme 2.2.1)."22 AAF oligomers were tested in comparison to Kraft lignin
oligomers, demonstrating their superior properties (enhanced solubility, lighter

colors, better structural composition).’23
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Scheme 2.2.1 — General scheme for condensation and repolymerization pathway (top) in
traditional lignin fractionation and aldehyde-assisted fractionation with formaldehyde or
propionaldehyde (bottom); readapted from ref. [99,124].93
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Furthermore, ionic liquids (ILs) have recently gained attention as a promising
method for biomass delignification.'®® The lonosolv process presents various
analogies with the Organosolv process, however, the cost of ILs is one of the
main difficulties that prevents their application in industry. Recently, the use of
protic ionic liquids (PIL) seems to have solved cost-related problems.'2%126 A
study from 2022 showed a recovery of 70% lignin via an lonosolv process at
135 °C."%6 |t was also noted that increasing the time of the treatment influenced
the properties of lignin, especially its thermal stability due to increased

recondensation processes.'?’

Deep eutectic solvents (DESs) are another class of solvents recently applied for
lignin extraction. They are generally composed of both a hydrogen bond acceptor
and a donor, at specific molar ratios. DESs have gathered significant attention in

recent years as an alternative to traditional ionic liquids owing to their numerous
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advantages, such as lower costs, biodegradability and easier preparation
processes compared to ILs.'?® They have recently been recognized as a class of
safe and environmentally friendlier media, capable of extracting lignin with high

efficiency and selectivity, and minimizing waste generation.?®

DESs are often labeled as non-toxic, however, the intrinsic diversity within the
class of DES compounds highlights the variability in their overall toxicity and
individual properties, emphasizing the need for case-specific evaluations.
Despite these challenges, the advantages of DESs persist, for instance they
exhibited remarkable delignification efficiencies of different lignocellulosic
biomass materials.3? Additionally, DES can be recovered and re-used post-lignin
fractionation. A recent publication developed tunable DES systems for lignin
isolation that allowed stabilization of reactive intermediates and therefore less
recondensation reactions, improving aromatic monomer Yyield after

depolymerization. '3

At the current state, ~98% of lignin is used for heat generation and only 2% finds
useful applications in various industry fields,'?%132 or is often depolymerized to
obtain high-value-added chemicals. The various isolation methods briefly
discussed above must be taken into consideration when considering the destiny
of the lignin: if the final aim is lignin depolymerization for monomer production,
less condensed structures are preferred. This also needs to be taken into
consideration when the final goal is to modify the functional groups of lignin to
produce a final material with a certain set of features. Lignin properties can vary
among different isolation methods as well as biomass type and source. 33134 Not
only the isolation method can influence the chemical structure, but also the type
of biomass from which lignin is extracted, such as hardwood, softwood,

or grass.'3

This paragraph highlights the intricate relationship between isolation techniques
and chemical properties of the respective lignins. Nonetheless, evaluation of

sustainability through comparison of the distinct processes is difficult due to the
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lack of data available. For instance, LCAs for established processes such as Kraft
and Organosolv are readily available in the literature, while for newer processes

this presents challenges due to a scarcity of data.

2.2.1.3 E-factors calculations

The E-factor was chosen as green metric for the evaluation of sustainability, for
its clarity and ease of application to different methodologies, together with a
careful evaluation of toxicity and hazardousness of the used substances. This
chapter thus provides an overview of lignin modifications and application
possibilities and, importantly, quantitatively compares all discussed literature
procedures in terms of sustainability. In this context, only synthetic E-factors are
reported. In line with the original definition proposed by Sheldon,®' these
parameters do not account for water. In the field of lignin modification, the work-
up of reactions is usually performed via precipitation in an aqueous medium and
subsequent filtration of the lignin derivatives. The exact volume of the water used
for the work-up is not always given, leading to incomparable data. Therefore,
when comparing E-factors for lignin modification protocols, the water is usually

excluded.

The E-factors discussed herein are classified as simple E-factors (Esimple), which
exclude solvents used during synthesis, and complex E-factors (Ecomplex), which
include synthetic solvents in the calculation in order to highlight their contribution

to the overall waste generation.

Comprehensive overview of the values for each modification and details on the

calculations for the E-factors can be found in the Appendix 7.
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2.2.1.4 Lignin Modification

2.2.1.4.1 Amination of Lignin

Amination of lignin enables the insertion of reactive sites onto lignin, leading to
applications in the field of fertilizers,'3¢ as well as curing agents for epoxy resins.
Introduction of nitrogen to lignin can be achieved via ammonoxidation,37.138
although it typically leads to nitriles and a mixture of N-containing
functional groups, rather than amino groups. Introducing primary amino groups
onto lignin could be a useful contribution to the field of biobased amines,
especially toward non-isocyanate polyurethane applications or for epoxy resins.
In addition, amine groups are ionizable, possibly contributing to other promising
applications, e.g., as polycationic materials’™® or for water purification

systems. 140,141

Different protocols can be found in the literature to introduce amino groups onto
lignin, but the most common is the Mannich reaction, a multicomponent reaction
involving the utilization of formaldehyde, an amine and in this case

phenolic groups of lignin, as shown in Scheme 2.2.2.

Scheme 2.2.2 - General reaction scheme for lignin amination via the Mannich reaction.??
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Depending on the reaction conditions, i.e. the pH, the active species involved in
the reaction are phenolic lignin and iminium ion as electrophile, or phenolate and
N,N-dialkylaminomethylol (under acidic or basic conditions, respectively). Amine

substitution takes place selectively at the ortho position of non-etherified
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phenolic hydroxyl groups,’#? leading to one amino group for guaiacyl units (G)

and two for p-hydroxy phenyl (H) units.

The work of She et al.’® discloses an effective amination of lignin with
dimethylamine, ethylenediamine or diethylenetriamine. Nitrogen contents up to
10.18 % are reported and the nitrogen release behavior was investigated, an
important metric for fertilizing purposes. This procedure involves the utilization of
a sodium hydroxide (NaOH) solution to dissolve phenolated lignin. Phenolation
pretreatment is usually conducted prior to Mannich amination,'43-46 in order to
enhance lignin reactivity. Typical conditions consist of treatment of lignin with
phenol under acidic conditions at relatively high temperatures (90 =170 °C)."#% In
this work, phenolation increased the number of active sites from 2.91 mmol/g up
to 8.26 mmol/g if a weight ratio of lignin/phenol of 1:6 was used. Notably, a ratio
of 1:1 sufficed to effectively double the quantity of reactive sites. Nevertheless, in
the pursuit of more environmentally-friendly procedures, phenolation
pretreatment should be avoided as it is an extra step that generates waste and
phenol is highly toxic and fossil resource derived. The simple E-factor calculated
for the subsequent Mannich amination procedure is 4.15. A comparable
methodology was adopted from Li et al.,'** where softwood kraft lignin was
aminated in a similar fashion. In this case, both pristine and phenolated lignin
were aminated via Mannich reaction under acidic conditions in the presence of
dimethylamine (DMA) and formaldehyde. Phenolated lignin (1:6 weight ratio
lignin/phenol) presented an improved total nitrogen content of 4.8%, compared
to 2.5% reached for the amination of unmodified lignin. Both aminated lignins
exhibited high zeta potentials (27.2-31.6 mV) and large charge densities (1.2-1.6
x 107 equiv./mL), indicating useful colloidal properties. This procedure shows a
Esimple Of 5.51, higher than the previous one, moreover the procedure involves the
use of dioxane as solvent, which raises concerns for its toxicity.'*” Jameel et al.’#?
employed a fairly similar procedure, but used a lower amount of both the amine
and formaldehyde compared to Li et al., lowering Esimple to 2.98. However, also in
this procedure dioxane was used as solvent, leading to toxicity concerns and

increasing Ecomplex to 13.74 with a solvent contribution of 78% (Table 7.2.1).
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An interesting example from Biesalski et al.*8 reached the lowest Esimple Of 1.91
using 1,3-propylenediamine. The authors used a lower amount of amine for the
functionalization of lignin compared to other procedures (15.5 mmol amine/g
lignin), thereby lowering the E-factor. In this case, no phenolation pretreatment
was performed, but the lignin was directly dissolved in NaOH solution (this
explains the increased Ecomplex Up t0 26.59). The amount of amine moieties
introduced varied from 1.2 to 2.0 mmol g!, with the lowest value obtained for
ammonia. Intramolecular crosslinking occurred at a higher extent with ammonia
functionalization, generating benzoxazine species, leaving less reactive positions
for further ammonia introduction (Scheme 2.2.3).748-150 Aminated lignins were

then used for epoxy resin synthesis.

Scheme 2.2.3 - Benzoxazine formation and cross-linking products during lignin amination via
Mannich reaction, readapted from ref. [148].93
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The main issue concerning the amination via Mannich reaction remains the
toxicity of formaldehyde,5".152 but this can be put into perspective considering
that the simple one-step multi-component reaction is usually accompanied by low
E-factors. Moreover, the use of paraformaldehyde, which is still toxic, but
considerably less than formaldehyde, might further improve this procedure.
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Amination procedures that do not require the use of formaldehyde are also
reported in the literature. In the work from Y. S. Kim et al.,'s3 lignin was aminated
with 2-chloroethylamine hydrochloride in water (Scheme 2.2.4). However, in this
case the E-factor, both simple and complex, increased dramatically compared to
the Mannich amination (12.27 and 142, respectively, with 91% of solvent
contribution to the E-factor), confirming that nucleophilic substitution reactions
of haloalkanes should be avoided due to the generation of large amounts of
waste. Moreover, hazardousness is an issue due to the 2-

chloroethylamine hydrochloride. '

Scheme 2.2.4 - Reaction scheme for lignin amination using 2-chloroethylaminehydrochloride;
readapted from ref. [153].93
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Another formaldehyde-free protocol for potential lignin amination exploits the
concept of hydrogen borrowing in order to insert tertiary amino-groups onto lignin
model compounds, namely 3-(4-hydroxyphenyl)-1-propanol and dihydroconiferyl
alcohol.’®® Hydrogen borrowing (HB) involves the direct amination of an alcohol,
consisting of a first dehydrogenation step, forming a carbonyl compound from the
respective alcohol, followed by condensation of the carbonyl with an amine and
a subsequent imine-to-amine reduction step, consuming the hydrogen generated
in the first oxidation step.'%1%6 The authors report good to excellent conversion
of the model compounds (86-98%) in the presence of dimethylamine as
functionalizing agent and a Cu-ZrO2 catalyst, as well as no amination of the
phenolic moiety. Despite that this protocol was not yet conducted on pristine
lignin, it is noteworthy due to the excellent atom economy of the procedure

and high conversions, paving the way for further research on lignin amination.

A recent work from Renneckar et al.’® reports an interesting solventless
amination of softwood kraft lignin via 2-oxazolidinone (OZD, see Scheme 2.2.5).

This compound exhibits a non-hazardous nature, according to its Safety Data
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Sheet (SDS)."%8 Furthermore, recent progresses, as outlined in a comprehensive
review, %% have highlighted the potential for sustainable production methods of
OZDs. The synthesis processes of OZDs involve CO2 as a feedstock, i.e., via
dehydration condensation of B-aminoalcohols, or via cycloaddition reaction of
aziridines with CO2. Comparing the two methods, it should be noted that
aziridines are typically highly toxic, aziridine itself is rated CMR. Lignin
functionalization with OZD proceeds via nucleophilic attack of deprotonated
ArOH or COOH groups to the methylene carbon adjacent to the oxygen of OZD,
resulting in a carbamate ion intermediate (Scheme 2.2.5, B), which subsequently
releases COz2 to form a primary amino group (Scheme 2.2.5, C). A side reaction
can occur between carbamate ions and the newly inserted primary amino groups,
leading to urea linkage formation (Scheme 2.2.5, D) and thus oligomerization or

cross-linking of lignin.

The protocol reported by the authors presents a facile synthesis procedure, using
only OZD both as reagent and solvent and NaOH in catalytic amount. The
calculated Esimpe for the optimized conditions (150 °C, 2 h, molar ratio of
OZD/sum of (ArOH+COOH) = 6) is 3.10, with lignin presenting a nitrogen content
of 5.24 %. An overview of the discussed protocols for lignin amination procedures

with their corresponding E-factors can be found in Table 7.2.1.
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Scheme 2.2.5 - Reaction scheme for lignin amination via 2-oxazolidinone (OZD). A) nucleophilic
attack of deprotonated ArOH or COOH groups of lignin to OZD; B) formation of carbamate ion
intermediate; C) CO2 release and formation of primary amino groups, which react in a side
reaction with carbamate ions to form urea linkages, D); readapted from ref. [157].93
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2.2.1.4.2 Epoxide functionalized lignin

Lignin-based polyepoxides are mostly used as cross-linkers for the introduction
of hard segments into epoxy resins. For instance, multiple literature reports
demonstrated that bisphenol A (BPA) can be partially substituted by lignin to
improve material properties.'69-162 A substitution of up to 30 wt% of bisphenol-A
diglycidyl ether (BPADGE) with lignin-based epoxides is possible without
negative effects on the properties of the resulting material. Instead, incorporation
of lignin units into epoxy resins turned out to be beneficial for material properties,

such as glass transition temperature and Young’s modulus.

The addition of epoxide groups to lignin is usually achieved by reaction with
epichlorohydrin, a potentially renewable,’®31%4 yet highly harmful and toxic
chemical.’®51%6 Depending on the report, E-factors for reactions of lignin with
epichlorohydrin vary between 4 and 16, if epichlorohydrin is used as reagent and
solvent (Table 7.3.1).160-162,167.168 |n 2017, BPA based epoxy resins with varying
content of epoxidized lignin and isophorone diamine as hardener were reported
(Ecomplex: 6.35, Scheme 2.2.6)."%° In the used epoxy formulation, BPADGE was
substituted gradually by glycidylated organosolv lignin to investigate the
properties of the resulting material depending on the lignin content. 33 wt% of
lignin-based epoxide was incorporated into the final epoxy resin, while
maintaining good thermal and mechanical properties compared to the epoxy
resin containing 100% BPADGE.'®® In another study, Sun et al. synthesized
different lignin epoxides with varying epoxide content from lignin functionalization
with epichlorohydrin and cured them with BPADGE and Jeffamine D400 as curing
agent (Ecomplex: 57.0, Scheme 2.2.6). The incorporation of 10 wt% of epoxidized
lignin (based on BPADGE mass) significantly improved the stiffness of the
resulting material and its tensile strength (from 6.2 MPa without lignin to 10.9 MPa

with lignin).162

The use of bisphenol A in epoxy resin formulations is ubiquitous in literature due

to the excellent mechanical properties of the final materials.'®%17° However, to
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further improve sustainability, the use of toxic substances such as bisphenol A
should be fully omitted.'”'-'73 For instance, Zhang et al. synthesized a fatty acid
based cyclic anhydride from eleostearic acid methyl ester and maleic anhydride
via Diels-Alder reaction and cured it with glycidylated lignin (Ecomplex: 16.2) to
manufacture a bisphenol A-free epoxy resin that can be used as asphalt
binder.'®® The thermal properties of the resulting material were comparable to the
properties of the corresponding bisphenol A-based epoxy resin. In another report,
Lawoko et al. fractionated Kraft Lignin via extraction with organic solvents into
four different molecular weight fractions.'”* Bisphenol A-free epoxy resins were
synthesized through curing of all glycidylated fractions with Jeffamine D2000.
The investigation showed that mechanical properties of the resulting materials

strongly depended on the molecular weight of the used lignin fraction.

Scheme 2.2.6 - Synthesis of epoxy resins from glycidylated lignin, bisphenol-A diglycidyl ether
(BADGE) and diamine hardener (readapted from refs. [160—162]).93
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Although improving the sustainability of epoxy resins by substitution of bisphenol
A based epoxides, most studies still use the carcinogenic substance
epichlorohydrin as reagent to introduce epoxy groups.'®® Daugaard et al.
reported an epichlorohydrin free procedure for the synthesis of lignin epoxides
from Kraft lignin and rapeseed oil (Scheme 2.2.7).""5 The used rapeseed oil fatty

acid mixture was first epoxidized with hydrogen peroxide (Ecomplex: 4.78) and then
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esterified with lignin by means of a Steglich esterification (Ecomplex: 22.7).176:177
Curing of the synthesized lignin epoxide and commercially available curing agent
Ancamide® 3030 resulted in an epoxy resin with a Young’s modulus of 103 MPa.
The rather low Young’s modulus was attributed to the high flexibility provided by
long fatty acid chains and the low cross-linking density. Substitution of up to
30 wt% of lignin epoxide by low molecular weight furan-2,5-dicarboxylic acid
diglycidyl ester (FDCADGE) significantly increased the cross-linking density and
the Young’s modulus to 440 MPa. The addition of an aromatic bisepoxide to the
formulation therefore improved the stiffness of the material. However, this
specific example is not an improvement in terms of sustainability, as hazardous
substances such as oxalyl chloride and glycidol were used for the synthesis of
FDCADGE. While toxic epichlorohydrin was omitted in the synthesis, the applied
Steglich esterification used stoichiometric coupling reagents such as allergenic
N,N'-dicyclohexylcarbodiimide (DCC)'”® to allow mild esterification conditions
that are necessary to tolerate sensitive groups such as epoxides. The use of DCC
further results in large amounts of waste, as evidenced by the high E-factor
(Esequence: 38.0). hence, epoxide groups should potentially be introduced into the
lignin scaffold as last synthetic step to circumvent this issue and further improve

sustainability.

Indeed, Avérous et al. esterified organosolv lignin with oleyl chloride and
epoxidized the double bonds afterwards with peracetic acid to synthesize a
similar fatty acid based lignin epoxide (Esequence: 14.2, Scheme 2.2.7).'7% Ring-
opening of the epoxide groups was then performed with methanol to obtain a
polyol for the synthesis of partly biobased polyurethanes (PUs). The initially
sterically hindered alcohol groups of the used lignin were thus extended by fatty

acid ester chains to be more available for further reactions.
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Scheme 2.2.7 - Fatty acid-derived lignin epoxides synthesized via Steglich esterification of lignin
with epoxidized fatty acids,'”® or via epoxidation of lignin previously esterified with oleyl
chloride;'"® readapted from refs. [175,179].93
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Finally, polyurethane networks were obtained through curing of the oleic acid-
based lignin polyol with diisocyanates to synthesize a variety of PUs with
adjustable glass transition temperatures between -6 °C and —42 °C and Young’s
moduli between 0.2 MPa and 2.8 MPa. Although the reaction sequence of
esterification and epoxidation represents a promising and potentially more
sustainable way to introduce epoxide groups to lignin, here the esterification
procedure (Ecompex: 0.57) cannot be considered sustainable due to the use of
carboxylic acid chlorides that were synthesized from hazardous oxalyl chloride
(Ecompiex: 7.13). The subsequent oxidation using overstoichiometric amounts of
peracetic acid and hazardous dichloromethane as solvent (Ecomplex: 7.39, solvent
contribution of 97%) can most likely be improved by catalytic epoxidation

with hydrogen peroxide to reduce the amount of waste generated.8%.181

Esterification of lignin with oleyl chloride was improved by the group of Renneckar
et al., who developed an acyl chloride free procedure for the esterification
of hydroxyethylated lignin with propionic acid (Cs), valeric acid (Cs), octanoic acid
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(Cs), and oleic acid (C1s, Scheme 2.2.8).8? Initial studies with propionic acid at
120 °C showed a high esterification selectivity toward aliphatic alcohol groups of

unmodified lignin, while aromatic alcohol groups remained unmodified.

Scheme 2.2.8 — Hydroxyethylation of organosolv lignin and subsequent esterification with oleic
acid; readapted from ref. [182].93
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Hence, Renneckar et al. implemented a hydroxyethylation step with ethylene
carbonate prior to esterification to transform present aromatic alcohol groups
into hydroxyethyl ethers (Ecompex: 2.19). By this procedure, a more uniform
chemical functionality was achieved, as the resulting lignin sample contained
91% aliphatic alcohol groups instead of initially present 33% aliphatic
alcohol groups. In  this  procedure, ethylene carbonate serves
as hydroxyethylation substitute for ethylene oxide, a highly volatile and
dangerous compound.'®184 Hydroxyethylated lignin was then esterified at
160 °C with oleic acid as solvent and reagent to achieve a degree of substitution
of 77% (Ecomplex: 2.15, Esequence: 5.80). The more sustainably esterified lignin could
potentially be epoxidized to synthesize an epoxidized lignin sample, but this was

not reported.

A different approach by Vasquez-Garay et al. describes the synthesis
of glycidylated lignin without the use of epichlorohydrin (Scheme 2.2.9).78% After
introduction of allyl ether groups to the lignin scaffold, epoxidation was achieved
chemo-enzymatically with immobilized candida antarctica lipase B as catalyst.
The Lipase generates percaprylic acid from caprylic acid and hydrogen peroxide
in situ, which in turn epoxidizes allyl groups connected to lignin. The catalytic
system achieved conversions of up to 90% for organosolv lignin (Esimple:
1.45). However, due to high dilution in toluene and overstoichiometric amounts

of caprylic acid and hydrogen peroxide, this specific procedure cannot be
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considered sustainable, showing an Ecomplex Of 51.5, with solvent contribution of
97%. Moreover, the applied allylation procedure uses highly toxic allyl bromide
and is therefore not a suitable alternative for epichlorohydrin using procedures
(Ecomplex: 31.4).18 Combination of a more sustainable procedure for the addition
of allyl ether groups to lignin with a subsequent epoxidation represents a
promising path to synthesize lignin epoxides that are conventionally produced

from epichlorohydrin.

Scheme 2.2.9 - Chemoenzymatic epoxidation of allylated lignin with hydrogen peroxide as
oxidant; readapted from ref. [185].93
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In summary, literature about sustainable epoxidation procedures of lignin is
scarce, since most epoxy resin research focuses on the properties of the resulting
material instead of the sustainable production of its epoxy component. However,
a combination of several literature reports can lead to the development of more
sustainable reaction sequences for the synthesis of lignin epoxides. Furthermore,
it is of utmost importance to substitute conventional fossil based and toxic
chemicals such as bisphenol A and epichlorohydrin by renewable and more

benign chemicals.
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2.2.1.4.3 Carboxylic acid functionalized lignin

Lignin molecules bearing multiple carboxylic acid functionalities are used
as hardeners for epoxy resins and for the synthesis of cross-linked polyesters.
The number of distinct procedures to synthesize lignin carboxylic acids remains
low as most modifications are performed with cyclic anhydrides. Hirose et al.
were the first to introduce the use of succinic anhydride (SAn) to synthesize
lignin-based ester-carboxylic acid derivatives (Scheme 2.2.10).87-18 |n their first
report, Hirose et al. reacted alcoholysis lignin (AL) with ethylene glycol (EG) and
succinic anhydride to synthesize a mixture of polycarboxylic acid derivatives (so-
called alcoholysis lignin ethylene glycol polyacid, ALEGPA).'8” A second polyacid
containing only ethylene glycol and succinic anhydride (EGPA) was synthesized
and the two polyacids were mixed in different weight ratios (from 0% ALEGPA to
100%). Epoxy resins were then synthesized by curing of the carboxylic acid
mixtures with ethylene glycol diglycidyl ether (EGDGE, Scheme 2.2.10).
The glass transition temperature (Ty) of the materials increased from -20 °C to
-10 °C with an increasing content of lignin and therefore with an increasing cross-
linking density. In another report, the group of Hirose mixed ALEGPA with either
succinic acid (Ca4), adipic acid (Cs), or sebacic acid (C1o0) in different weight ratios
and then cured the mixtures with EGDGE to synthesize epoxy resins (Scheme
2.2.10)."88 T, decreased with increasing chain length of the used dicarboxylic acid
(DCA), since the distance between network points increased. By variation of the
lignin content and dicarboxylic acid component, the Ty of the epoxy resins was
adjustable in a range from —40 °C to -10 °C.'8 Furthermore, Hirose et al.
showed that ethylene glycol can be substituted by glycerol in the polyacid mixture
to further increase the cross-linking density and expand the Ty range to
+10 °C."8 However, due to the high dilution of lignin in all epoxy resins (below
9 wt%, see Appendix paragraph 7.4), the majority of the respective resins
consists of long and flexible aliphatic ester chains, which mainly impact the

properties of the materials (e.g., Tq below room temperature for all resins).87-18°
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Scheme 2.2.10 - Synthesis of polycarboxylic acid mixtures from lignin, ethylene glycol, and
succinic anhydride and subsequent epoxy resin synthesis; readapted from ref. [187—189].93
Note: Functionalization of ArOH is not depicted, as other reports observed low conversions. 190191
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Griffini et al. used succinic anhydride for the synthesis of lignin-based carboxylic
acids as well.”® Kraft lignin was functionalized in tetrahydrofuran with varying
equivalents of succinic anhydride to find a maximum ratio of SAn/lignin that
ensured a full conversion without unreacted anhydride being left in the product.
A high selectivity for the esterification reaction of aliphatic alcohol groups was
observed via 3'P NMR spectroscopy, while aromatic alcohols remained almost
unfunctionalized. Hence, it was possible to incorporate a maximum of 20 wt% of
succinic anhydride (0.35 equiv.) into the SAn/lignin adduct.'® The synthesized
adduct was then dissolved in an organic solvent and applied onto surfaces as
coating. After evaporation of solvent, the samples were thermally treated at
200 °C to allow self-esterification reactions between residual aromatic
alcohol groups and carboxylic acid moieties. The high lignin derived polyester
coating exhibited good solvent resistance, a Tg of 138 °C, and was applicable as
adhesive on wood and glass surfaces.'®’ Another example for the use of
succinylated lignin is as co-hardener for bisphenol A-based epoxy resins.
Incorporation of up to 10 wt% lignin had a reinforcing effect on the epoxy
resins.'92193 QOther cyclic anhydrides, like maleic anhydride,®194195 Aradur
917,19 and methylhexahydrophthalic anhydride'’ were used as well for the

synthesis of carboxylic acid functionalized lignins.
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Considering the amount of waste produced, cyclic anhydrides are sustainable
functionalization agents, since no byproducts are formed during the addition
reaction itself. The only waste formed during modification originates from
solvents, catalysts, or excess anhydride (E-factors were not calculated due to
missing information in reported procedures). Maleic and succinic anhydride are
industrially produced from fossil resources by catalytic oxidation of benzene or n-
butane.'®%19° However, both anhydrides are potentially biobased as they can be
produced from succinic acid, which in turn can be obtained by fermentation of
sugars.2°0201 The synthesis of lignin polycarboxylic acids from cyclic anhydrides
therefore represents a promising field for the production of renewable polymers.
In light of these considerations, cyclic anhydrides, namely itaconic and succinic

anhydrides, are reported in Chapter 4.3 for lignin functionalization.

Luterbacher et al. attached carboxylic acid moieties to lignin through aldehyde-
assisted fractionation (AAF) with glyoxylic acid (Scheme 2.2.11).72* Addition
of glyoxylic acid functionalized lignin (GA-lignin) to an emulsion of mineral oil and
water significantly prolonged the stability of the emulsion from 7 days to 180 days
without any visible phase separation and therefore allowed its use in cosmetic
applications such as creams and lotions.'?* In another study, GA-lignin was used
for the synthesis of epoxy resins that contained up to 70 wt% of lignin, by curing
with polyethylene glycol diglycidyl ether (PEGDGE, Scheme 2.2.11).292 All epoxy
films possessed excellent UV barrier properties while maintaining good visible
light transparency and are therefore promising materials for food packaging
applications.?%? The reported procedures for AAF with glyoxylic acid and epoxy
resin synthesis are considered unsafe due to the use of possibly carcinogenic
1,4-dioxane as solvent.™” In other procedures, more sustainable
2-methyltetrahydrofuran was used as solvent for AAF with isobutyraldehyde and
propionaldehyde. 23203204 Glyoxylic acid can potentially be produced through
electrochemical conversion of carbon dioxide to further improve the sustainability

of this functionalization.?°>2% |n general, AAF is a versatile method that extracts
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lignin from wood in a single step with an aldehyde of choice to introduce new

functional groups.203.207

Scheme 2.2.11 — Aldehyde-assisted fractionation of lignin with glyoxylic acid and subsequent
epoxy resin synthesis; readapted from ref. [124,202].93
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2.2.1.4.4 Ester group functionalized lignin

Lignin esters exhibit more flexibility and a reduced Tg in contrast to pristine lignin,
rendering them suitable for thermoplastic applications on their own or in
blends.2%820° Esterification of lignin is easily achieved by reaction with highly
reactive electrophiles, such as anhydrides or acyl chlorides, resulting in a
complete functionalization of all alcohol groups, but also waste associated with
byproducts, the use of bases, and the necessary synthesis of the mentioned
electrophiles (Scheme 2.2.12). Koivu et al. reacted softwood kraft lignin with
acetyl (C2), octanoyl (Cs), lauroyl (C12), or palmitoyl (C16) chloride to prepare
lignin esters of different aliphatic chain lengths (Ecompex: 6.65-8.07, Table
7.5.1).20 The initial Ty of lignin of 145 °C decreased for all esters with an
increasing degree of substitution to a minimum of 45 °C for the fully functionalized
C16 ester. Moreover, a remarkable decrease of Tq was observed for lignin
functionalized with longer chain esters (Tg = 121 °C for C2 and 50 °C for Cs, both
with DS = 100%). Finally, Koivu et al. used the C16 ester sample to manufacture
a polyethylene blend via melt extrusion.?'® The group of Dubois used biobased
10-undecenoyl chloride (C11)?"" and oleoyl chloride (C1s) for the esterification of
soda lignin (Ecomplex: 0.10).2'2  UV-blocking films were manufactured by
compression molding of biodegradable poly(butylene adipate-co-
terephthalate) (PBAT) blended with the synthesized lignin esters. Incorporation
of 10 wt% of lignin ester into the PBAT matrix resulted in excellent UV protection
in the irradiation range from 280 nm to 400 nm without negative effects on
material properties.?'> Another commonly used functionalization agent for
esterification are linear anhydrides (cyclic anhydrides have been discussed
previously, see paragraph 2.2.1.4.3). In 2005, Thielemans and Wool synthesized
various lignin esters from anhydrides to investigate their solubility depending on
the chain length in nonpolar solvents such as styrene.'* Lignin esterification was
performed solventless in acetic anhydride (C2), propionic anhydride (Cs),
butyric anhydride (Cs4) and methacrylic anhydride with 1-methylimidazole as

catalyst to achieve full functionalization for all modifications (Scheme 2.2.12,
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Ecomplex: 2.05). Lignin butyrate and butyrate/methacrylate were found to be
soluble in styrene and can therefore potentially be incorporated into unsaturated
polyester composites.’®*2'3 Luo et al. used crotonic anhydride to add
polymerizable double bonds to lignin for thermosetting
applications (Ecomplex: 1.75).2'*  To investigate whether the introduced
crotonyl groups improve the radical polymerization, lignin crotonate and lignin
butyrate (as reference sample without double bonds) were cured at 175 °C.
Thermally initiated cross-linking was observable through increased viscosity and
Tg of lignin crotonate after heating. In contrast, lignin butyrate (Ecomplex: 1.59)
showed no difference in properties after curing.?'* Esterification procedures using
acyl chlorides and acid anhydrides achieve full functionalization for almost every
procedure and exhibit good E-factors with solventless
conditions (Ecomplex: 1.59-8.07, Table 7.5.1).212214.215 However, additional waste
will be generated if acyl chlorides are used, since the byproduct hydrogen
chloride requires neutralization with stoichiometric amounts of bases. Moreover,
the discussed procedures using anhydrides are hazardous due to the use of toxic

1-methylimidazole as catalyst.?16.217

Scheme 2.2.12 - Esterification of lignin with acyl chlorides (left) and anhydrides (right); readapted
from ref. [194,210,212,214].93
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To allow comparison with other esterification procedures, acyl chloride and

anhydride containing procedures must be considered as sequences starting from
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the corresponding carboxylic acids. Chlorination of carboxylic acids is usually
achieved by reaction with hazardous oxalyl chloride, which itself is produced from
ethylene carbonate and toxic chlorine (Ecomplex: 2.01-7.13).179.212218219  Acetic
anhydride is industrially produced from acetic acid by thermal dehydration into
ketene at 700 °C and subsequent reaction of ketene with acetic acid (ketene
process).??® Propionic anhydride is similarly produced from propionic
acid.??! higher homologues of acid anhydrides are prepared from the
corresponding carboxylic acid by reaction with its acyl chloride derivative or more
sustainably by reaction with its mixed anhydride of acetic acid.??%???2 The use of
anhydrides is therefore preferred over acyl chlorides, since no toxic substances
are needed for their production. However, it should be noted that only procedures
for up to Ce anhydrides are reported for lignin esterification.??2> Considering the
amount of waste generated during esterification, the use of carboxylic acids as
functionalization agent is theoretically more sustainable than with acyl chlorides
or anhydrides, since the condensation byproduct water (18.0 g mol™') has a
lower molecular weight than the respective condensation byproducts hydrogen
chloride (36.5gmol™") and carboxylic acids (acetic: 60.1 g mol™,
propionic: 74.1 g mol™'). Esterification of lignin with pure carboxylic acids
is however scarcely found in literature and usually results in low degrees of
substitution. As already mentioned in the epoxide section (2.2.1.4.2), Renneckar
et al. esterified kraft lignin with propionic acid at 120 °C and removed the
byproduct water by evaporation thus shifting the equilibrium toward the product
side (Ecomplex: 9.93, Scheme 2.2.13a).2?* A degree of substitution higher than
80% was observed for aliphatic alcohol groups, proving that esterification with
carboxylic acids as reagent is a viable method for lignin
functionalization. However, aromatic alcohol groups stayed almost
unfunctionalized with this method, as expected, resulting in a low overall degree
of substitution. Renneckar et al. therefore implemented a hydroxyethylation step
prior to esterification to convert aromatic alcohol groups through selective
functionalization (Scheme 2.2.13b).?%
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Scheme 2.2.13 - Esterification of lignin with carboxylic acids; readapted from ref. [224,225].93
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Optimized reaction conditions used ethylene carbonate as reagent and solvent
and efficiently converted 90% of aromatic alcohol groups into hydroxyethyl
ethers (Ecomplex: 2.19).'82 hydroxyethylated lignin had an increased thermal
stability and a lower Tg than unmodified lignin. Finally, hydroxyethylated lignin
was functionalized with propionic acid (Cs), valeric acid (Cs), octanoic acid (Cs),
or oleic acid (C1s) to achieve degrees of substitution of 87%, 79%, 81%, and 77%,
respectively.'® Recycling of excess carboxylic acids used as solvent for the
reaction was possible by distillation to further reduce the amount of
waste generated (Ecomplex: 0.99-2.15)."82  Moreover, for the esterification
procedure with propionic acid, a one-pot procedure was developed that allows
precipitation of different molecular weight fractions with low dispersities and high
degrees of esterification (DS = 85%).2%° Intriguingly, Verge et al. utilized the
reduced reactivity of phenols toward esterification and reacted soda lignin with
3-(4-hydroxyphenyl)propanoic acid (Ecomplex: 1.19, Scheme 2.2.13c).??° Reaction
conditions similar to the esterification procedure by Renneckar et al. were applied
to prevent esterification of aromatic alcohols.'®2224 After reaction at 140 °C, a
large decrease of aliphatic alcohol groups and a simultaneous increase in
p-hydroxyphenyl alcohols was observed via 3'P NMR spectroscopy, while the
number of substituted phenols (e.g., syringyl) did not change. Aliphatic alcohols
were thus efficiently transformed into esters with hydroxyphenyl moieties to

establish a more uniform functionality of aromatic alcohols, while carboxylic acids
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stayed unfunctionalized.??® Furthermore, this procedure resembles a benign and
more sustainable alternative to phenolation pretreatment, which is often applied
prior to amination reactions (see above), which uses toxic phenol to add more
aromatic alcohol groups to lignin.??” Esterification of aliphatic alcohol groups of
lignin with pure carboxylic acids is efficient and can be conducted in solvent- and
catalyst-free  systems. The  presented procedures exhibit low
E-factors (Ecomplex: 1.19-2.15) and use more benign chemicals than procedures

involving acyl chlorides and anhydrides.
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2.2.1.4.5 Multiple bond functionalized lignin

The insertion of multiple bonds onto lignin (i.e., double or triple bonds) unlocks
various possibilities for the use of lignin as macromonomer (Table 7.6.1). In
2017,228 the functionalization of hydroxyl groups of lignin via typical Steglich
esterification conditions, namely DCC mediated esterification with 4-pentenoic
acid in the presence of 4-(dimethylamino)pyridine (DMAP), in dimethylformamide
(DMF) as solvent was reported. The thus obtained double bond containing lignin
was subsequently reacted with polyethyleneglycol (PEG)-thiol (and other thiols)
to produce poly(lignin-co-PEG). It was unfortunately not possible to calculate any
E-factor for this procedure, due to a lack of necessary data. However, major
concerns are related to some compounds used for the functionalization, i.e., DCC
and DMAP are classified as toxic substances’”®22° and DMF is also considered
a harmful substance.?% Insertion of triple bonds to lignin is also reported in the
literature, mostly for subsequent azide-alkyne click reaction purposes. For
instance, lignin-alkyne synthesis is reported via esterification with 5-hexynoic acid
(in the presence of pivalic anhydride and DMAP in THF)23! or via functionalization
with propargyl bromide.?3? Both procedure involve toxic chemicals??9233-235 gnd
an imperative shift toward more environmentally benign and sustainable

methodologies is necessary.

A recent protocol, published in 2023 by Renneckar et al.,?*® provides a simple
esterification protocol to introduce vinyl esters onto lignin. Advantages of the
procedure are its solventless and catalyst-free conditions. However, despite
these favorable features, the protocol consists of a two-step modification,
first hydroxyethylation with ethylene carbonate, followed by esterification with
acrylic acid (Scheme 2.2.14). Multi-step procedures should be avoided, as
already mentioned previously concerning phenolation pretreatment. Moreover,
acrylic acid raises concerns due to its toxicity.?>” The authors report a degree of
substitution (DS) of 40.7% of the aliphatic hydroxyl groups using optimized
conditions for the esterification. The calculated Esimple for this procedure are 4.80
and 3.07 for the first and second step, respectively, leading to a Esequence Of 7.76

for the two-step procedure.
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Scheme 2.2.14 - Introduction of vinyl moieties to lignin via esterification with acrylic acid;
readapted from ref. [236].93

s
OH OH o °
Lignin Lignin Lignin Lignin Ho)v Lignin Lignin
Ethylene carbonate Acrylic acid
o P 120 °C, 2.5 h, cat. Na,CO3 | ignin o~ 90°C,30h  Lignin o~
Lignin (0] co o) -H,0 o
OH T2

A selective allylation of the phenolic hydroxyl groups of lignin is reported by
C. Gioia and M. Lawoko et al.?*® by reacting them with allyl chloride. This
procedure, despite being useful for tailor-made functionalization of lignin, involves
the use of toxic allyl chloride,?3° therefore better alternatives should be employed
when selectivity is not necessary. Alternatively, and far less toxic, allyl methyl
carbonate was successfully applied for the selective allylation of organosolv lignin
in a water/ethyl acetate mixture.?*® The procedure relies on a palladium
nanoparticle catalyzed Tsuiji-Trost allylation, very high turnover numbers of up to
500.000 were reported for model compounds. Generally, organic carbonates are
a class of compounds that has received increased interest in recent years,
especially in the field of lignin modification. They are widely recognized
as greener reagents and benign alternatives to common organic solvents and/or
reagents.?*! For instance, in 2015, methylation of softwood kraft lignin was
achieved via reaction with dimethyl carbonate (DMC),?4? a greener alternative to
toxic and carcinogenic methylating agents commonly used, such as
dimethylsulfate 243244 methyl iodide,?*® or trimethyl phosphate.?*¢ In this context,
introduction of double bonds onto lignin can be achieved both via utilization of
non-cyclic and cyclic organic carbonates. The work of Meier and Over?*’ reports
a solvent-free allylation procedure of organosolv lignin via functionalization with
diallyl carbonate (DAC) in the presence of tetrabutyl ammonium bromide (TBAB)
as phase transfer catalyst (Scheme 2.2.15). With optimized conditions (120 °C,
5h, 1 equiv. TBAB, 10 eq. DAC) 100% and 79% conversion of aromatic and

aliphatic hydroxyl groups was achieved, respectively. The authors also report
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recycling attempts for TBAB and DAC, resulting in 97% recovery of TBAB and
59-62% recovery of DAC, via extraction and distillation, respectively. The lowest
calculated Esimple for this procedure is 5.42, considering the recovery of DAC, and
9.43 in the case of recovery of TBAB. These relatively high E-factors are ascribed
to the high equivalents of DAC used (10, with respect to the total of
OH groups). However, Meier et al., reported that the equivalents of DAC could
be decreased to 3, obtaining similar conversions. Indeed, this was further
demonstrated by the same group in a subsequent work?*8 and later by Johansson
et al.*° In both cases, 3 equiv. of DAC (with respect to the total of OH groups)
were employed to functionalize lignin, and in both procedures TBAB was
recycled, with 92% and 88+3% recovery, respectively (Esimple: 1.87 and 2.09,
respectively, considering recovery of TBAB). This further demonstrates the
intrinsic sustainability of this procedure. Moreover, DAC can be synthesized from
sustainable DMC in the presence of allyl alcohol.20-25" However, allyl alcohol still
presents difficulties correlated to its toxicity?®? and production methods,?%3 even if
recent progress has been made to produce it more sustainably via

deoxydehydration of glycerol.254255

Scheme 2.2.15 - General reaction scheme of the allylation of lignin using diallyl carbonate;
readapted from ref. [247].93
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Functionalization of lignin using cyclic carbonates is also widely reported, leading
to insertion of different functional groups, depending on the cyclic carbonate
used.??42%6-259% Concerning the introduction of double bonds, an interesting
procedure is reported by Avérous et al., where lignin is functionalized with
different organic cyclic carbonates, in particular with vinyl ethylene carbonate
(VEC).?5” VEC is used both as solvent and reagent, in excess (10 equiv. with

respect to the reactive groups), in the presence of potassium carbonate (K2CO3)
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in catalytic amounts (0.1 equiv. with respect to the reactive groups). Despite the
toxicity of VEC,25° which needs to be taken into consideration, advantages of this
procedure are the use of the economic and benign K2COs catalyst, as well as its
solvent-free character. Full conversion of phenolic hydroxyl groups was reached
in 1 hour at 150 °C (Esimple: 6.01). Further investigation should be considered in
order to assess if VEC equivalents can be reduced, maintaining the same
conversions. A scheme of the reaction between a general cyclic carbonate and
different hydroxyl groups of lignin can be found in Scheme 2.2.16, and a more

detailed discussion on this topic will be provided in a later section.
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2.2.1.4.6 Hydroxyl group functionalized lignin

Lignin-based polyols (LBPs) have attracted growing interest in the field of
polymeric materials, due to the introduction of lignin as a renewable feedstock for
the production of biobased polyols. Lignin itself presents a variety
of hydroxyl groups in its structure, as already described previously. However, due
to the different nature of lignin’s hydroxyl groups and its intrinsic heterogeneity, it
is difficult to achieve homogeneous reactivities, and often this is a drawback in
order to obtain reproducible results. This problem can be addressed by rendering
the chemical structure of lignin more homogeneous, i.e., converting
phenolic hydroxyl groups into less sterically-hindered and predominantly
aliphatic ones. LBPs have seen extensive research as substitutes for
conventional polyols in polyurethane (PU) synthesis, which are commonly
synthesized from diisocyanates and polyols. Generally, the traditional way to
produce LBPs, first introduced in the 1980s by Glasser et al.,?®! is oxyalkylation
in the presence of alkylene oxides. Several works explored lignin oxypropylation
with propylene oxide (PQO),262-264 gs well as other alkylene oxides,?%® and the
behavior of the obtained LBPs was investigated for PU rigid foam application. In
the work of Ragauskas and Li,%%2 for instance, a lignin polyol was obtained from
oxypropylation with PO, and mixed in different percentages with two other polyols
and reacted with polymeric methylene diphenyl diisocyanate (MDI). The
percentage of lignin polyols in the mixture ranged from 0% to 100%. Interestingly,
as the weight percentage of lignin polyols increased, a corresponding
improvement in compressive strength and modulus of the PUs was observed.
Specifically, when using 100 wt% of lignin polyols, the foam exhibited a 44%
increase in compressive strength and a 135% increase in modulus compared to
the control foam, which contained 0 wt% lignin polyols. Usually, oxypropylations
with PO are conducted in the presence of a base via anionic ring-opening
polymerization (AROP),?%4 leading to grafting of oligomeric chains of
polypropylene glycol onto lignin, and generating the
correspondent homopolymer,266 that can either be removed via solvent

extraction?7:262 or can be left in the reaction mixture as bifunctional co-polyol.?6?
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Moreover, oxypropylation reactions are typically conducted at high temperatures
(around 150 °C), far above the boiling point of PO (34 °C). Therefore, high
pressure is required, raising the overall energy consumption and necessitating
specialized equipment, such as pressure reactors.?6* Another work?%® partially
circumvented some issues by synthesizing a family of LBPs via cationic ring-
opening polymerization (CROP) with different oxiranes in the presence of boron
trifluoride (BF3) as Lewis acid catalyst and THF as solvent and co-monomer. The
reaction conditions were mild (room temperature and atmospheric pressure),
decreasing the energy consumption compared to the AROP method. Notably, the
formation of the homopolymer side product was minimized to 5 wt%, a significant
reduction compared to maximum values up to 70 wt% reported for the AROP
method.?%* Oxyalkylation is a useful tool that permits the synthesis of LBPs in a
straightforward manner, however, it suffers from numerous drawbacks, and more
sustainable ways to produce LBPs have been the subject of recent research
advancements. PO, as well as other alkylene oxides, is a highly toxic and harmful
substance with several concerns correlated also to its difficult handling,
flammability, and explosivity.?67268 An alternative method was investigated by
Avérous et al. in 2016,%%° performing oxypropylation on condensed tannins, the
second most abundant source of renewable aromatic structures, with propylene
carbonate (PC). In particular, PC was utilized as a replacement for PO in tannin
functionalization and optimization of the reaction conditions was carried out.
Cyclic carbonates (such as propylene carbonate and ethylene carbonate) are a
well-known class of organic reagents and solvents of high boiling point, and in
most cases represent a sustainable alternative to traditional toxic reactants.?”°
The different reactivity of lignin moieties with a general cyclic carbonate is
depicted in Scheme 2.2.16.
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Scheme 2.2.16 — Reactions of a general cyclic carbonate with different functional groups of
lignin.%3
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Usually harder nucleophiles, such as aliphatic alcohols, tend to react preferably
at the carbonyl of the cyclic carbonate, leading to carbonate linkages. Phenolic
alcohols and carboxylic acids, i.e. softer nucleophiles, preferably attack one of
the two alkylene carbons with concomitant release of COz, generating ether
linkages. This difference in reactivity can further be tuned by varying the reaction
conditions. For instance, it was observed that for high reaction temperatures
(>170 °C), basic catalysts, and lower reaction times, etherification is favored over
carbonate linkages.2%6:258 Oxyalkylation of organosolv lignin with PC was studied
and optimized by the work of Lehnen et al. in 2017.2%8 In this work, the influence
of parameters such as reaction temperature, time, and equivalents of catalyst
and PC was studied. The solvent-free procedure led to a maximum chain length

of grafted propyl units of 4.6 utilizing the optimized conditions, in the presence of
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catalytic amount of 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU). A later publication
of the same group?°¢ applied the optimized conditions for PC to other cyclic
carbonates, namely ethylene carbonate (EC), propylene carbonate (PC),
butylene carbonate (BC) and glycerol carbonate (GC), generating a family of
LBPs (Scheme 2.2.17). Moreover, the influence of pulping process and lignin
source was examined, unveiling the higher reactivity for the two kraft lignins
tested, due to their higher number of aromatic hydroxyl groups, compared to the
other types of lignins investigated (organosolv and soda lignin), proving once
again the importance of the isolation method on the chemical structure of lignin.

Calculated Esimpie for this procedure are in the range 3.59 — 4.19 (Table 7.7.1).

Another study from Avérous et al.?5” compared reactivities of four different cyclic
carbonates, namely EC, PC, GC and vinyl ethylene carbonate (VEC). In this
procedure, the toxic and expensive organobase DBU was substituted by the more
benign and cheaper inorganic catalyst, potassium carbonate (Esimple: 4.94 - 6.02).
The equivalents of the cyclic carbonate and catalyst remain the same for both
procedures (10 and 0.1 equiv., respectively, relative to the sum of reactive sites
of lignin). Consequently, the lower E-factors for the procedure of Lehnen et al.
(Esimple: 3.59 — 4.19) are attributed to the fact that they were calculated based on
theoretical yield, therefore they reflect the lowest possible values obtainable with

this procedure (see Appendix 7 for details).
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Scheme 2.2.17 - Lignin hydroxyalkylation with different cyclic carbonates: butylene carbonate
(red), ethylene carbonate (blue), propylene carbonate (green) and glycerol carbonate (orange),

readapted from ref. [256].93
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The same group later applied the concept of lignin functionalization with ethylene
carbonate for PU foam production.?®® In particular, they developed a new method
for lignin-based liquid polyol synthesis in PEG as solvent. The LBPs were
prepared in a single-step and purification-free manner, mixing different ratios of
lignin with PEGs of different chain lengths, and subsequently reacted with EC.
The lignin content in the polyols was varied between 20 and 30 wt%. The process
was scaled up to 200 g batches, obtaining four LBPs that were used in the
preparation of rigid PU foams, varying the substitution of a standard polyether
polyol with LBPs up to 100 wt%. Since the preparation of LBPs does not require,

in this case, any work-up or purification procedure (they can be directly employed
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for foams preparation) the E-factor for this procedure is equal to 0, because no

waste is generated.

Turning to a different aspect, an interesting procedure was reported by the group
of Lehnen et al.,?”! where lignin was first functionalized with glycerol carbonate
(GC), following a previous procedure.?%¢ Afterwards, the newly inserted 1,2-diols
were reacted with dimethyl carbonate (DMC) to produce cyclic carbonate
functionalized lignin (Scheme 2.2.18, (271)). Cyclic carbonate moieties can be
obtained via carbonation of epoxides with CO2. However, for lignin,
epoxide groups are typically introduced via epoxidation with toxic
epichlorohydrin.?’2-274 However, in this work, a more sustainable route was
followed. Under optimized conditions, a lignin containing 1.54 mmol g-! carbonate
functionalities was obtained. Potassium carbonate was utilized as catalyst for the
transesterification reaction (0.4 equiv.), together with 5 equiv. of DMC in DMSO
as solvent. Furthermore, the catalyst K2COs could be quantitatively recovered
(97-99%) and reused for subsequent syntheses with comparable results to
commercial K2COs, lowering the Esimple for the transesterification step from 5.04

to 4.78 due to this recycling.

Cyclic carbonate functionalized lignin can be used as a lignin-based prepolymer
for non-isocyanate polyurethane (NIPU) applications. NIPUs have arisen as
sustainable alternative to the use of toxic isocyanates (and their precursor,
phosgene) for PUs synthesis. They are often synthesized from polyamines in the
presence of (poly)cyclic carbonates. In this context, an interesting work from
2020275 follows the path reported by Lehnen et al.?”" to produce cyclic-carbonate
(CC) functionalized lignin, which was then used, together with Priamine™, a fatty
- acid based diamine, to obtain NIPU foams from renewable resources (Scheme
2.2.18, (275)).
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Scheme 2.2.18 - Lignin hydroxyalkylation with glycerol carbonate and subsequent
transesterification with dimethyl carbonate, to produce cyclic carbonate functionalized lignin, 2"
that is subsequently reacted with Priamine™ to yield lignin-based NIPU;27% readapted from ref.
[271,275].93
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The cross-linked polymers were tested in dog-bone shaped samples for
mechanical properties, showing a decrease in ultimate-tensile strength and
modulus with decreasing ratio CC:NH2 from 1:1 to 1:2, confirming that a lower
cross-linking density contributes to more flexible materials. Interestingly, the
samples also showed shape-memory capability, thanks to the simultaneous
presence of both hard and soft segments. In addition, the authors produced
lignin-based NIPU foams in the presence of the chemical blowing agent
poly(methylhydrosiloxane) (PMHS). Foams were tested for their density, porosity
and compressive strength at 10% strain, revealing once again that a higher
crosslinking density leads to an increase in compressive strength. Moreover,
SEM measurements showed that cell diameters doubled from ratio 1:1 compared

to 1:2, revealing a more open structure with decreasing crosslinking density.

Recently, the same group demonstrated that lignin-based NIPU foams can be
chemically recycled, with subsequent reutilization of lignin in a second generation
of polymers.?2’6¢  Ethylene glycol (EG) assisted hydroglycolysis, i.e.,

alkaline hydrolysis aided by the addition of EG, showed 93% mass recovery of
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the waste NIPU foams. Moreover, recycled NIPU foams were re-synthesized
using 100% recovered lignin, showing very similar properties to virgin foams. LCA
analysis of the process was also reported, leading to a GWP value for the

first generation of foams of 1.89 kgCO2eq.

Finally, more sustainable ways have been developed for the synthesis of LBPs,
involving the utilization of organic cyclic carbonates. The corresponding
polyols have been tested for PU rigid foam application, and more recently, for
NIPU synthesis. Moreover, hydroxyethylation of lignin with ethylene carbonate is
widely reported as a pretreatment in order to achieve homogeneous reactivity of

the lignin macromonomer structure.
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3 Aim

In light of the considerations discussed in the previous chapters, a transition
toward renewable and more sustainable materials is essential. Lignin represents
a promising renewable feedstock due to its abundance, biodegradability, and
intrinsic functional properties such as UV absorption and antimicrobial
activity. However, its application in polymer chemistry remains limited by
structural heterogeneity, variability arising from different sources and isolation
methods, and by the frequent use of toxic reagents or precursors reported in

lignin modification protocols.

The overall aim of this doctoral work is to design and synthesize novel lignin-
based polymeric materials, with particular focus on thermosets, and to

systematically characterize their chemical and physical properties.

In accordance with the principles of green chemistry, this work seeks to employ
more sustainable synthetic strategies, including the use of multicomponent
reactions, the reduction or elimination of solvents, and the avoidance of toxic
chemicals and precursors. Within this framework, lignin is utilized as a
macromonomer and its structure is modified through the introduction of different
crosslinkers and functionalizing agents. These modifications enable the tuning of

material properties, as detailed and discussed in the following chapters.



4 Results and Discussion

This section discusses the modification of lignin for its use as a macromonomer

in polymer materials, following three complementary strategies.

In the first part, Chapter 4.1, lignin is employed as a macromonomer for the
synthesis of lignin-derived polycarbonates using dimethyl carbonate as reagent.
Different synthetic approaches are explored and critically discussed in relation to

their efficiency and the resulting material structures.

The second part, Chapter 4.2, focuses on a two-step lignin modification aimed
at introducing cyclic carbonate functionalities, enabling its subsequent use as a
macromonomer in fully bio-based non-isocyanate polyurethanes (NIPUs). These
materials are synthesized in combination with other renewable monomers, and
their properties are thoroughly characterized. In addition, the synthesis of a

renewable polyamine used in this system is described.

In the third part, Chapter 4.3, lignin is functionalized using renewable itaconic
anhydride, providing a novel lignin derivative that is comprehensively
characterized. This macromonomer is investigated in several thermoset
applications, including Passerini-based thermosets, epoxy resins, and thia-
Michael networks. Among these systems, epoxy resins are discussed in greater
detail. Finally, an analogous macromonomer obtained through modification with
saturated succinic anhydride is synthesized using a similar approach and

employed for a comparative evaluation of the resulting material properties.
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4.1 Lignin Carbonates

The work presented in this chapter has not been previously published. All
experiments, optimization studies, data analyses, and interpretation of the

results were carried out independently by the author of this thesis.

4.1.1 Abstract

This chapter investigates the use of dimethyl carbonate (DMC) as a benign
reagent for the preparation of lignin-based polycarbonates with potential chemical
recyclability. DMC enables the formation of carbonate linkages between lignin
macromonomers, while simultaneously inducing methylation of
phenolic hydroxyl groups under suitable conditions. The resulting carbonate
bonds can undergo methanolysis, allowing depolymerization and recovery of a
lignin-derived structure, albeit with partial chemical modification. Nevertheless,
aliphatic hydroxyl groups remain available for re-crosslinking in this strategy,
supporting the concept of a reversible lignin modification cycle. This
work explores the potential of carbonate-linked lignin systems as a step toward

circular lignin-based polymer materials.



4 Results and Discussion

4.1.2 Introduction

Recent advances in lignin chemistry have demonstrated that tailored
functionalization can enhance its reactivity,®® compatibility,?’”2"® and
processability,?’® enabling access to a wide range of polymeric
materials. However, many lignin-derived polymers reported to date are based on
reactions that often lead to thermally and chemically stable networks. 174,280,281
While such systems often show excellent mechanical performance,?82283 their
lack of recyclability limits their contribution to a circular materials economy. In this
context, organic carbonates provide a promising route for chemical recyclability.
Dimethyl carbonate (DMC), for instance, is a benign, non-toxic reagent capable
of reacting with lignin hydroxyl groups to install carbonate functionalities. When
used in high excess, DMC functionalizes the lignin structure, yielding carbonated
moieties for aliphatic hydroxyl groups and methylated derivatives for
phenolic hydroxyl groups, whereas in more controlled amounts, DMC can act as
a difunctional carbonate linker between lignin fragments. This approach would
enable the formation of lignin-based polycarbonate materials in which the lignin

macromonomer is connected through carbonate bridges.

The utilization of lignin for the production of polycarbonates remains scarcely
explored. Several reports focus on the usage of lignin-based monomers,
particularly phenolic diols, which have been investigated as partial or full
substitutes for BPA in conventional polycarbonate chemistry.24-288 |n contrast,
the direct use of lignin as a macromonomer in polycarbonate systems is still
largely unexplored. A very recent study reports the synthesis of lignin-based
polycarbonate polyols via transesterification with DMC.28° In this approach, a
mixture of lignin and polyethylene glycol (PEG) containing 30 wt% lignin, was first
oxyalkylated with propylene carbonate (PC), introducing hydroxypropyl grafted
moieties and PEG-chains onto the lignin backbone, as well as the PEG adduct
after its reaction with PC. Subsequent transesterification with DMC yielded lignin-
based polycarbonate polyols, which were then employed to partially substitute
fossil-based polyols in flexible PU foams. Although PEG is typically petroleum-
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based, commercially available biobased alternatives can be used as

substitutes.290

A key advantage of carbonate linkages is their chemical reversibility. In the
presence of methanol (MeOH), the carbonate moieties undergo methanolysis,
regenerating a lignin structure together with DMC (Scheme 4.1.1). Importantly,
under these conditions, methylation of phenolic hydroxyl groups cannot be
excluded. These methylated derivatives would be hardly cleavable under
methanolysis conditions and would therefore remain in the lignin structure after
the recycling process. This would certainly influence the properties of the final
retrieved material, but should not hinder a possible re-crosslinking via DMC
through aliphatic hydroxyl groups. This closed-loop depolymerization establishes
a reversible lignin modification cycle, positioning lignin polycarbonates as an
example of macromolecular systems that can be assembled and disassembled

under potentially mild conditions.

Scheme 4.1.1 — lllustrative scheme of the desired synthesis of lignin-derived polycarbonates from
OL, focusing on the circularity of the project via the cycle of functionalization — recycling. Phenolic
O-methylation side reactions are not shown in this simplified scheme
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4 Results and Discussion

This chapter explores the synthesis and characterization of lignin-based
polycarbonates prepared through DMC-mediated coupling and highlights the

potential of lignin as a truly circular macromonomer for future polymer materials.

4.1.3 First Approach with DMC as Limiting Reagent

4.1.3.1 Reactivity of DMC with Lignin

It is well established in the literature that DMC represents a significantly more
environmentally benign alternative to traditional reagents such as methyl halides,
dimethyl sulfate, and phosgene.?®! It can serve both as a methylating agent (in
place of methyl halides or dimethyl sulfate) and as a carbonylating agent (in place
of phosgene), thereby substantially reducing operator exposure risks
and minimizing waste-treatment challenges. In addition to being of low toxicity,
DMC offers a greener and more sustainable option compared to conventional
reagents, and its reactivity can be readily tuned by adjusting reaction conditions
and parameters.?°? In particular, in the presence of a nucleophile, DMC can react
via two different pathways, illustrated in Scheme 4.1.2. In the first pathway, BaL2
(bimolecular, base-catalyzed, alkyl cleavage, nucleophilic substitution), the
nucleophile attacks the methyl groups of DMC, leading to the formation of the
methylated adduct, methanol, and COz2, the latter leaving the reaction as a gas
and thus leading to the irreversibility of this process. In the second pathway,
instead, the nucleophile attacks the carbonyl carbon of DMC, leading to the
carboxymethylated adduct via Bac2 (bimolecular, base-catalyzed cleavage,
nucleophilic acyl substitution). These two pathways can be influenced by
temperature and type of nucleophiles. It was generally observed that at reflux (T
= 90°C) and atmospheric pressure, DMC acts predominantly as
carboxymethylating agent, following Bac2 pathway, while for higher
temperatures (under pressure and over its boiling point) it acts as a methylating
agent via BaL2 pathway.?%%29 More importantly, the nature of the nucleophile
strongly influences the reactivity. DMC possesses two electrophilic sites and the

selectivity toward either one or the other can be explained by the Hard—Soft
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Acid—Base Theory (HSAB Theory), introduced by Pearson.?% For instance, it is
reported that hard nucleophiles, such as alkoxides, react preferably via the Bac2
mechanism, while softer phenolate anions (or thiolates) preferentially react via

the BaL2 mechanism.2%°

Scheme 4.1.2 — Typical pathways for DMC reactivity with nucleophiles, via methylation or
carboxymethylation, with a generic nucleophile (Nu).
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Lignin presents a multitude of different functional groups that can react with DMC
according to different mechanisms. In Scheme 4.1.3 the general expected

reaction pathways between lignin and DMC are delineated.
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Scheme 4.1.3 — Main reaction pathways between lignin main functional groups and DMC.
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4.1.3.2 Influence of Reaction Time

The employed Organosolv beech wood lignin (OL) used in this doctoral thesis
was kindly donated by the Fraunhofer Center for Chemical-Biotechnological
Processes, CBP. OL was isolated via organosolv pulping in an ethanol-water
mixture and used without any further treatment, unless stated otherwise.
Characterization of OL was performed via SEC (both in THF and DMAc as
solvents), IR, '"H NMR, 3C NMR, TGA, DSC, and 3'P NMR. The data are reported
in Chapter 6.3. Quantitative determination of -OH group content and distribution
in OL and its derivatives was performed via 3'P NMR by quantitatively reacting
the free hydroxyl groups with 2-chloro-4,4,5,5-tetramethyl-1,3-2-
dioxaphospholane (TMDP) to yield phosphite esters, according to the original
procedure of Argyropoulos et al.>®® The phosphitylated products can be detected
quantitatively, with the assistance of a phosphitylated internal standard, endo-N-
hydroxy-5-norbornene-2,3-dicarboximide (NHND), via 3'P NMR spectroscopy.
By integration of the signals, it is possible to obtain quantitative values of
different hydroxyl group types, according to the calculations reported from

Argyropoulos et al.?%, as described in the experimental section (Chapter 6.2).

Initial efforts were devoted to finding optimal conditions for the
carboxymethylation reaction that could lead to crosslinking. Literature reports that
the reactivity of DMC toward hydroxyl groups depends strongly on substrate and
reaction conditions. In model systems resembling lignin, aliphatic hydroxyls
usually require basic catalysts and high temperatures to quantitatively undergo
transesterification with DMC.2% A low reactivity, and therefore no full conversion
of the aliphatic groups, was expected. Consequently, the equivalents of DMC
were initially kept stoichiometric to the total amount of -OH groups of lignin and
the influence of several parameters was investigated, starting with the reaction
time. Due to the low amount of DMC employed, an additional solvent was needed
for the reaction. Briefly, OL was dissolved in dry DMSO in a 5 wt% concentration
and was allowed to react with DMC in the presence of DBU as base, at 90 °C. In

Table 4.1.1 an overview of the conditions tested is described.
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A first assessment to detect the successful outcome of the reaction was done via

IR spectroscopy, and for selected samples, 3'P NMR was also conducted.

To identify the optimal reaction time, in the first experiment, several aliquots were
collected after 24, 48, and 72 h at 90 °C, to investigate the outcome of the
reaction over time. As shown in Figure 4.1.1, the IR spectra of different aliquots
over time do not show significant changes among each other, showing that the
conversion of the reaction was not significantly altered by the reaction time. In
case of successful carbonate linkage introduction, an increase in the carbonyl
stretching vibration area (1800-1700 cm') is expected. Moreover, a modest
increase in the C-H stretching vibration area (2900-2800 cm-'), that indicates
concomitant methylation of phenolic -OH and/or reaction of aliphatic - OH groups
with only one side of DMC, leading to carboxymethylated structures, would

probably be observed as well.

For the first two samples (24 h and 48 h, Entries 1 and 2 Table 4.1.1), however,
the 3'P NMR results do not fully align with these observations. The reduction in
aliphatic hydroxyl groups determined by 3'P NMR is significantly higher than
suggested by the IR spectra (a visual representation of the hydroxyl group
distribution is shown in Figure 4.1.2). Although, in this case, IR spectroscopy is
mainly used to provide qualitative information, such a high decrease in aliphatic
-OH groups shown by 3'P NMR (from 2.42 mmol-g™' aliphatic -OH in the starting
material (OL) to 1.00 mmol-g' after 48 h of reaction) should result in a noticeably
stronger carbonyl stretching vibration signal, which was not observed. To clarify
this discrepancy, additional experiments were conducted, as described in the

following paragraphs.
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Figure 4.1.1 — IR spectrum overlay of the starting material (OL, black) and the aliquot of the
reaction with stoichiometric amounts of DMC after 24 h (orange), 48 h (blue) and 72 h (green). IR
spectra are normalized to the 1504 cm-! aromatic C=C stretching vibration of lignin, which is not
expected to change after the modification.

Table 4.1.1 — Main reaction parameters for the initial screening of reaction time investigated.

Time OHAIiphatic OHAromatic OHTotaI
Entry
(h) (mmol-g')? (mmol-g)? (mmol-g')?
oL - 2.42 1.83 4.35
1 24 1.56 1.70 3.26
2 48 1.00 1.38 2.43
3 72 -b -b >

General conditions: dried OL (5 wt% in DMSO, anhydrous), 1 equiv. of DBU and 1 equiv. of
DMC (both respectively to the total amount of -OH groups of lignin, calculated from 3'P NMR) are
added into a crimp vial. The solution is stirred at 90°C. 2: Determined from 3'P NMR. °: not
performed.
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Figure 4.1.2 — Column bar graph showing the -OH distribution for the starting material (OL), and
the hydroxyl groups profile distribution for the aliquots after the reaction with stoichiometric
amounts of DMC after 24 and 48 h.
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4.1.3.3 Influence of the Catalyst

To gain further insights into the reaction conditions, the type of base was also
tested as a parameter that could influence the conversion for this reaction.
Typically, organobases such as 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) or
1,5,7-triazabicyclo(4.4.0)dec-5-ene  (TBD), are known to promote
transesterification?%3%° and alkylation of substituted phenols with dialkyl
carbonates.3%! In particular, TBD has been described as a dual catalyst in the
aminolysis of five-membered cyclic carbonates, activating simultaneously
via hydrogen bonding both the cyclic carbonate and the amine.3%? Although this
catalytic behavior has been primarily discussed for amines, a similar activation
principle can reasonably be extended to alcohols. Tetrabutylammonium bromide
(TBAB) was instead chosen as a phase transfer catalyst. It has been shown that
TBAB was very effective in the alkylation of phenols3°3 and lignin phenolic -OH?*’
with dialkyl carbonates. In this context, it was worth investigating whether this
catalytic efficiency could be extended to the carboxymethylation pathway as well
and whether TBAB could also promote reactions involving
aliphatic hydroxyl groups, thereby enabling access to both reaction pathways.
The postulated mechanism for the methylation of phenol with DMC is shown in
Scheme 4.1.4, as previously reported from Thiébaud et al.3°® where TBAB forms
a complex with the phenolate, which in turn attacks the DMC molecule in a BarL2
fashion. It should be noted that this mechanism was proposed based on
experiments conducted at elevated temperatures (130 °C), and no experimental
data were reported for lower reaction temperatures. Therefore, deviations from
this mechanistic pathway cannot be excluded under the reaction conditions

employed in the present study.
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Scheme 4.1.4 — Plausible mechanism for alkylation of phenols in the presence of TBAB,
readapted with permission from Thiébaud et a/.303
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Briefly, the reaction time was fixed at 24 h. OL was dissolved in dry DMSO in a
5 wt% concentration and was allowed to react with DMC in the presence of
1 equiv. of either TBAB, TBD or DBU at 90 °C. The IR spectra of the reactions
performed with different bases show only minor variations and no significant
improvement in conversion could be identified (Figure 4.1.3). A slight increase in
the carbonyl stretching region was observed after the reaction with TBD,
suggesting a possible higher conversion relative to the other bases. However,
this observation could not be verified by *'P NMR spectroscopy due to insufficient
sample quantity (Table 4.1.2, Entry 5). For the other two cases, i.e. TBAB and
DBU, it was possible to observe that despite no significant changes being
detected through IR spectroscopy, the 3'P NMR results show a general decrease
in the hydroxyl group content, for both aliphatic and aromatic ones. In the case of
TBAB, however, this decrease was rather low, and this could be associated with
a very low conversion of  the hydroxyl groups toward the
carboxymethylated/carbonated and methylated structures, for aliphatic and
aromatic, respectively (Table 4.1.2, Entry 4). When DBU was employed as a
base, on the other hand, the decrease in the aliphatic -OH groups content
was higher, as observed and discussed in the previous paragraph, and did not
align with the IR results. (Figure 4.1.3).
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Table 4.1.2 — Main reaction parameters for the reaction between lignin and DMC with different
bases.

Time OHAIiphatic OHAromatic OHTotaI
Entry Base
(h) (mmol-g)? (mmol-g?)? (mmol-g')?
oL - - 242 1.83 4.35
4 24 TBAB 214 1.70 3.85
5 24 TBD N.a. N.a. N.a.
6 24 DBU 1.56 1.70 3.26

General conditions: dried OL (5 wt% in DMSO, anhydrous), 1 equiv. of base and 1 equiv. of
DMC (both respectively to the total amount of -OH groups of lignin, calculated from 3'P NMR) are
added into a crimp vial. The solution is stirred at 90°C. 2. Determined from 3'P NMR. N.a.: not
enough sample available to perform further analyses.
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Figure 4.1.3 — IR spectrum after 24 h for different bases. IR spectrum overlay of the starting
material (OL, black) and the reaction with stoichiometric amounts of DMC with TBAB (orange),
TBD (blue) and DBU (green). IR spectra are normalized to the 1504 cm-' aromatic C=C stretching
vibration of lignin, which is not expected to change after the modification.
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4.1.3.4 Influence of the Solvent

Given the inconsistencies observed between the analytical techniques in
assessing the extent of the reaction, a more detailed examination was necessary.
For this purpose, a series of control experiments was carried out in the absence
of DMC to determine the influence of the solvent on the lignin structure and rule
out possible side reactions. Specifically, two solvents, DMSO—which was the
solvent of choice for the previous experiments— and DMAc, were tested in the
presence of OL, in a 5 wt% concentration, and 1 equiv. of DBU. As can be
depicted from Table 4.1.3 and Figure 4.1.4, the solvent has a pronounced effect
on the lignin structure, particularly with respect to the distribution
of hydroxyl groups. Notably, even in the absence of DMC as a functionalizing
agent, a reduction in the total -OH content is observed when the reaction is
conducted in DMSO. In the literature, a possible side reaction between DMSO
and the -OH groups of lignin is described.?*? In particular, Argyropoulos et al.?4?
postulate a reaction between DMSO and the aliphatic -OH of lignin in the
presence of a base, thereby leading to decreased amounts.3%* This could lead to
the reduction in the aliphatic -OH groups of lignin, as observed in the conducted

experiments.

Table 4.1.3 — Hydroxyl groups distribution for the starting material (OL) and the two control
reactions in the absence of DMC.

OHAIiphatic OHAromatic COOH OHTotaI
Sample
(mmol-g)? (mmol-g™)? (mmol-g™)? (mmol-g™)?
oL 242 1.83 0.10 4.35
DMSO 1.37 1.54 0.08 3.01
DMAc 2.37 1.86 0.12 4.35

General conditions: In dry DMSO or DMAc, OL (5 wt%) and 1 equiv. of DBU (respectively to the
total amount of -OH groups of lignin, calculated from 3'P NMR) are added into a crimp vial. The
solution is stirred at 90 °C for 24 h. 2: Determined from 3'P NMR.

84



[ Aliphatic -OH
[ ] Aromatic -OH

5 [ Total -OH

oL DMSO DMAc

Figure 4.1.4 — Column bar graph showing the -OH distribution for the starting material (OL), and
the hydroxyl groups profile distribution for the control reactions conducted in DMSO and DMAc.
A clear decrease in the -OH content can be observed when DMSO is used as a solvent.

When DMAc was used as solvent instead, no decrease in the -OH content was
registered, and the slight variations between the measured values fall within the

experimental error of the procedure.
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4.1.4 Second Approach - Intermediate Route

The first approach described in Chapter 4.1.3, which required the use of an
additional solvent due to the low equivalents of DMC, was ultimately discarded
due to the occurrence of side reactions between OL and DMSO. DMAc was not
initially selected as a solvent of choice owing to concerns regarding its toxicity
and its limited compliance with green chemistry principles. Consequently, a new
strategy was developed to obtain the same target material without relying on an
organic solvent. In this alternative approach, lignin is first reacted with an excess
of DMC to quantitatively methylate the aromatic hydroxyl groups and partially
carboxyalkylate the aliphatic ones. Owing to their lower reactivity, the aliphatic -
OH groups are likely not fully converted under these conditions. This results in an
intermediate—referred to as “pre-functionalized lignin"—that contains residual
aliphatic hydroxyl groups alongside newly introduced carbonate functionalities.
This intermediate is then allowed to undergo self-condensation to form lignin-
derived polycarbonates. This pathway, without additional solvents, avoids the
limitations encountered in the initial approach, while potentially still enabling
chemical recycling of the final material through methanolysis, although the
recovered lignin is expected to contain a higher degree of methylation compared
to the original strategy, due to the higher excess of DMC. For clarity, an overview

of the presented approach is presented in Scheme 4.1.5.

Scheme 4.1.5 — Overview of the second approach that involves two steps: pre-functionalization
and self-condensation.

Pre-functionalization Self-condensation
1
| I !
r \
Lignin igni Lignin
g Lignin Lignin r,r g
HO MeO
o MeO OYO
OH
MeO \Oko/ MeO OH oo 0
OH Self-condensation
- DMC, Excess 3 OYO\ 0.__0O._, Lignin
MeO T, Cat MeO o T, Cat o T
piAs DSt MeO 0
iani o
Ignin Lignin Lignin
OrganosolvLignin Pre-functionalized Lignin Lignin-derived polycarbonates

86



4.1.4.1 Pre-functionalized Lignin Optimization

The reaction between OL and an excess of DMC to give the intermediate was
first investigated. For the pre-functionalization step, 10 equivalents of DMC were
employed, as this large excess enables the reaction to be conducted without
additional solvent. The intermediate (LC-1) was synthesized with DMC acting
both as reactant and solvent at 90 °C in the presence of TBAB, with a reaction
time of 5 h. These initial parameters were employed according to previously
reported literature procedures of functionalization of lignin with dialkyl

carbonates.247.304

The reaction conditions, as well as the most significant analytical data, are

summarized in Table 4.1.4.

Table 4.1.4 — Overview of the reaction conditions and corresponding analytical data for the
synthesis of the pre-functionalized lignin intermediate LC-1.

Samp OHAIiphatic OHAromatic COOH OHTotaI Mn o)
le (mmol-g")? (mmol-g')? (mmol-g")? (mmol-g™*)? (g-mol)°
oL 242 1.83 0.1 4.35 800 1.6
LC-1 1.56 0.19 0 1.75 1300 2.1

General conditions: dried OL, 1 equiv. of TBAB and 10 equiv. of DMC (respectively to the total
amount of -OH groups of lignin, calculated from 3'P NMR) are added into a crimp vial. The solution
is stirred at 90 °C for 5 h. 2: Determined from 3'P NMR. b: SEC-THF.

The reaction proceeded efficiently, yielding a decrease of 90 % of
aromatic hydroxyl groups and 35 % of aliphatic hydroxyl groups. As expected
after functionalization, the molecular weight of the product increased relative to
the starting material OL. As an initial proof of concept, three self-condensation
experiments were carried out. The first objective was to determine whether bulk
conditions could be applied for the self-condensation step. To this end, a DSC
analysis was performed on the intermediate to assess the presence of a melting
transition. However, the DSC thermogram of LC-1 (Figure 4.1.5) showed no
detectable melting point and only a decrease in the glass transition temperature
compared to the original lignin, as expected following the introduction of
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carboxymethylated and methylated moieties. Bulk processing was therefore
deemed unfeasible, and a minimal amount of DMAc was employed as solvent for
the self-condensation reactions, since DMSO had previously shown issues

related to side reactions.
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Figure 4.1.5 - DSC traces of OL (black) and LC-1 (orange) showing only the glass transition.

At this stage, various conditions were evaluated for the self-condensation
reaction (LC-1A, LC-1B, LC-1C, Table 4.1.5). TBD was selected as the catalyst
and tested both in stoichiometric amounts and with 0.2 equivalents, while reaction
times of 5h and 24 h were investigated. In all cases, the temperature was
maintained at 90 °C, as this had previously been described as the optimal

temperature for the carboxymethylation step.
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Table 4.1.5 — Summary of the reaction parameters screened for the self-condensation reactions,
starting from the intermediate LC-1.

Sample Time TBD OHaiiphatic OHaromatic M,

(h) (equiv.)  (mmol-g')?  (mmol-g')? (g:mol")® b

LC-1 - 1.56 0.19 1300 21
LC-1A 24 1 1.58 0.36 900 1.9
LC-1B 5 1 1.67 0.35 800 2.0
LC-1C 5 0.2 1.67 0.28 1000 2.2

General conditions for the self-condensation: 150 mg dried LC-1, TBD and 1 mL of DMAc
(anhydrous) are added into a crimp vial. The solution is stirred at 90 °C for 5 or 24 h. 2: Determined
from 3'P NMR. °: SEC-THF.
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Figure 4.1.6 — SEC traces of the starting material (OL, black), the intermediate LC-1 (orange)
and the self-condensation tests (LC-1X).
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Figure 4.1.7 — Column bar graph showing the -OH distribution for the starting material
(intermediate LC-1) and the self-condensation tests (LC-1X).

As evidenced by the SEC and *'P NMR data (Figure 4.1.6 and Figure 4.1.7),
none of the tested conditions yielded the expected outcome. If condensation
between the residual aliphatic hydroxyl groups and the carbonate
functionalities had taken place, a decrease in the aliphatic OH content
accompanied by an increase in molecular weight—reflecting oligomerization or
crosslinking—would be expected. Instead, the results indicate defuntionalization,
manifested by an increase in hydroxyl group content and a reduction in molecular

weight.

Before proceeding further, additional optimization of the intermediate synthesis
was carried out. Increasing the degree of carboxymethylation, to a certain extent,
was expected to enhance the probability of polymerization. To evaluate this
effect, four different sets of reaction conditions for the intermediate synthesis

were examined, as summarized in Table 4.1.6.
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Figure 4.1.8 — IR spectra of the starting material (OL, black) and the intermediate (LC-X) during
the optimization. IR spectra are normalized to the 1504 cm-! aromatic C=C stretching vibration of
lignin, which is not expected to change after the modification.

Typical signals associated with a successful functionalization are the increased
absorbance of the carbonyl stretching band at 1746 cm™ and a more intense
aliphatic C—H stretching region, consistent with the introduction of methyl and
carboxymethyl groups, as depicted in Figure 4.1.8. In comparison to the starting
material, the IR spectra also show a decrease in the O—H stretching vibrations,
which becomes more pronounced at higher conversions. Based on the *'P NMR
and SEC results (Figure 4.1.9), extending the reaction time from 5 to 15 h while
maintaining a stoichiometric amount of TBAB (entries LC-1 and LC-4, Table
4.1.6) did not lead to a significant improvement in the conversion. However, the
amount of TBAB appears to have the strongest influence. In fact, LC-2 (2
equivalents of TBAB, Table 4.1.6) showed the highest degree of
functionalization, whereas LC-3 (0.5 equivalents of TBAB, Table 4.1.6) exhibited

the lowest.
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Table 4.1.6 — Overview of the investigated parameter and relative analytical data for the
optimization of the intermediate synthesis.

. M,
Sample Tlme TBAB OHAIiphati1c OHAromat:c ()HTotaI1 (g_mol_ D)
(h) (Equiv.) (mmol-g”)? (mmol-g’)® (mmol-g™)? 1)

oL - - 2.42 1.83 4.35 800 1.6
LC-1 5 1 1.56 0.19 1.75 1300 21
LC-2 5 2 1.26 0 1.26 1500 2.3
LC-3 5 0.5 2.14 1.15 3.30 1000 1.7
LC-4 15 1 1.42 0 1.42 1500 2.7

General conditions: 500 mg dried OL, TBAB and 10 equiv. of DMC (respectively to the total
amount of -OH groups of lignin, calculated from 3'P NMR) are added into a crimp vial. The solution
is stirred at 90 °C for 5 or 15 h. 2: Determined from 3'P NMR. b: SEC-THF.

—OL
LC-1
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—LC-3

—LC-4

Normalized Intensity (a.u.)

L DL | LI T T
9 10 1

L — T T T — T L L
1 12 13 14 15 16 17 18 19 20 21 22
Ret. time (min)

Figure 4.1.9 — SEC traces of the starting material (OL, black) and the optimization of the
intermediate synthesis (LC-X).
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Thus, the LC-2 conditions—showing the highest functionalization—were
adopted, and a larger scale batch (2 g) was prepared for the self-condensation
experiments. In Table 4.1.7, a summary of the analytical data for this sample (LC-

5) is provided.

Table 4.1.7 — Summary of the analytical data of the 2 g batch of the intermediate synthesized.

OHAIiphatic OHaromatic OHrotal M,
Sample b D
(mmol-g”)®>  (mmol-g")  (mmol-g')®  (g:mol”)
LC-5 1.051 0 1.051 1700 3.0

a: Determined from 3'P NMR. b: SEC-THF.
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4.1.4.1.1 Recycling TBAB:

To improve the sustainability of this protocol, in accordance with the principles
of green chemistry, the phase-transfer catalyst TBAB was recycled according to
the previously reported procedure from Meier et al.?*” In particular, the aqueous
phase collected after lignin precipitation and filtration were evaporated under
reduced pressure (80 mbar, 60 °C) to recover TBAB as a viscous yellowish liquid,
that crystalized after cooling (91 % recovery). The purity of recovered TBAB was
verified via '"H NMR (Figure 4.1.10), resulting in an identical spectrum for

commercial and recycled TBAB.

a /\/\‘N+ Br

DMSO-dg
Water

—7— ————— —

48 44 40 36 32 28 24 20 16 12 08 04 0.0
o/ppm

Figure 4.1.10 — '"H NMR spectrum of commercial TBAB (top), and recycled TBAB (bottom), in
DMSO-ds.
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4.1.4.2 Self-condensation Optimization

4.1.4.2.1 Catalyst Screening

According to the previous tests (Figure 4.1.6 and Table 4.1.5, LC-1A-C),

although depolymerization and/or defunctionalization occurred under all

conditions, the lowest extent of depolymerization was observed when using

0.20 equiv. of TBD. Based on this result, a catalyst screening was performed for

the self-condensation reaction, keeping the catalyst loading fixed at 0.20 equiv.

Table 4.1.8 — Overview of the catalyst screening conditions and analytics for the self-

condensation reactions.

Cat.
Sam OHAIiphatic OHaromatic OHprotal M,
Cat. (Equ b
ple iv) (mmol-g")? (mmol-g')> (mmol-g™*)? (g-mol”)
iv.
LC-5 - 1.051 0 1.051 1700 3.0
LC-
TBD 0.20 1.40 0.06 1.46 1300 2.3
5A
LC-
DBU 0.20 0.94 0 0.96 1700 3.2
5B
LC-
Cs2CO3  0.20 1.40 0 1.40 1500 2.6
5C
LC-
K.COs 0.20 1.12 0 1.12 1600 2.8
5D
LC- Thioure
0.20 0.90 0 0.90 1700 3.0
5E a
LC- No
- 1.05 0 1.05 1700 3.2
5F catalyst

General conditions: 150 mg of dried LC-5, 1 mL of DMAc (anhydrous) and 0.20 equiv. of catalyst
(respectively to the total amount of -OH groups of lignin, calculated from 3'P NMR) are added into
a crimp vial. The solution is stirred at 90 °C for 5 h. 2: Determined from 3'P NMR.?: SEC-THF.
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Figure 4.1.11 — SEC traces of the tested catalyst screening, as well as the starting material
(intermediate LC-5, black). The dashed lines indicate depolymerization.
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Figure 4.1.12 — Column bar graph showing the -OH distribution for the starting material
(intermediate LC-5) and the self-condensation tests (LC-5X).
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The SEC and *'P NMR data (Figure 4.1.11 and Figure 4.1.12) indicate that
defunctionalization occurred in most cases. When no catalyst was used, or when
thiourea (Schreiner’s thiourea catalyst) was employed, the SEC trace closely
resembled that of the starting material. The 3'P NMR data confirm that no reaction
occurred in the absence of a catalyst, whereas the use of thiourea resulted in a
slight decrease in hydroxyl group content, as observed in the case of DBU,
suggesting partial reaction. While both DBU and thiourea resulted in comparable
dispersity and M values, the use of DBU as a catalyst resulted in a small high
molecular weight shoulder in the SEC trace, together with a reduction
in hydroxyl group content and also lower molecular weight species. On this basis,
DBU was considered the most favorable catalyst and was selected for

subsequent experiments.
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4.1.4.2.2 Solvent and Reaction Time Screening

The catalyst screening was initially conducted over a 5 h reaction time; therefore,
it was important to assess the effect of longer reaction times. Another concern
remained related to the use of DMAc as a solvent, encouraging the investigation
of alternative solvents. Solubility tests of the intermediate revealed that Cyrene™
effectively dissolved it, making it a suitable candidate for subsequent reactions.
(Figure 4.1.13). Therefore, Cyrene™ was selected as a potentially suitable

solvent for the self-condensation step.

Figure 4.1.13 —Solubility tests of the intermediate (20 mg), with 0.4 mL of solvent (from left to
right: Cyrene™, Ethyl acetate, 2-MeTHF, after vortexing for 5 minutes and gently heating).

At this stage, a series of experiments was designed to monitor the self-
condensation reaction over time, using DBU as the catalyst in both DMAc and
Cyrene™ as solvents. The same conditions applied in the catalyst screening
(0.20 equiv. of DBU, in respect to the total amount of -OH groups of lignin, 90 °C)
were maintained, and aliquots were collected from each solvent after 3, 24, and
48 h (detailed procedure is reported in the Exp. Section, paragraph 6.4.2.3).
These samples were analyzed by SEC to follow the evolution of the molecular
weight during the reaction. However, as can be seen in Figure 4.1.14 and Table
4.1.9, in both cases the molecular weight remained constant or decreased over
time. Defunctionalization appeared to be slightly more pronounced when the
reaction was carried out in DMAc. Nevertheless, this approach was discarded, as
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the lignin hydroxyl groups exhibited insufficient reactivity to achieve the desired

product.
—— Intermediate pre-functionalized lignin —— Intermediate pre-functionalized lignin
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Figure 4.1.14 — SEC traces of the self-condensation aliquots performed in Cyrene™ and DMAc
after 3, 24 and 48 h.

Table 4.1.9 — SEC data for the self-condensation screening with DBU as catalyst and longer
reaction times, employing Cyrene™ and DMAc as solvents.

Solvent Time Aliquot M, . D
(h) (g'mol”)
Intermediate pre-
L - 1100 3.1
functionalized lignin®
Cyrene™ 3 700 4.5
Cyrene™ 24 700 4.3
Cyrene™ 48 700 4.3
DMAc 3 600 4.5
DMAc 24 700 3.8
DMAc 48 600 3.9

a: Due to depletion of the initial starting material (LC-5), a second batch of the same material was
synthesized and used for the experiments in chapter 4.1.4.2.2 and 4.1.4.2.3. This batch displayed
a different initial Mn, which is reflected in the corresponding SEC data. : SEC-THF.
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4.1.4.2.3 Condensation with 1,12-Dodecanediol

As a final proof of concept, an external diol (1,12-dodecanediol) was employed
to promote the condensation, as can be seen in Scheme 4.1.6. For this purpose,
the exact amount of carbonate moieties present in the intermediate had to be
quantified, which was achieved through quantitative *C NMR analysis (Figure

4.1.15, procedure details can be found in Chapter 6.2).

Scheme 4.1.6 — Overall scheme for self-condensation in the presence of the external diol 1,12-
dodecanediol.

Lignin

Lignin
o HO_. OH We0
OH
MeO 14 MeO OH
0.__0_ 1,12 dodecanediol € o
. 0 \”/ o O\IrO\O,O\IrOWngmn
e0 0 Cat. DBU MeO 0 0
Lignin Lignin
Pre-functionalized Lignin Cross-linked lignin

The *C NMR spectrum shows the appearance of a new signal at 156 ppm,
attributed to the carbonyl carbon of the carbonate moieties introduced upon
reaction with DMC. From this signal’s integral ratio, it was possible to calculate a
value of 0.28 mmol-g™" of carbonyl groups, which was used as the reference
value for determining the stoichiometric amount of 1,12-dodecanediol required
for the subsequent condensation experiments. Additional evidence for successful
functionalization is provided by the signals associated with methoxy groups and
with the S (syringyl) and G (guaiacyl) units in their etherified and non-etherified
forms (e. and n.e. in Figure 4.1.15, respectively). As shown in the spectrum, the
intensity of the resonance corresponding to the non-etherified structures
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decreases evidently, indicating that etherification is occurring to a significant

extent.

1S DMSO-dg
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Figure 4.1.15 — 3C NMR overlay in DMSO-de between the starting material OL (black) and the
intermediate pre-functionalized lignin (orange). Highlighted in orange is the carbonyl signal used
for the carbonyl quantification. IS: Internal standard 1,3,5-trioxane.

A stoichiometric amount of hydroxyl groups from 1,12-dodecanediol relative to
the carbonate groups was required to prevent over-functionalization of lignin and
to ensure that polymerization and eventually cross-linking occurred selectively
between the chains. The reaction was performed at 90 °C, in the presence of
0.2 equiv. of DBU (relative to the carbonate moieties), with DMAc as a solvent
(for detailed procedure, see the Exp. Section, paragraph 6.4.2.4). The reaction
progress was monitored by SEC. As shown in Figure 4.1.16, even after extended
reaction times, no significant increase in molecular weight was detected. Instead,
a slight shift toward lower molecular weights was observed, indicating that
dpolymerization and/or defunctionalization predominates over condensation

under these conditions.
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Figure 4.1.16 — SEC traces of the condensation of the intermediate with 1,12-dodecanediol in
DMAc.

Table 4.1.10 — SEC data for the self-condensation screening with 1,12-dodecanediol in DMAc as
solvent and DBU as catalyst.

Solvent Time Aliquot M, b
(h) (g'mol™)°
Intermediate pre- 31
functionalized lignin® 1100 '
DMAc-dodecanediol 3 1100 3.5
DMAc-dodecanediol 24 1000 3.1
DMAc-dodecanediol 48 1000 3.3

a: Due to depletion of the initial starting material (LC-5), a second batch of the same material was
synthesized and used for the experiments in chapter 4.1.4.2.2 and 4.1.4.2.3. This batch displayed
a different initial Mn, which is reflected in the corresponding SEC data. : SEC-THF.
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4.1.5 Conclusions and Outlook

Overall, despite extensive optimization efforts, none of the investigated self-
condensation strategies yielded the desired lignin-derived polycarbonates. All
tested conditions—variations in catalyst, reaction time, solvent, or the use of an
external diol—consistently resulted in partial or pronounced depolymerization
rather than polymerization or cross-linking. These results indicate that neither the
reactivity of the remaining aliphatic —OH groups in the intermediate, nor the
carboxymethyl functionalities with an external diol are sufficient to promote
effective condensation under the conditions explored. On a side note, the initial
functionalization of lignin with DMC to yield the intermediate “Pre-functionalized
Lignin” was a successful step within the workflow, yielding a complete methylation
of the aromatic hydroxyl groups and partial reactivity of the
aliphatic hydroxyl groups. Because of the reactivity limitations observed in this
work, this project was discontinued due to time constraints and the results
described above, indicating that the idea behind this approach is practicably not
feasible. Nevertheless, the results obtained do not preclude future investigations,
for instance the use of the pre-functionalized lignin for other polymerization

approaches.
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4.2 Lignin-NIPUs via HOSO-derived Polyamine

This chapter is partially based on the publication:30°

F. C. Destaso; C. Libretti; C. Le Coz; E. Grau; H. Cramail and M. A. R. Meier
Optimized synthesis of a high oleic sunflower oil-derived polyamine and its
lignin-based NIPUs. Green Chem., 2025, 27, 1440-1450.

co-authored with Dr. Francesca Chiara Destaso, licensed under Creative
Commons Attribution 3.0 (CC BY 3.0). Reuse is permitted under the terms of
this license. The work presented here follows the structure and main findings of
the published article.
Text, figures, and data are reproduced from this article and were partially edited
and extended with permission from the Royal Society of Chemistry.

Additional experimental procedures, optimization studies, and analyses not
included in the publication were carried out as part of the doctoral research and
are discussed in detail in the present chapter.

The co-author, F. C. Destaso, contributed to the conceptualization of the
project, investigation of the reaction conditions for the synthesis of HOSO-PA in
batch, to the interpretation of the corresponding data, and to the optimization
and upscaling of the HOSO-PA synthesis under continuous-flow conditions,
formal analysis, and writing of the original draft.

C. Le Coz performed the DMA analyses and provided valuable input.

Regarding the synthesis of HOSO-PA in batch, only the experiments solely
conducted by the author of the thesis are reported in this chapter. Regarding
the synthesis of HOSO-PA in flow, the experiments were conducted together

with Dr. F. C. Destaso within the framework of the collaborative project.

All additional experiments, data interpretation, and the extended discussion
were conducted within the scope of this thesis.
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4.2.1 Abstract

In the continuing effort toward reducing reliance on fossil resources, the transition
to biobased materials is of utmost importance, together with the adoption of more
sustainable and safe production processes. This work focuses on the
implementation of renewable resources and greener protocols for the synthesis
of a bio-based amino crosslinker and its subsequent use in non-isocyanate
polyurethane (NIPU) synthesis. NIPUs are a new class of materials, analogous
to isocyanate-derived polyurethanes (PUs), that avoid hazardous chemicals in
their production process, such as phosgene and isocyanates, which raise high
concern in the PU manufacturing processes. Vegetable oils and lignin are two
abundant renewable feedstocks largely investigated during the last decade. In
this paper, the synthesis of a high oleic sunflower oil (HOSO) derived polyamine
(PA) via thiol-ene photoreaction in batch and in flow is studied. Additionally, cyclic
carbonate functionalized lignin (CCLF) was synthesized and reacted with PA to
create fully bio-based NIPU networks with different lignin contents. The curing

behavior as well as the characterization of the obtained thermosets are

described.
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4.2.2 Introduction

With a global market production of 25 million tons,3% polyurethanes (PU) are a
class of polymers useful for many applications, such as coatings, adhesives,
foams, sealants, elastomers, and more.3730%® Among their relevance in
everyday human life, PU production faces significant obstacles, mainly due to the
use of isocyanates. Isocyanates are known to be irritant and sensitizing
agents.399310 Even worse, their production relies on the use of phosgene, a highly
toxic gas. Both their precursor, phosgene, and isocyanates themselves present

several concerns correlated to toxicity3'' and carcinogenicity.?'?> Moreover, the

most commonly used diisocyanates (toluene diisocyanate, TDI, LDs5g oral rat

5130 mg/kg and methylenediphenyl diisocyanate, MDI, LDso,oral,rat
4130 mg/kg)3'3 have been restricted in their use by REACH regulations.314315
The most updated REACH regulation limits the presence of isocyanates in
formulations to a maximum of 0.1% by weight.3'® For all these reasons, current
research efforts in the area of PUs concern the development of isocyanate-free
routes to isocyanate-derived PU replacements to generate a new class of
materials named non-isocyanate polyurethanes (NIPUs).2'3317  Common
pathways may involve, for instance, transurethanization reactions or aminolysis
of cyclic carbonates, generating, respectively, polyurethanes and
polyhydroxyurethanes (PHU). In a world increasingly driven by the need for more
sustainable solutions, shifting toward greener protocols that adhere to the
principles of Green Chemistry is imperative.'® This involves, for instance, the
utilization and valorization of renewable resources to increase the bio-content of
materials and reduce waste. Numerous studies concerning the development of
bio-based NIPUs using various renewable feedstocks, such as terpenes,

biomass or oleochemicals, can be found in the literature.318-323

Lignin, accounting for up to 40 wt.% of the biomass content,'®® is the most
abundant renewable source of aromatic compounds. However, lignin is usually

treated as a low-value by-product of the pulp and paper industry, and is often
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thermally utilized as biofuel.’%3324 The utilization of lignin as an attractive
macromonomer in NIPU formulations is yet scarcely researched. A study from
2017 reports the use of cyclic carbonate-functionalized lignin as a cross-linker in
different PHU formulations in the presence of 1,12-diaminododecane and
poly(ethylene glycol) bis-cyclic carbonate as a chain extender.3?> However, the
protocol employs an epichlorohydrin (LDsooralrat = 175 mg/kg) route followed by
COz2 insertion for the synthesis of the lignin monomer. Additionally, the final
materials were too brittle for mechanical characterization. More recently, several
works describe the development of more sustainable protocols based on a two-
step modification with organic carbonates; the thereof derived PHUs were

characterized in detail.271.276.326

While bio-based cyclic carbonate monomers are well-researched, bio-based
polyamines are still required as important building blocks to achieve fully bio-

based NIPUs. Such renewable polyamines are far less frequently described.

With a global annual production of 210.3 MMT (million metric tons), vegetable
oils are an important class of renewable feedstock.3?” Their abundance and
structural variety render them suitable sources for the synthesis of many different
bio-based monomers and polymers.3?® The key characteristic of triglycerides is
the presence of one or multiple unsaturations, facilitating easy functionalization
or cleavage of the structure.32°-331 |n the field of NIPUs, different examples of
polycyclic carbonate monomers obtained from triglycerides are reported.332.333
Moreover, the presence of double bonds in triglycerides allowed the introduction
of primary amine moieties via thiol-ene chemistry.”” Following this approach, a
variety of (bio)polyols were synthesized employing mercapto alcohols.
Furthermore, Meier et al. reported the first procedure to achieve a difunctional
amine from limonene via thiol-ene reaction with cysteamine hydrochloride as the
sulfur-containing molecule bearing a primary amine moiety. Following this work,
the application of this route was extended to vegetable oils, such as grapeseed
oil and canola oil, more recently by others.'® 3% Here, a bio-based polyamine

derived from high oleic sunflower oil was synthesized via thiol-ene chemistry.
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Reaction conditions were thoroughly investigated and optimized, testing two
different reaction systems in batch and continuous flow. Subsequently, the
polyamine was utilized in the formulation of fully biobased PHUSs, together with
cyclic carbonate functionalized lignin and erythritol bis-cyclic carbonate, obtaining

flexible materials with tunable lignin content.
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4.2.3 Synthesis of HOSO-derived PA in Batch

High oleic sunflower oil was chosen to be modified with cysteamine due to its
quite homogeneous fatty acid composition (= 85% oleic acid, for complete
characterization of the oil see Experimental Section, Paragraph 6.5.2) to yield a

renewable polyamine (PA).

Scheme 4.2.1 — General reaction scheme for the synthesis of PA. On the bottom left (box inset)
of the scheme, a simplified structure of PA is provided and will be used throughout this chapter

for clarity.
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To understand and optimize the reaction, the solvent and photoinitiator
concentration, wavelength and light intensity were investigated. First,
2,2-dimethoxy-2-phenyl-acetophenone (DMPA) was chosen, as it is a widely
used benzoin ether photoinitiator. Because the oil and the
cysteamine hydrochloride salt (CAHC) were not soluble in the same medium, a
solvent mixture of dichloromethane and ethanol was initially tested. However,
also with this combination the mixture never fully homogenized due to the excess
of the cysteamine salt used. In order to find a more suitable solvent mixture, initial

investigations were conducted by repeating a literature known procedure from
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Stemmelen et al.,33% where a solvent mixture of 1,4-dioxane:ethanol (7:3) was
employed. However, in order to comply with the principles of Green Chemistry to
avoid unsafe chemicals, dioxane was replaced in the solvent mixture by
isopropanol, as reported by Rios et al.3? Initially, this solvent mixture was tested
in a LED setup with 365 nm. LEDs have the advantage of not producing notable
amounts of heat and therefore the distance between light and the sample can be
reduced. A considerable advantage of LEDs is their lowered energy

consumption.

Table 4.2.1 — Overview of conditions tested for PA synthesis in batch utilizing UV irradiation. A
UV lamp (45 W or 45 W+12 W) and 365 nm LED system (2 W) were used (setup UV systems:
see Experimental Section 6.5.1). DMPA was used as photoinitiator, 0.1 equiv. per double bond
of the oil were used.

Ent Solvent DMPA uv Addition Scale Conversion
n

i mixture (equiv./db) system of CAHC (9) after 48 h (%)

1 iPrOH:EtOH 0.1 2 One step 2 71

2 iPrOH:EtOH 0.1 1 One step 1 63

3 iPrOH 0.1 1 One step 1 84

4 iPrOH 0.1 3 Stepwise 1 98

5 iPrOH 0.1* 1 One step 1 85

General conditions: Concentration of the HOSO is kept 0.22 g/mL for all entries. Temperature
is r.t. and 3 equiv. per double bond of CAHC were employed in all entries. *: Stepwise addition of
DMPA.

In this first experiment, the conversion (calculated from the integral of the double
bond, for details see Experimental Section, Paragraph 6.5.2.5) reached 71 %
after 48 h (Table 4.2.1, Entry 1). Changing the UV irradiation system to a UV
lamp with 365 nm and lowering the reaction scale did not improve the conversion,
that reached only 63 % (Table 4.2.1, Entry 2). However, by changing the solvent

mixture to only isopropanol (iPrOH) under the same reaction conditions, the
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conversion improved from 63 to 84 % (Table 4.2.1, Entry 2 and 3, respectively).
Finally, by adding another source of irradiation at the same wavelength of 365
nm (12 W) to the flask and implementing a stepwise addition of CAHC method,
a conversion of 97 % after 24 h was observed (Table 4.2.1, Entry 4). A stepwise
addition can be beneficial from a point of view of turbidity of the reaction mixture.
CAHC only partially solubilizes in the reaction medium. A high turbidity of the
reaction mixture is disadvantageous for homogeneous and effective light
penetration, which is a crucial factor for photoreactions.

As a last parameter, a multistep addition of the photoinitiator was also tested.
Keeping a single step addition of CAHC, the photoinitiator DMPA was added to
the reaction mixture in two aliquots, with a 2 h difference between them.
This, however, did not improve the conversion compared to the same reaction
conditions with a single addition of DMPA (Table 4.2.1, Entry 5 and 3,
respectively). In Figure 4.2.1 an overview of the most important conditions tested

is presented.
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100 -
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Conversion %

Entry 2 Entry 3 Entry 4
Entries

Figure 4.2.1 - Overview of the different experiments conducted to investigate the influence of
CAHC addition on the synthesis of PA. Entry 2: single step addition of CAHC, in EtOH:iPrOH 1:1;
Entry 3: single step addition of CAHC in iPrOH; Entry 4: Stepwise addition of CAHC (half of the
calculated total amount at the starting time, then a quarter of the total amount after 1.5 h, the
remaining quarter after 4 h) in iPrOH. DMPA was used as photoinitiator for each entry. For all

entries the scale of the reaction corresponds to 1 g of oil. Concentration is 0.22 g/mL for each
entry.336
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4.2.4 Synthesis of HOSO-derived PA in Flow

As a further promising path to scale up the production of the desired polyamines,
the reaction depicted in Scheme 4.2.1 was also investigated using a flow reactor
equipped with a 365 nm UV lamp (see Experimental Section, Figure 6.5.4). Due
to the long reaction time necessary to achieve complete conversion, the mixture
was run in a closed loop system, and aliquots were collected to monitor the
process. Isopropanol was selected as a solvent due to its good performance in
bulk reactions and different flow rate values were screened. It was noticed, as
could be expected in the used closed loop setup, that increasing the flow rate led
to improved conversion at the same reaction time. The best outcome was
achieved with 9 mL/min with a conversion of 99 % after 6 h (Table 4.2.2). For a
better comparison of the different flow rates, conversions after 3 h are
summarized in Figure 4.2.2. Thus, at high flow rates, higher conversions can be
achieved, at the same increased scale of 2 g. In summary of all reported
optimization reactions, PA can now be prepared in larger scales at shorter

reaction times and by using less environmentally problematic solvents.

Table 4.2.2 — Overview of the different flow rates tested for the synthesis of PA via continuous
flow chemistry. DMPA was used as photoinitiator for each entry, all experiments were carried out
under 365 nm irradiation. For all entries, the scale of the reaction corresponds to 2 g of oil.
Concentration is 0.14 g/mL for each entry.

Time Flow rate
Conversion? (%)
(h) (mL/min)
Entry 1 6 0.5 87
Entry 2 3° 1 88
Entry 3 6 2 97
Entry 4 6 9 99

a; determined from "H NMR from the integral ratio of the double bond protons.
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Figure 4.2.2 — Conversions of double bonds of HOSO via thiol-ene reaction in flow at different
flow rates after 3 h. To evaluate the conversion, a 100 pL sample was taken at different reaction
times and "H NMR was recorded. Reactions in isopropanol with a flow rate 0.5 mL/min, 1 mL/min,
2 mL/min and 9 mL/min were performed.
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4.2.5 Lignin Functionalization with Cyclic Carbonates

Lignin functionalization was performed following a two-step modification with
organic carbonates as benign reactants and solvents. The procedure was
adapted and modified from Lehnen et al.?’! Briefly, a two-step procedure was
employed. First, glycerol carbonate (GC) was utilized to introduce further 1,2-diol
moieties to the structure of lignin. Subsequently, these 1,2-diols underwent ring
closure to 5-membered cyclic carbonates by further treatment with DMC, as
shown in Scheme 4.2.6. The first step of the modification is solventless,
as glycerol carbonate acts both as reactant and solvent, the second step was
further optimized proving that a solventless procedure is also possible, achieving
similar results compared to the one using solvent. In the first step of the
synthesis, several side reactions are possible depending on the type
of hydroxyl groups reacting. A more detailed discussion highlighting different

reactivities is reported herein.

It is known that the reaction between the hydroxyl groups of and organic
carbonates can take place at both the electrophilic sites of the carbonyl and the
alkyl carbons of an organic carbonate, generating, carbonyl and ether linkages,
respectively (see Scheme 4.2.2).93258.337 Regarding cyclic carbonates, several
studies have been conducted in order to gain insights on the different reactivities.
For instance, in the work of Lehnen et al.?%62%8 oxyalkylation of beech wood
organosolv lignin with propylene carbonate was investigated, showing that the
formation of carbonate linkages is favored by longer reaction times, higher
catalyst amounts and equivalents of propylene carbonate used. Under their
optimized conditions, only 0.3 % of the total propyl units were grafted via

carbonate linkages.
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Scheme 4.2.2— General scheme illustrating different reactivities for hydroxyl groups of lignin and
a general structure of a cyclic carbonate.
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In another study from Avérous et al.,33" oxyalkylation of lignin was investigated
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Lignin For glycerol carbonate:

with four different cyclic carbonates. Among them, GC was tested as well.
According to their IR data, for all other derivatives a new peak between 1728 and
1743 cm™ is forming, corresponding to the C=0 stretching band of linear
carbonate linkages. Interestingly, in the case of oxyalkylation with GC, this peak
was shifted to higher wavenumbers (1786 cm-' for Avérous et al.;337 1789 cm™ in
this work) in the range of cyclic carbonates, suggesting a competing reaction

between the formed 1,2-diols and GC, as can be seen in Scheme 4.2.3.

Scheme 4.2.3 — Side reaction between newly inserted 1,2-diols and excess glycerol carbonate,
leading to cyclic carbonate structures and generating glycerol as by-product, as reported from
Duval and Avérous and Lehnen et al 256337
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This was further confirmed in the same study via hydrolysis of the aforementioned
carbonates. Complete hydrolysis was confirmed via IR spectroscopy, while it was
possible to distinguish that 1,2-diols structures substantially increased
after hydrolysis, while the content of 1,3 diols was unaltered via 3'P NMR
spectroscopy, confirming the presence of five-membered cyclic carbonate
structures prior to hydrolysis. These results were also in accordance with the
findings from Lehnen et al.,?% where cyclic carbonates structures could also be

observed after oxyalkylation with GC.

Based on these considerations, it can be assumed that the etherification pathway
will be the preferred one in the reaction with GC and some cyclic carbonate
structures will already be present after the first step of the modification. However,
since this reaction does not reach completion (a high amount of hydroxyl groups
is still present, as can be observed from 3'P NMR), the second step of the
modification is necessary to achieve a high degree of functionalization with cyclic

carbonate structures.
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4.2.5.1 Hydroxyalkylation of Lignin

The first step of the synthesis was the hydroxyalkylation of OL with GC, in order
to obtain Hydroxyalkylated Lignin (HAL).

Scheme 4.2.4 — General reaction scheme for the synthesis of Hydroxyalkylated Lignin. Only
isomers of the etherification pathway with GC are shown, leading to 1,2-diols and 1,3-diols
structures. For a comprehensive overview of all the possible structures, see Scheme 4.2.2 and
Scheme 4.2.3.
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Several literature examples have already researched the reaction between lignin
or tannins with cyclic carbonates, especially as potential replacement for alkylene

oxide for the synthesis of lignin-based polyols.?3258.269

To adapt literature protocols to the available lignin source and identify suitable
reaction conditions, an initial screening of the oxyalkylation of lignin with GC was
carried out. The reaction time was fixed at 2 h, as a preliminary experiment
conducted for 3 h resulted in a product that remained fully soluble in the acidic
aqueous medium used during the precipitation work-up. Because temperature is
known to play a decisive role in oxyalkylation reactions, a series of three

experiments was performed to determine the optimal temperature (Table 4.2.3).
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Table 4.2.3 — Optimization experiments for the oxyalkylation of OL with GC under different
temperatures.

OHAIiphatic OHAromatic COOH OHTotaI

Sample  T(C)  (mmol.g')} (mmol-g)® (mmol-g®)* (mmol-g)°

oL - 2.42 1.83 0.1 4.35
HAL-1 170 -b -b -b -b
HAL-2 160 - - i -
HAL-3 150 4.35 0 0 4.35

General conditions: 1 g of OL (previously dried) are dissolved in 10 equiv. of GC and 0.1 equiv.
DBU is added (equiv. are in respect to the -OH groups of OL). The reaction mixture is allowed to
react for 2 hours at the desired temperature under Ar flow.2: Calculated from 3'P NMR. b: Not
soluble in the CDCIz:Py solvent mixture used for 3'P NMR. ¢:Only partially soluble in the CDCls:Py
solvent mixture used for 3'P NMR.

An initial reaction temperature of 170 °C (HAL-1) yielded a highly viscous
material that was difficult to handle and process during the work-up. In addition,
part of the product was completely insoluble in DMSO, suggesting the occurrence
of undesired crosslinking. In contrast, reducing the temperature to 160 °C (HAL-
2) improved the work-up and the entire product could be isolated. However, in
both cases partial or complete insolubility in the solvent mixture required for 3'P
NMR analysis was observed, preventing quantification by this method. This
behavior is most likely attributable to the high degree of functionalization and
resulting increase in aliphatic hydroxyl content, which could negatively impact
solubility. Further lowering the reaction temperature to 150 °C (HAL-3) finally
produced a material that was fully soluble and could be characterized by both IR
and *'P NMR spectroscopy. Under these conditions, a quantitative conversion of
aromatic hydroxy and carboxylic acid groups into aliphatic hydroxyl groups was

achieved.

As can be depicted from IR spectroscopy of the experiments (Figure 4.2.3),
typical signals associated with a successful reaction can be clearly identified. An
increase in the broad O-H stretching vibration (3000—3500 cm™) is observed,
consistent with the formation of newly introduced 1,2- and 1,3-diol structures

within the lignin backbone. This is accompanied by an enhanced C—H stretching
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signal of methylene groups (2800-3000 cm™) and an increase in the band
intensity in the C-O stretching region characteristic of ether linkages (1000—
1100 cm™). Interestingly, a C=0 stretching vibration band appeared at 1790 cm-
1, suggesting the presence of cyclic carbonate structures. These structures form
due to the side reaction between the newly formed 1,2 diols and excess of GC
(see Scheme 4.2.3), as already reported from Lehnen et al.?>® and Duval and
Avérous.?¥” This is also confirmed by '3C NMR analysis, that shows a carbonyl
peak (“d”) forming after hydroxyalkylation (Figure 4.2.6). Furthermore, although
the formation of linear carbonate structures cannot be fully excluded under these
conditions, it is expected to be restrained due to the reasons mentioned above

(paragraph 4.2.5).
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Figure 4.2.3 — IR spectra overlay of the starting material (OL, black) and the experiments HAL-1
(orange), HAL-2 (blue) and HAL-3 (green). Spectra were normalized for the aromatic C=C
stretching vibration at 1504 cm-'.

The conditions of HAL-3 were deemed satisfactory and were selected for a scale-
up in a 10 g batch of HAL, in order to proceed with the second step of the

functionalization.

120



4.2.5.2 Cyclocarbonation of Lignin

For the second step of the synthesis, involving the formation of five-membered
cyclic carbonate structures on lignin (cyclic carbonate-functionalized lignin,

CCFL), several conditions were tested in order to identify the best conditions.

Scheme 4.2.5 — General reaction scheme for the synthesis of cyclic carbonate functionalized
lignin. The main reaction leading to the formation of cyclic carbonate structures is shown, as well
as the formation of linear carbonates due to the reaction of hydroxyl groups with only one side of
DMC. Both possible isomers deriving from etherification with GC are shown (forming 1,2-diols
and 1,3-diols).
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Initially, the inorganic base K2COs was selected as catalyst (0.4 equiv.) together
with 5 equiv. of DMC, in DMSO as solvent. In this initial screening phase, the
reaction was evaluated by 3'P NMR spectroscopy in order to identify the most
suitable reaction conditions. As shown in Entries 1 and 2 (Table 4.2.4), increasing
the reaction temperature from 75 °C to 90 °C did not significantly influence the
conversion; the reduction in hydroxyl-group content remained comparable (26 %
and 22 %, respectively). In line with the considerations discussed in paragraph
4.1.3.4, where DMSO as solvent proved to strongly influence the -OH groups
distribution, a control experiment in the absence of DMC was also performed,
with DMSO as solvent, to check the influence of the solvent on lignin (Table 4.2.4,
Entry 3). In this case, no change in the hydroxyl-group distribution was observed,
in contrast to the decrease observed in the previous chapter (paragraph 4.1.3.4).
A plausible explanation is the substantially higher lignin concentration employed
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in this system compared to the conditions examined previously (0.4 g lignin-mL
DMSO™ in this system vs. 0.05 g lignin-mL DMSO™ in the previous experiments,
see Chapter 4.1), together with the use of a different catalyst (K,CO; here,
instead of DBU previously) and a lower temperature (75 °C here, instead of 90 °C
previously). Nevertheless, changing the solvent from DMSO to DMAc proved
beneficial for the reaction (Entry 1 and 4, Table 4.2.4).

Table 4.2.4 — Optimization parameters for the reaction between HAL and DMC, in order to yield
CCFL.

Reduction in

Entry Solvent °T Time Catalyst Reagent - OH groups

(°C) (h) o

(%)

CCFL-1 DMSO 75 6 K2COs3 DMC 26

CCFL-2 DMSO 90 6 K2COs3 DMC 22
CCFL-3° DMSO 75 6 K2COs3 - 2

CCFL-4 DMAc 75 6 K2COs3 DMC 35

CCFL-5 DMAc 75 6 TBD DMC 47
CCFL-6"¢ - 75 6 TBD DMC -

CCFL-7¢ - 75 6 DBU DMC 64

CCFL-8¢ DMAc 75 6 TBD DMC 65

General conditions: 0.2 g of HAL is dissolved in a solvent (dry, anhydrous) in a concentration of
0.4 g/mL. Subsequently, 5 equiv. of DMC (anhydrous, related to the -OH group content), as well
as the catalyst (0.4 equiv.) are added. The reaction mixture is stirred under Ar atmosphere for the
desired time and temperature. 2: control reaction in absence of DMC. P: heterogeneous reaction
mixture, no stirring possible. ¢: Performed on a 1 g scale in bulk. 9: scale-up on a 6 g scale.
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Moreover, in DMAc, TBD performed better than K,COs, resulting in a 47 %
reduction of hydroxyl groups compared to 35 % (Entries 5 and 4, respectively,
Table 4.2.4). In line with the principles of Green Chemistry, solvent-free (bulk)
conditions were also evaluated. TBD was initially retained as the catalyst due to
its favorable performance in solution; however, in the absence of solvent the
reaction mixture became highly heterogeneous and insoluble in DMC, rendering
these conditions unsuitable (Entry 6, Table 4.2.4). When TBD was replaced with
DBU under bulk conditions, a significantly higher reduction in hydroxyl groups
(64 %) was achieved (Entry 7, Table 4.2.4). Finally, the reaction was successfully
scaled up to a 6 g batch (Entry 8, Table 4.2.4), while maintaining a similar level
of conversion (65 % reduction in hydroxyl groups). While bulk conditions were
effective at a smaller scale, scale-up was performed under solvent-based

conditions to ensure reaction homogeneity and adequate solubility.
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Figure 4.2.4 — Overlay of 3P NMR spectra for OL (black), HAL (orange) and CCFL (blue).
After hydroxyalkylation, a complete conversion of aromatic hydroxyl and carboxylic acid groups
is observed, as well as a concomitant increase of aliphatic hydroxyl groups.
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As depicted from Figure 4.2.4, it is possible to follow visually and quantitatively
the changes in the -OH distribution after each modification. In particular, after the
first step of the modification with GC, full conversion was observed for aromatic
and carboxylic acid groups, to aliphatic ones. In particular, for HAL, two signals
are visible, due to the primary and secondary alcohols formed at the end of
the grafted chain.?>® After subsequent reaction with dimethyl carbonate, a strong
decrease in aliphatic hydroxyl groups is observed, as a consequence of cyclic

carbonate moieties formation.
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Figure 4.2.5 — Overlay of IR spectra for OL (black), HAL (orange) and CCFL (blue); all spectra
are normalized to the signal at 1504 cm-', ascribed to the C=C aromatic stretching vibration that
is not affected during the modifications.

After reaction with DMC, the signal of cyclic carbonate stretching vibration
increases further, and a new signal appears at 1748 cm™' (Figure 4.2.5), due to
the formation of linear carbonates between alcohols and one functionality of

DMC, as depicted in Scheme 4.2.5.
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From quantitative '3C NMR (Figure 4.2.6), it was possible to gain further insights
into the reaction outcome. The increasing signal ascribed to the carbonyl of cyclic
carbonates structures (d) is already present after hydroxyalkylation step, due to
the side reaction shown in Scheme 4.2.3. Additionally, the signal attributed to the
Cs-Cs of etherified syringyl and guaiacyl units increases, while the signal for the
Cs3-Cs of non-etherified syringyl and guaiacyl units decreases, providing further

confirmation of a successful reaction (both highlighted in gray).
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Figure 4.2.6 — Overlay of "3C NMR spectra for OL (bottom), HAL (middle) and CCFL (top). Peak
assignment was performed based on literature values.2"!

In Table 4.2.5, an overview of the analytical data of the starting material OL, as

well as HAL and CCFL is presented.
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Table 4.2.5 — Overview of the analytical data for the starting material OL, HAL and CCFL.

Entry OHaiiphatic OHrotal M, . Carbonyl content
(mmol-g™)? (mmol-g")? (g-mol)P (mmol-g)c
oL 242 4.35 5000 2.6 -
HAL 4.66 4.66 13800 4.8 0.34
CCFL 1.64 1.64 12600 3.9 0.91

a: determined from 3'P NMR. °: SEC-DMAc. ¢: Determined via quantitative '3C NMR.
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4.2.6 Thermosets NIPUs

PA was employed as a crosslinking agent for the formation of non-isocyanate
polyurethane (NIPU) networks together with cyclic carbonate functionalized lignin
(CCFL) and erythritol-bis cyclic carbonate (EBC), to afford renewable thermosets

as shown in Scheme 4.2.6.

Scheme 4.2.6 — General reaction scheme for lignin functionalization to achieve CCFL, and
subsequent reaction with EBC and crosslinker PA to form NIPU networks. For simplicity, only the
main reactions are shown.
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Having both monomers in hand, the curing behavior of the lignin-NIPU
thermosets (Scheme 4.2.6) was followed by IR spectroscopy. Initially, thermosets
with only cyclic carbonate functionalized lignin (CCFL, 0.89 mmol-g-' carbonate
moieties) and PA were synthesized, with a CC:NH: ratio of 1:1 and 1:1.5. For
both formulations, the samples resulted in a very brittle material after curing,

breaking instantly when recording IR spectra (Figure 4.2.7).



4 Results and Discussion

Figure 4.2.7 — Picture of a first batch of thermosets without erythritol bis-cyclic carbonate as third
component, with CC:NHz2 ratio of 1:1 (left) and 1:1.5 (right). The material was brittle and broke
during IR measurements. Picture taken by the author.

Therefore, a third bifunctional component was added to the thermoset formulation
to achieve more flexible materials, decreasing the crosslinking density inherently
brought by the lignin macromolecular structure. Thus, erythritol bis-cyclic
carbonate (EBC) was synthesized following a more sustainable procedure
developed by Meier et al.3% starting from erythritol, a naturally occurring
polyalcohol present in fruit and used as sweetener. Initial experiments were
conducted with PA and EBC only. However, without the contribution of lignin, a
network was not successfully formed, resulting in materials lacking structural
integrity and exhibiting very high viscosity, making them difficult to handle. This
outcome reinforces the fact that the optimal formulation for the thermosets relies
on the contribution of all three components (CCFL, EBC and PA) to form a PHU
network efficiently. Considering the chemical nature of the three components,
their combination can overcome the typical brittleness of lignin-containing

materials.

Due to the solid nature of lignin and EBC, a minimal amount of DMSO was
employed to aid the mixing of the monomers. The viscous-liquid nature of PA also
contributed an efficient and homogeneous mixing of all the components. Different

thermoset compositions were prepared, an overview is reported in Table 4.2.6.
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Table 4.2.6 — Overview of the molar and weight composition for the synthesized thermosets, with
different lignin content.

Cyclic carbonate Amine Catalvst
Entry compo_nent component alalys Lignin Lignin
(Equiv.) content content
0/.\a 0/ \b
EBC CCFL Total equiv. (E::;v) (EL?IR,) (mol%)*  (wt%)
1 0.85 0.15 1 1 0.1 15 26
2 0.75 0.25 1 1 0.1 25 38
3 0.50 0.50 1 1 0.1 50 56
4 025 0.75 1 1 0.1 75 67

a: molar content of CCFL (in percent) with respect to the total moles of cyclic carbonate
component. °: weight content of lignin (in percent) with respect to the total weight of all
components, not considering the weight of the solvent.

CCFL — 38 wt% lignin — CCFL — 67 wi% lignin — 56 wt% lignin — 38 wt% lignin — 26 wt% lignin

Linear carbonate v(C=0),
1748 cm™!

Cyclic carbonate v(C=0), Cyclic carbonate v(C=0)
1792 cm’” “ v(O-H); v(N-H) v(C-H) .
v(C-H) !

wv(O-H); v(N-H) v(C=Q), ester,

urethane M
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Figure 4.2.8 — Left: overlayed IR spectra of CCFL (orange, top) and the thermoset with 38 wt%
lignin content (Table 4.2.6, entry 2, black, bottom). Right: overlay of IR spectra of CCFL (blue,
top) and the thermosets with different lignin compositions (see Table 4.2.6). Relevant signal
changes are highlighted.

Initially, a 38 wt% lignin formulation with EBC, CCFL and PA was prepared. Its
curing behavior was followed in time at 150 °C via IR spectroscopy, revealing an
optimal curing time of 2.5 days, as after this time the signal ascribed to the cyclic
carbonate v(C=0) at 1792 cm™' was no longer observed. Next, applying these
conditions, four different lignin weight percentages were tested, 26, 38, 56 and
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67 wt% (see Table 4.2.6). IR spectroscopy of the cured thermosets is shown in
Figure 4.2.8. Comparing the IR spectrum of CCFL (Figure 4.2.8, left, top) with
the fully-cured thermoset with 38 wt.% lignin (Figure 4.2.8, left, bottom), different
signals show the successful formation of the PHU thermosetting network. In
particular, a strong increase in the stretching vibration signal ascribed to C-H
bonds (2760 — 3000 cm™") relates to the incorporation of the aliphatic fatty acid
chains into the structure of the thermoset. Also, v(O-H) and v(N-H) stretching
vibration signals (3100 — 3600 cm") increased as a consequence of the formation
of hydroxyl groups due to ring opening of cyclic carbonate and urethane moiety
formation, respectively. The disappearance of the cyclic carbonate v(C=0) signal
(1792 cm™) confirms the effective curing of the material, while a new signal at
1728 cm™' is associated with the v(C=0) of both ester and urethane moieties
overlapping with each other. In Figure 4.2.8, right, an overlay of all IR spectra of
the thermosets with different lignin compositions is shown. The absence of the
cyclic carbonate v(C=0) stretching absorbance reveals an effective reaction in all

compositions.

4.2.6.1 Gel Content and Swelling Properties

Gel content and swelling behavior of the thermosets were investigated according
to the procedure described in the supporting information and are reported in
Table 4.2.7. Typically, these tests provide valuable insights into the material's
crosslinking density: the higher the gel content of the material, the higher the
crosslinking degree. The soluble fraction typically consists of low molecular
weight impurities, unreacted starting materials, or products of low crosslinking
density. Here, the presence of soluble oligomeric structures can be excluded as

indicated by SEC analysis (see Figure 4.2.9).
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Figure 4.2.9 — SEC plot of the soluble fraction of the thermoset containing 38 wt% lignin after gel
content determination.

A clear trend can be identified in both parameters related to lignin content of the
PHUs. As the lignin content increases, the swelling percentage decreases, while
the gel content exhibits the opposite trend. For the lowest lignin content (26 wt%),
the crosslinking density is the lowest among all compositions. This is because
EBC, which does not contribute to cross-linking, accounts for the majority of cyclic
carbonate moieties. As the lignin percentage increased, the crosslinking density
also increased. Consequently, the gel content rises, reaching a maximum of
98 % for 67 wt% lignin, and the swelling decreased to 41% for the highest lignin
composition. Generally, the results show a satisfactory gel content in all

compositions, demonstrating the efficient formation of a network.
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4.2.6.2 Thermal Properties of the Thermosets

The thermal properties of the thermosets were also investigated. Initially, thermal
stability was analyzed by TGA (Figure 4.2.10, right). All thermosets showed

a higher thermal stability compared to the precursor CCFL.

26 wt% lignin
38 wt% lignin | 100 Tys9,= 287 - 307 °C
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Figure 4.2.10 — Left: DSC thermograms of thermosets with different lignin weight percentages
(compare Table 4.2.6), right: TGA decomposition curves for the CCFL (black) and the thermosets
with different lignin weight percentages.

Moreover, they all showed a single-step decomposition curve, corresponding to
the degradation of the thermoset structure. In contrast, CCFL showed a two-step
decomposition curve, where the first step could be ascribed to the cyclic
carbonate moieties and the second one to the aromatic structure of lignin.
Increased lignin content contributed to improved thermal stability (T4,5% = 287 °C,
Ta50% = 400 °C for 26 wt% lignin; Tas% = 307 °C, Tas0% = 422 °C for 67 wt%
lignin), because a higher amount of lignin increases the cross-linking density.
Furthermore, lignin is generally known to enhance thermal stability.33%340 A trend
in the char residue percentage (see Table 4.2.7) was observed, where the
residue percentage increased with a higher lignin content (from 21.0 to 33.3 %),

as lignin contributes to a higher char content.3*’
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DSC thermograms of the different thermosets were also recorded to identify the
possible presence of a Tg. Figure 4.2.10, left, shows the thermograms in a
temperature range -30 to 180 °C. Assignment of a clear Ty value was not
possible, as the range was too broad to identify it. This is probably a result of the
complex and heterogenous networks formed. An increase in the heating rate
from 10 to 30 Kmin' did not improve the quality of the thermograms.
Nevertheless, a Ty is certainly present, as evidenced by the material’s behavior
when heated. Upon heating, in fact, the material’s elasticity changed, making the
thermosets appear more flexible, changing back to a more brittle state when
cooled back to room temperature (r.t.). The only thermoset that remained very
flexible at r.t. is the one with a 26 wt% lignin composition, which has a Tq range

near r.t., as indicated by the thermogram.

Table 4.2.7 — Overview of the characterization data for thermosets with different lignin weight
percentages.

Gel
wt% Tg Td,s% Td,so% Resid WCA Swelling
Lo content Aspect
lignin (°C)2 (°C) (°C) ue (%) (° (%)
(%)
Very
26 -30-60 287 400 21.0 81.13 96 79
flexible
38 20 -80 290 404 21.3 87.99 48 87 Flexible
101.0
56 80-120 301 421 33.9 ) 44 93 Fragile
67 90-130 307 422 33.3 95.66 41 98 Fragile

a: Tq ranges obtained from the DSC thermograms, precise assignation is not possible.
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4.2.6.3 DMA Analysis

Amongst the different thermoset compositions that were not fragile (see Table
4.2.7), the one with the highest lignin content (38 wt%) was selected for DMA
analysis. A representative curve of the storage modulus E’ and the tan & curve is
shown in Figure 4.2.11 and the results are reported in Table 4.2.8. The material
presents a storage modulus below Tg ranging from 1970 MPa at - 30 °C to 1220
MPa at 25 °C (average values, see Table 4.2.8), which dropped reaching
a minimum around a temperature of 150 °C (E’150°c=5.72 £ 2.41 MPa). The glass
transition (or a relaxation temperature, T«) causes a large change in the material’s
elasticity, resulting in a decrease of the storage modulus and a peak in the tan(d)
curve. Lignin’s aromatic backbone structure and crosslinking density are the main

influencing factors for this change in the thermosets.
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Figure 4.2.11 - Left: representative curve of the storage modulus (E’) curve against temperature
for the 38 wt% lignin content thermoset. Right: representative curve of the tan (8) curve against
temperature for the 38 wt% lignin content thermoset.

The glass transition can be measured from the onset of the storage modulus or
the temperature at the maximum of the tan(®) peak. The first method
usually gives the lowest value of Ty and it is often a good indicator of when the
mechanical strength of the material starts to fail. This value may be useful to

consider for possible applications. For the composition with 38 wt% lignin
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content, a maximum Ty of 97.3 °C was reached (peak tan(d)), average value of
three measurements, see Table 4.2.8), showing a value aligning with literature

reported results for lignin-based NIPUs.326

Table 4.2.8 — DMA analysis results for the 38 wt% lignin content thermoset.

Tg Tg
o E’.30°c E’25c E’150°c
wt% lignin Onset E’ Max tan &
(MPa)? (MPa)? (MPa)?
(°cy (°cy
38 1970 £ 386 1220+223 5.72+241 652+24 973141

a: Measurements performed in triplicate. Overview of the triplicates is provided in the Experimental
Section, Paragraph 6.5.4.3.
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4.2.6.4 Water Contact Angle (WCA) Measurements

Hydrophobicity and wettability of the thermosets were investigated via static
single-drop water contact angle (WCA) measurements. Usually, to be
considered hydrophobic, a material should present a WCA higher than 90°. A
material is considered superhydrophobic when the WCA is higher than 150°.342
Due to its complex structure, rich in carbon and aromatics, lignin usually presents
a more hydrophobic behavior compared to other bioderived polymers, i.e.
cellulose or hemicellulose.34® However, hydrophobic/hydrophilic behavior is
strongly influenced by the type of functional groups present in the structure. The
measurements of the different thermoset compositions reveal a gradual increase
in hydrophobicity in concomitance with increasing the lignin content (see Figure
4.2.12), especially when higher than 38 wt%. This trend suggests that
the hydrophobic nature of the modified lignin contributes to the final wettability of
the material, considering that the molar amount of the PA is the same in every
composition. Although the average value of the WCA for the 67 wt% formulation
appears to be lower than the value for the 56 wt% formulation, the two resins

behave quite similar within error margins.
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Figure 4.2.12 — Water contact angle measurements for thermosets with different lignin
composition. Measurements were performed 5 times per sample to ensure reproducibility and
average values are reported, as well as measurement errors.
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To compare with literature data, a study showed that the inherently hydrophilic
behavior of linear PHU coatings (due to the pendant hydroxyl groups) can be
influenced by varying the chain length of the diamine.3** However, contact angle
measurements were still below 90° for all the formulation tested. Detrembleur et
al.®*® on the other hand investigated the wettability for crosslinked PHUs obtained
from cyclocarbonated soybean oil and different diamines revealing a high WCA
of 103° for the formulation obtained with m-xylylenediamine (MXDA). This
suggests a higher hydrophobicity for aromatic structures, compared to
cycloaliphatic (isophorone diamine, 99°) and aliphatic (hexamethylenediamine,

95°) ones.
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4.2.7 Conclusions and Outlook

This work represents the synthesis of a high oleic sunflower oil-based amino
crosslinker via thiol-ene chemistry and its subsequent use in the production of
lignin-based non-isocyanate polyurethanes (NIPUs). Although bio-based amines
are a crucial component in NIPU formulations, they are rarely documented in the
literature. The crosslinker structure was characterized in detail and reaction
conditions were investigated both in batch and under continuous flow processes,
resulting in a conversion of 99 % obtained in 6 hours and in a 2 grams scale,
demonstrating the feasibility of scaling up the reaction. Furthermore, the oil-
based amino crosslinker was employed for the synthesis of fully bio-based NIPUs
together with cyclic carbonate functionalized lignin and erythritol bis-cyclic
carbonate. The lignin content of the resulting thermosets was varied between 26
and 67 wt%, showing how lignin influences the properties of the final materials.
IR spectroscopy confirmed the successful and complete curing in all formulations,
which was further validated by high gel content values that increased
proportionally with lignin content. Formulations up to 38 wt% of lignin were still
flexible at room temperature conditions, whereas higher lignin contents resulted
in fragile materials with poor mechanical performance. All formulations exhibited
thermal stability up to 250 °C, with the 38 wt% lignin formulation showing a Tg4 of
97.3 °C, as determined by DMA analysis, indicating suitability for applications
requiring both high thermal resistance and elevated Tg. The wettability of the
materials was also examined, showing an increase in hydrophobicity with higher
lignin content. In summary, this work highlights the potential of the bio-based
amino crosslinker in the formulation of sustainable NIPUs and underscores the
significant role of lignin content in tailoring the mechanical, thermal, and surface

properties of the resulting materials.
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4.3 Functionalization of Lignin with Cyclic
Anhydrides

This chapter is partially based on publication:346

C. Libretti; G. G. Rizzo; S. Abou EI Mirate; M. Johansson and M. A. R. Meier
Biobased Epoxy Resins from Itaconic Anhydride—Functionalized Lignin: Insights
and Comparison with Succinic Analogues. RSC Sustainability, 2026, Accepted

Manuscript.

Licensed under Creative Commons Attribution 3.0 (CC BY 3.0). Reuse is
permitted under the terms of this license. The work presented here follows the
structure of the published article.

The work presented here follows the structure and main findings of the
accepted manuscript. Text, figures, and data are reproduced from this article
and were partially edited and extended with permission from the Royal Society
of Chemistry.

Additional experimental procedures, optimization studies and analyses not
included in the manuscript were carried out as part of the doctoral research and
are discussed in detail in the present chapter.

G.G. Rizzo and S. Abou El Mirate synthesized parts of the starting materials as
well as parts of the thermosets library under co-supervision of the author (for
details see Experimental Section, Chapter 6.6).

Moreover, part of the synthetic work involved in optimizing the lignin
functionalization reaction was carried out by Aaron Seider in his role as a
student research assistant, under the author’s co-supervision.

All additional experiments, data interpretation, and the extended discussion
were conducted within the scope of this thesis.
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4 Results and Discussion

4.3.1 Abstract

Lignin, the most abundant renewable aromatic polymer, remains underutilized
despite its potential as a sustainable feedstock for polymeric materials. In this
work, lignin was functionalized with itaconic and succinic anhydrides to introduce
carboxylic acid groups, enabling its use as a polyfunctional macromonomer. The
influence of temperature, reaction time, reagent stoichiometry, and catalysts on
the functionalization efficiency was systematically investigated. The lignin
derivatives were furthermore utilized as crosslinkers for Passerini-three
multicomponent reaction (3-MCR) thermosets, together with 1,6- or 1,12-
diisocyanides, and nonanal. The lignin content was tuned producing lower
and higher lignin content thermosets. Thermal properties of the resulting
materials were analyzed and compared to succinic anhydride lignin derivatives,

and their gel content was optimized investigating several parameters.

The itaconate lignin derivatives were incorporated correspondingly as
crosslinkers into fully biobased epoxy resins formulated with epoxidized soybean
oil and Pripol™ 1009, and their mechanical and thermal properties, as well as
insights into the curing, were investigated in detail. Elastic moduli ranged from
4.87 to 1.24 MPa. The glass transition temperature (between -36 and -23 °C) was
found to be primarily influenced by the aliphatic matrix, while the lignin content
and the resulting network architecture strongly affected the mechanical properties
of the materials. Comparative studies with succinic anhydride modified
lignin highlighted the role of unsaturation due to itaconic acid in the network,
especially for mechanical properties. Finally, degradation studies demonstrated
depolymerization under alkaline hydrolysis, suggesting potential for designing
easily cleavable thermoset systems. This work contributes to the development
of greener epoxy networks and highlights lignin’s versatility as a reactive
renewable building block for sustainable polymer chemistry. Finally, a proof of
concept for the synthesis of thermosets based on thia-Michael reactions using

lignin itaconate derivatives is presented.
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4.3.2 Introduction

Lignin offers a wide variety of functional groups, mainly hydroxyl (aliphatic and
aromatic) and carboxylic acid groups, available for further modification. In
particular, lignin can be used in the development of several resin types, offering
a more sustainable alternative to petroleum-based products, such as in phenol-
formaldehyde resins (PFs),347:348 polyurethanes (PUs),3493% or non-isocyanate

polyurethanes (NIPUs)305325.326 g5 well as epoxy resins.3%1.352

Among these materials, epoxy resins have attracted considerable attention,
thanks to their excellent mechanical and thermal properties, broadening their
range of application and expanding their global market.3%® However, inherent
challenges associated with lignin epoxidation using ECH, as well as the reliance
on petroleum-derived BADGE (bisphenol-A diglycidyl ether, a bisphenol-A
derivative), and the toxicity concerns linked to fossil-based (as well as

renewable)3®* amine hardeners, still remain.3%

Lately, several renewable epoxy resin examples have been reported in the
literature, based on renewable feedstocks such as plant 0ils3°6:357 or cashew nut
shell liquid (CNSL),3%8 as well as biobased platform chemicals, such as levulinic
acid, furfuryl amine,3%° syringaldehyde, 3¢ or vanillin.3¢' However, even for these
more sustainable alternatives, the introduction of epoxy groups still relied heavily
on ECH chemistry, and despite the commercialization of glycerol-to-
epichlorohydrin (GTE) plants, ECH still presents concerns related to its handling,
toxicity and CMR rating.362
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An additional sustainability challenge is related to the employment of typical
amine hardeners presenting toxicity issues.363364 |n this regard, other well-known
crosslinkers for epoxy resins, namely anhydride®® and carboxylic acid®® curing
agents, would be a less hazardous and potentially more sustainable approach.
Interesting approaches for the introduction of carboxylic acid moieties onto
lignin have recently been reported through carboxymethylation3¢” or oxidative

carboxylation with acetic acid and hydrogen peroxide.368

Several studies have reported the functionalization of lignin with cyclic
anhydrides to obtain polycarboxylic acid—functionalized lignin, which can be
directly employed as a crosslinker in various resin systems. For instance, Zhen
et al.3®° reported fully bio-based epoxy resins from epoxidized soybean oil
(ESBO) and tung oil anhydride-modified lignin, whereas Ma et al.3’° presented a
multicarboxyl lignin hardener from glycidol and maleic anhydride, which was
used to achieve bio-based epoxy resins, aided by citric acid and ESBO. Other
examples involve modification of lignin with succinic acid,®”" succinic
anhydride, 87188372 g5 well as maleic anhydride to achieve thermosets via thiol-

and amine-based Michael additions.373

Epoxidation of unsaturated vegetable oils is commonly achieved through peracid-
mediated reactions (often generated in situ) via chemical or chemo-enzymatic
routes.*” ESBO was selected as renewable epoxy crosslinker to furthermore
address the toxicity concerns associated with conventional ECH-based epoxy

resins, as outlined above.

ESBO-based epoxies are known to exhibit lower mechanical performance than
conventional fossil-based glycidyl ether—based systems (e.g., BADGE). Within
this framework, lignin is introduced as a rigid, multifunctional macromolecular

component to partially compensate for the intrinsic flexibility of ESBO.

Thorough literature research revealed that lignin modification with itaconic
anhydride (IAn) has not yet been reported. IAn, compared to the structurally

related maleic anhydride, is renewable (maleic anhydride production still relies
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on n-butane)®* and less harmful.37>-377 |An derives from the dehydration of
itaconic acid, a well-known bio-based platform chemical produced via
fermentation, and first reported in 1837 by thermal decomposition of citric
acid.3"837° This chapter presents detailed investigations of the functionalization
reaction of lignin with itaconic anhydride. Reaction conditions were thoroughly
optimized, and the resulting itaconate-functionalized lignin carefully
characterized. IAn was then employed for the synthesis of fully renewable epoxy
resins, in combination with ESBO and Pripol™ 1009, a dimeric diacid with a
monocyclic core unit, obtained from Diels-Alder reaction of unsaturated long

chain fatty acids.380.381

Lignin was likewise functionalized with succinic anhydride under the same
reaction conditions. The resulting derivatives were subsequently employed in
analogous experiments to obtain epoxy resins, allowing a direct comparison of
the two anhydride-modified lignins in epoxy resin applications. Moreover, the
application of these derivatives was also investigated in Passerini 3-MCR
thermosets, focusing on the optimization of gel content and the evaluation of their
thermal properties. Passerini reactions are typically achieved via a one-pot
reaction between a carboxylic acid, an aldehyde, and an isocyanide. Several
studies have reported Passerini reactions employing renewable resources, for
instance succinylated or carboxymethyl cellulose,382383 as well as more recent
work utilizing a triacid derived from HOSO.38* However, no reports have yet
described the application of this chemistry to lignin derived monomers. In this
context, lignin derivatives bearing itaconate or succinate carboxylic acid groups
were employed as crosslinkers, in combination with diisocyanides (Cs or C12) and
nonanal as the aldehyde component. A low lignin content (35 mol%) was
compared to a higher content (100 mol%) for both derivatives, and when
required, the remaining —~COOH groups were partially replaced with Pripol™ to

achieve tunable material properties.
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4.3.3 Lignin Functionalization with Itaconic Anhydride

The functionalization of lignin with itaconic anhydride was optimized by
systematically varying the reaction conditions such as temperature, reaction time,
and reagent stoichiometry, in an initial 0.5 g reaction scale. The progress and
outcome of the functionalization were monitored by 3'P NMR and IR
spectroscopy, as well as SEC. Typically, the extent of the esterification is
associated with an increased amount of carboxylic acid (-COOH) and ester
(-COOR) groups, as illustrated in Scheme 4.3.1. Moreover, an increase

in molecular weight is expected.

Scheme 4.3.1 — General reaction scheme of the functionalization of lignin with itaconic anhydride;
a representative structure of lignin and lignin itaconate are shown.
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At the initial stage, the reaction was tested under bulk conditions in an effort
to minimize solvent use and align with the principles of green
chemistry. However, these conditions proved impractical, as achieving
a homogeneous mixture between the molten anhydride and lignin required a very
large excess of IAn. Even with a large excess (10 equiv.), a proper dispersion of
the lignin could not be achieved, as the mixture remained inhomogeneous. The
use of a reaction solvent—despite introducing an additional component—was
considered more practical, especially if the solvent could be easily recovered by

distillation. For this reason, Organosolv lignin (OL) was fractionated in acetone
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prior to the functionalization step and characterized in detail (see Experimental
Section, Paragraph 6.6.1.2). Acetone was chosen as the reaction solvent for its
ability to solubilize all the components and being easily recoverable. Additionally,
acetone does not raise major concerns from a health and environmental impact
point of view, as depicted by the GSK’s solvent selection guide.3s Moreover,

solvent recovery was also included in our work, as will be discussed later.

The performance of four different base catalysts was investigated. Organic
superbases are known to catalyze transesterification reactions,2%3% therefore
three different superbases, namely DBU, TBD, and 1,1,3,3-tetramethylguanidine
(TMG) were tested, as well as the heterogeneous inorganic base K2COs. DBU
and TMG showed comparable performance, with DBU showing slightly higher
catalytic activity (0.96 mmol-g”" of —~COOH installed, vs. 0.92 mmol-g™* of
—COOH with TMG as catalyst), as shown in Table 4.3.1, entries 1 —4 and Figure
4.3.1. TBD and K2CO3 were less active. In addition to the environmental impact,
itis important to compare the two catalysts in terms of toxicity (DBU: acute toxicity
cat.3, LD50oral, rat = 215 — 681 mg/kg, TMG: acute toxicity cat. 4 LD50cral, rat =
835 mg/kg).%863%7 Thus, TMG can be categorized less toxic than DBU. The
experimental data further show similar conversion of TMG and DBU (50 % and
54 % conversion of aliphatic hydroxyl groups for TMG and DBU, respectively).
To ensure consistency and direct comparability across the optimization study,
DBU was retained as the primary catalyst using a fixed set of reaction conditions
(1.4 1An equiv., 45 °C, 24 h and 6 mol% cat. loading), while individual parameters
were systematically varied, despite the lower toxicity of TMG. Nevertheless, the
reaction was subsequently upscaled with both catalysts, confirming that TMG
performs comparably and demonstrating that the reaction proceeds efficiently in

either case (Experimental Section, paragraphs 6.6.1.4, 6.6.1.5, 6.6.1.7).



4 Results and Discussion

Table 4.3.1 — Effect of different parameters on the reaction between lignin and itaconic anhydride.
Conditions: 0.5 g of dried, acetone fractionated lignin (OL acetone 1) was dissolved in 5 mL of
dry acetone. The vessel was flushed with Argon and heated to the desired temperature.
Equivalents of functionalizing agent, catalyst, catalyst amount and time were tested. r.t.: room
temperature.

E IAn T Cat Cat. Ti OHAliph OHArom COOH Mn
nt (Equ °C) (mol me (mmol-g?') (mmol (mmol-  (grmol- H¢
ry iv) %) (h) (%)° g”) (%)° g’) ')

Catalyst Influence

1 1.4 45 DBU 24 1.01(54) 1.76 (23) 0.96 3800 16

14 45 TBD 24  1.34(41) 156 (30) 0.73 3700 4.9

14 45 K2CO3 24  1.26(44)  1.62(28) 0.78 3800 4.9

A WDN
O o O O

1.4 45 TMG 24 1.11(50) 1.53 (31) 0.92 4200 8.1

Catalyst Amount

5 14 45 DBU 6 24 1.01(54) 1.76(23) 0.96 3800 16

62 14 45 DBU 12 24 0.93(57) 1.59 (29) 0.97 3800 6.4

7b 1.4 45 DBU 100 24 Insoluble Fraction Formation

Time

8 14 45 DBU 6 3 145(37) 1.62(28) 0.69 3500 3.8

9 1.4 45 DBU 6 16 1.32(41) 1.91(17) 0.88 4100 9.2

10 14 45 DBU 6 24 1.01(54) 1.76 (23) 0.96 3800 16

Temperature

1 21 rt DBU 6 16 1.21(46) 1.40 (36) 0.92 3700 41

12 21 45 DBU 6 16 069(67) 1.37(38) 1.07 4000 20

132 21 66 DBU 6 16 0.5 (76) 1.18 (45) 1.27 5600 15

IAn Equivalents

14 0.7 45 DBU 16 1.60(37) 2.28 (5) 0.51 3200 41

6
15 14 45 DBU 6 16 1.32(41) 1.91(17) 0.88 4100 9.2
6

16 2.1 45 DBU 16 0.69(67) 1.37 (38) 1.07 4000 20

17 4.2 45 DBU 6 16 0.66 (69) 1.17 (46) 1.45 4000 5.9

a: Partial formation of insoluble fraction. Only soluble fraction was analyzed. b: Complete insoluble
fraction formation, no analysis possible. ¢: Data calculated from 3'P NMR. Conversion (%) is
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standardized for the increase in molecular weight of the educt compared to the starting material
(details on the calculations are reported in paragraph 6.6.1.1). ¢: SEC-DMAc.

—DBU v(C=0) ester, 1764 cm™' — 0.7 equiv.

TBD 1 ¥(C=0) acid, 1.4 equiv.

K,CO, 1731 em™! 21 equiv.

—TMG — 4.2 equiv.
v(C=C),

1649 cm’

Absorbance, normalized (a.u.)
Absorbance, normalized (a.u.)

1900 1850 1800 1750 1700 1650 1600 1550 1900 1850 1800 1750 1700 1650 1600 1550
Wavenumber (cm™) Wavenumber (cm™)

— 3 h — 1.
16 h ~ 45°C
24 h 66 °C

Absorbance, normalized (a.u.)
Absorbance, normalized (a.u.)

e

1900 1850 1800 1750 1700 1650 1600 1550 1900 1850 1800 1750 1700 1650 1600 1550
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Figure 4.3.1 — Overlay of the IR spectroscopy reaction monitoring in the region of 1900 — 1550
cm' with different parameters tested. All IR spectra are normalized to the signal at 1504 cm-* for
the lignin Car=Car stretching vibrations.

Different catalyst amounts were also tested and compared to uncatalyzed
conditions. Initially, under the same reaction conditions, the addition of 6, 12, and
100 mol% of DBU was investigated (Table 4.3.1, entries 5 — 7). A catalyst
amount of 6 mol% was beneficial to obtain functionalization with IAn, however,
increasing the amount of catalyst above 6 mol% led to a rather high amount of
insoluble fraction formation during the reaction, probably due to side reactions
(i.e., crosslinking via Oxa-Michael addition or salt formation between the excess
superbase and the newly formed —-COOH groups) that prevented a reliable
investigation on the extent of the reaction. For 12 mol% of DBU, only the soluble

fraction could be analyzed, while for 100 mol% DBU the reaction mixture turned
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completely insoluble after a few minutes, as already observed in the work from
Olsén et al.®® in their functionalization of lignin with maleic anhydride with
4-dimethylaminopyridine (DMAP) as catalyst. In contrast, the reaction performed
in the absence of catalyst exhibited minimal conversion, as indicated by IR

spectroscopy results (Figure 4.3.2), highlighting the essential function of the

latter.
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Figure 4.3.2 — IR overlay showing the beneficial catalyst effect on the conversion of the reaction,
comparing a reaction without any catalyst (black) and a reaction with 6 mol% DBU (orange), under
otherwise same reaction conditions. On the right, a zoom in the region 1800 — 1550 cm-! shows
the characteristic signals ascribed to the functionalization. All IR spectra are normalized to the
signal at 1504 cm™" for the lignin aromatic C=C stretching vibrations.

Following functionalization, all samples exhibited higher Mh values relative to the
starting material (OL acetone (1); Mn: 2900, Mw: 7800, D: 2.7) as well as an
increase in dispersity. These observations are consistent with the findings of
Olsén et al38 where the increased dispersity after functionalization was
mitigated by fractionation. In our case, however, this step was deliberately
omitted to avoid additional solvent usage. The effect of functionalization
on molecular weight and thermal properties depends on the nature of the
introduced moieties: the addition of the more rigid itaconate groups

increases molecular weight and restricts chain mobility, as demonstrated from

148



the higher Ty values (140°C) compared to the starting material acetone-
fractionated lignin (Tg = 125 °C).

Increasing the reaction time was found to be beneficial for a higher extent of
functionalization. Reaction times of 3, 16, and 24 h were investigated as time
intervals for the transesterification reaction. While longer reaction times
consistently led to higher ~COOH contents, the increase in mmol-g' of
functionalities between 16 h (0.88 mmol —-COOH-g™") and 24 h (0.96 mmol
-COOH-g") indicated that further extension yielded only marginal benefit. In
addition, excessively long reaction times are less attractive from a process
efficiency perspective. Thus, 24 h was selected as an upper practical limit (Table
4.3.1, entries 8 — 10).

The influence of the reaction temperature was investigated at r.t., 45 °C and
66 °C, respectively (Table 4.3.1, entries 11 — 13). The results indicate an
increase in the carboxylic acid group functionalities with increasing temperature.
Nonetheless, the reaction conducted at 66 °C led to a high amount of insoluble
solid fraction formation, that prevented an accurate quantification on the outcome
of the reaction. Moreover, these conditions (10 °C above the boiling point of
acetone) would render more impractical the scaling up of the reaction. Therefore,
45 °C was chosen as the optimal temperature. By varying the equivalents of IAn
from 0.7 to 4.2, the amount of installed ~-COOH groups in the esterified lignin and
the molecular weight increased considerably (Table 4.3.1, entries 14 — 17),
confirmed by IR spectroscopy (Figure 4.3.1). Signals associated with successful
conversion can be ascribed to the rising C=0 stretching vibrations of both the
ester (1764 cm™, forming between lignin backbone and anhydride) and the free
carboxylic acid (1730 cm- ). Additionally, the intensity of the emerging signal at
1649 cm -, attributed to the C=C stretching vibration of the Michael system,
increased with proceeding degree of functionalization.

As general trends, longer reaction times and higher equivalents of IAn were

found to enhance the overall reaction conversion. Increased temperatures
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promoted higher reactivity with the drawback of promoting the formation of side
reactions, indicated by solidification. Therefore, 45 °C was identified as
compromise between conversion and selectivity. Across all samples, the
aliphatic hydroxyl groups displayed higher reactivity than the phenolic
—OH groups, with a maximum conversion reached of 46 % observed for the

aromatic —OH groups, as indicated by 3'P NMR results.

Literature reports that the exo-double bond of IAn can undergo isomerization to
the thermodynamically more stable citraconic anhydride (ClAn).3893% |n order to
investigate the stability of the double bond in the IAn structure, different
screenings were carried out in the absence of lignin. Initially, IAn and DBU were
mixed in acetone and heated to 45 °C to replicate the reaction conditions, and
aliquots were taken over time and analyzed via NMR spectroscopy.
Corresponding data suggest that the isomerization of the double bond takes
place almost immediately, reaching close to complete isomerization of the double

bond after 10 minutes (Figure 4.3.3).

0 o) (o] o
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1?(: — j;ez ° 9
. 2ab 4 s
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3/ "\ 3
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t = 30 min J ! M K2CO,4

75 70 65 60 55 50 45 40 35 30 25 20 15 1075 7.0 65 6.0 55 50 45 40 35 3.0 25 2.0 1.5 1.0 0.5 0.0
&/ppm &/ppm

Figure 4.3.3 — a) '"H NMR (CDCl3) of the screening for isomerization of itaconic anhydride
(conditions: 0.4 g of IAn, 5 mL dry acetone, 22.2 uL DBU, 45 °C); b) '"H NMR (acetone-ds) of the
screening for isomerization of itaconic anhydride after 30 minutes with different bases.
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This is in accordance with literature findings, where the isomerization is favored
in the presence of tertiary amines.%® For comparison, K2CO3z and TMG were also

tested and exhibited comparable isomerization results to DBU (Figure 4.3.3).

These findings suggest that IAn predominantly isomerizes during the reaction
and CIAn is most likely the functionalizing agent reacting with lignin, as depicted
in Scheme 4.3.2. Therefore, while the products are referred to as Lignin
Itaconates (LI) throughout this work for consistency, the structure likely
corresponds predominantly to lignin citraconates. Despite this isomerization,
carboxylic acid groups remain incorporated into the modified lignin structure,
facilitating the resulting macromonomer to be applied in thermoset systems that
rely on —COOH reactivity. Furthermore, the introduced Michael system is still
retained, although its reactivity may be reduced compared to the non-isomerized

case, as literature postulates.391.392

Scheme 4.3.2 — General reaction scheme of isomerized itaconic anhydride (CIAn) and a
representative structure of lignin.
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To enable the use of LI in thermoset applications, a larger-scale synthesis (15 g)
was conducted with optimized reaction conditions. A complete characterization
of the product, also for the TMG-catalyzed upscaled reaction, can be found in the
Experimental Section, paragraph 6.6.1.5, demonstrating that the scale-up
effectively works with both catalysts (DBU and TMG). Figure 4.3.4 presents the
IR spectrum of the upscaled reaction product, confirming the successful
functionalization through the characteristic signals associated with the insertion
of the citraconate moieties. The corresponding 3'P NMR spectrum further
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supports this assumption, indicating a pronounced increase in the ~-COOH region
relative to the starting material. In particular, the upscaling conditions led to a
—-COOH value of (1.39 £ 0.02) mmol-g™.

—— OL Acetone \ 1S WDPO» H;0
LI V(C=C), 1649 cm"' A o X7 oy
V(C=0) acid, 1723 cm’ Moo il

/ o
Aliphatic -OH Aromatic -OH

v(C=0) ester, 1764 cm™' -COOH

Absorbance (a.u.)

oL
Acetone |

4000 3500 3000 2500 2000 1500 1000 500 155 153 151 149 147 145 143 141 139 137 135 133 131 129
% S/ppm
Wavenumber (cm™)

Figure 4.3.4 — Left: representative IR spectra of acetone-fractionated OL (OL Acetone, starting
material) and LI. Right: 3P NMR highlighting the change in the characteristic signals for
aliphatic hydroxyl (orange), aromatic hydroxyl (green) and carboxylic acid groups (pink).
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Figure 4.3.5 — HSQC traces of acetone fractionated lignin (OL acetone (2)) and itaconic
functionalized lignin.

From HSQC analysis (Figure 4.3.5) of both the fractionated lignin in acetone (OL
Acetone) and the LI, structural understandings can be gathered. Signals ascribed
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to pinoresinol (structure B) remain unchanged after modification. A shift on the
signals of structures such as 3-O-4’ (A) and phenylcoumaran (C) from 6C/dH 61—
65/3.5-3.9 ppm to 8C/OH 62—-65/4—-4.44 ppm can be observed after modification
of the primary hydroxyl groups. To the best of our efforts, it was not possible to
precisely differentiate between the signals of Ay and Cy. Nevertheless, a shift of
the signals is clearly visible, confirming the successful
functionalization. However, the signal ascribed to Aa did not shift, showing that
the reactivity of the modification was not very high  with
secondary hydroxyl groups (as also demonstrated via 3'P NMR, aliphatic ~OH
are still present after modification, with (0.90 + 0.004) mmol-g"). In the aromatic
region, a new signal appears (IA, 8C/dH 122/5.92 ppm), ascribed to the proton of
the double bond of the IA moiety (isomerized, indicated as IA structure in Figure

4.3.5). Complete HSQC analysis is available in the Experimental Section (6.6.1).
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4.3.4 Environmental Factor, Recyclability of the Solvent, and the

Precipitation Medium

As highlighted recently, the modification of lignin with cyclic anhydrides remains
one of the most promising pathways for developing low environmental-factor (E-
factor) protocols to access carboxylic acid functionalized lignin.®® Indeed, the
waste streams generated are typically associated with catalysts, solvents, and
excess reactants. In this context, bulk conditions and minimal amount of catalyst
would be beneficial to lower the overall E-factor of the procedure. As mentioned
above, bulk conditions were not feasible with IAn, due to the high excess of
reactant required to achieve an adequate mixing with lignin. In order to enhance
the overall sustainability of the functionalization process, efforts were thus
directed toward solvent recovery (Table 4.3.2). Due to the large volume of water
required for precipitation during workup, the distillation proved challenging,
ultimately leading to a recovery rate of 75% of the initially used acetone
(characterization of the recovered solvent is provided in the Experimental section
(Figure 6.6.10). As a proof of concept, the recovered acetone was dried
over molecular sieves for 72h and subsequently employed in a new
functionalization reaction. However, the conversion of the aliphatic groups was
lower in comparison to using fresh anhydrous acetone, likely due to residual

water presence (Table 4.3.2, Entry 1-fresh solvent; Entry 2-recovered solvent).

Table 4.3.2 — Data comparison of the —OH group distribution in the modification of lignin with 1An
utilizing fresh solvent (entry 1) and recovered solvent (entry 2). Conditions: 0.50 g of dry OL
acetone and 1.40 equiv. of IAn (based on lignin —OH value) were dissolved in dry acetone. DBU
(6 mol%) was added, and the reaction mixture was stirred at 45 °C for 24 h.

Entry OHrotal OHaiiphatic OHaromatic COOH Xaliph Xarom
(mmol-g')? (mmol-g')? (mmol-g")? (mmol-g')? (%)° (%)°

1 3.71 1.01 1.76 0.96 54 23

2 3.52 1.44 1.48 0.56 31 23

a: Determined from 3'P NMR. b: Conversion (%) is standardized for the increase in molecular
weight of the product compared to the starting material (see paragraph 6.6.1.1).
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The precipitation medium used for the esterification reaction with the recovered
acetone was reused multiple times for additional reactions, demonstrating its
reusability. During the experiments, denoted as reutilization of precipitation
medium (LI-RPM#), the differences in the conversion were monitored via IR
spectroscopy. Prior to each reuse, the medium was filtered to remove any
residual solids. LI-RPM1 and LI-RPM2 exhibited an almost identical spectrum,
while a slight decrease begins with LI-RPM3, followed by a more noticeable
decline in LI-RPM4 (Figure 4.3.6). These results suggest that the precipitation
medium can be reused effectively at least three times without compromising
precipitation efficiency, thereby contributing positively to the sustainability of the

process.

Absorbance, normalized (a. u.)

— T T T T T T T
1850 1800 1750 1700 1650 1600 1550
Wavelength (cm™)

Figure 4.3.6 — Zoom in the region 1850 — 1550 cm-" of the IR spectrum of lignin itaconates
obtained reutilizing several times the same precipitation medium. The nomenclature corresponds
to LI and the number of Reutilizations of Precipitation Medium (RPM#). Spectra were normalized
for the aromatic C=C stretching vibration at 1504 cm-'.

Synthetic E-factor values were estimated using a simplified approach to highlight
solvent impact to the total amount of waste, without considering the fractionation
pretreatment and the workup. A detailed discussion of the calculation
assumptions and limitations is provided in the Experimental Section, paragraph
6.6.2.1. By implementing a simple recycling procedure of the solvent via

distillation, it was possible to lower the total E-factor for the procedure from 6.9 to
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2.7. In chapter 2.2.1.4,°3 several lignin modification strategies were reported,
together with a comparative discussion of their E-factors. Comparing the E-factor
of the lignin modification with itaconic anhydride described herein to conventional
ECH-based routes, the present approach results in substantially lower values
(typically between 4 and 16 for ECH-based systems).®® Even alternative ECH-
free routes reported in the literature, such as those involving epoxidation of fatty
acid mixtures followed by esterification with lignin, were associated with
considerably higher E-factors (E-factor: 38 for the overall sequence).'”® Also the
esterification of Organosolv lignin with oleyl chloride followed by epoxidation of
the unsaturated bonds using peracetic acid resulted in a relatively high E-factor

(E-factor: 14.2 for the entire sequence).’’®
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4.3.5 Thermosets

The optimal conditions established for the scale-up of lignin functionalization with
itaconic anhydride were subsequently applied to its modification with succinic
anhydride (SAn). SAn was selected as a saturated and unbranched analogue of
IAn, allowing a direct comparison of reactivity and final material properties. This
yielded a lignin succinate derivative (LS) with a =COOH content of 1.79 mmol-g-"
(Scheme 4.3.3, a complete characterization of this product is provided in the

Experimental Section, paragraph 6.6.1.7).

Scheme 4.3.3 — Reaction scheme for the modification of acetone-fractionated OL with SAn.
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4.3.5.1 Passerini Thermosets

As a first application, the carboxylic acid-functionalized LI was employed as

crosslinker for Passerini 3AMCR-based thermosets.

Scheme 4.3.4 — General scheme of the Passerini thermosets with LI as crosslinker. The
representative thermoset structure proposed is simplified by showing only two functionalities for
lignin.
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The Passerini reaction involves three main functional groups, namely carboxylic
acids, isocyanides and aldehyde groups.3®3 Together with LI, 1,6 or 1,12-bis
isocyanides and nonanal were employed as components. To aid with flexibility
and to overcome the typical brittleness associated with lignin derived thermosets,
in some cases, Pripol™ 1009 or other low molecular weight difunctional
carboxylic acids were used as diluents. Initially, a suitable solvent needed to be
selected, due to the solid nature of lignin (and in some cases, of other
components as well). THF efficiently solubilized all the components, however,
due to its major concerns regarding its fossil-based origin and
potential hazards, greener alternatives were investigated. 2-MeTHF was
discarded, as it could not fully solubilize LI. Acetone, which was already employed
in the lignin functionalization, was tested because of its ability to solubilize all the
components effectively. The curing procedure was conducted utilizing a minimal

amount of solvent, starting the curing at room temperature, followed by a heated
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post-curing in an oven. Details can be found in the Experimental Section,
paragraph 6.6.3. The successful reaction outcome and curing could be easily
confirmed via IR spectroscopy (Figure 4.3.7). The characteristic aldehyde
carbonyl stretching vibration at 1723 cm™ and the corresponding C(O)-H
stretching vibration at 2700 cm™, as well as the isocyanide stretching vibration at
2150 cm™, are no longer visible in the spectra of the cured thermoset.
Additionally, the signal corresponding to the carbonyl group of the free carboxylic
acid in lignin itaconate, previously observed at 1720 cm™, shifted to 1740 cm™.
This new peak, labeled v(C=0ester thermoset), cOrresponds to the ester bond formed
between the carboxylic acid of lignin itaconate and the aldehyde in the Passerini
product, accounting for the disappearance of the free carboxylic acid signal. The
ester bond stretching between the lignin structure and itaconic moieties,
observed at v(C=0Oester iignin) = 1760 cm™, remained unchanged, indicating the
stability of this bond. Furthermore, a new peak arose at 1650 cm™, attributed to
the formation of an amide group, supported by another new signal at v(N-H) =
3300 cm™. Finally, new signals in the range of v(C-H, aliphatic) = 2800-3000

cm™" indicate the incorporation of aliphatic chains.
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Figure 4.3.7 — IR spectra overlay of the components of the Passerini reaction and the final
thermoset with 35 mol% of LI.

It is known that, in addition to aldehydes, ketones may also participate in the
Passerini 3-MCR, albeit at significantly reduced reaction rates. Therefore, the
influence of the chosen solvent (acetone) in the Passerini thermosets system and
its potential involvement in the curing process was initially investigated. As proof
of concept, the curing of a blank experiment with acetone as solvent, Pripol™,
LI, and isocyanide (without the aldehyde component) was followed via IR
spectroscopy. In parallel, a control experiment was performed in the absence of
both aldehyde and isocyanide (only acetone, Pripol™, and LI) to establish the
baseline behavior of the matrix in acetone under the employed curing conditions.
After 24 h of curing, IR spectra were taken, showing that the isocyanide peak is
still visible. Moreover, the thermosets did not look solid, but rather appeared as a

viscous mixture of the starting materials (Figure 4.3.8).
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Figure 4.3.8 — Left: IR spectra overlay of the starting materials LI and 1,12-
bis(isocyano)dodecane, and blank and control experiments. Right: picture of the “blank”
thermoset after 24 h of curing. Picture taken by the author.

To gain further mechanistic insight, the influence of the solvent was additionally
examined through a model Passerini reaction involving mesaconic acid (the
isomeric analogous of itaconic acid), nonanal, and n-dodecyl isocyanide,

performed both in acetone and in THF under otherwise identical conditions.

In acetone, the formation of a white precipitate was observed after approximately
1 h, which was isolated and identified as the expected Passerini product. The
reaction was then repeated in THF and worked up following the same protocol,
after which the isolated products obtained from both solvents were directly

compared.

Detailed spectroscopic and analytical characterization (reported in the
Experimental Section, paragraph 6.6.3.1.2) revealed identical spectra and
analytical data, confirming that the same Passerini product is formed irrespective
of the solvent employed, demonstrating that acetone does not substantially

interfere with the reaction pathway or product structure.

In addition, two thermosets were synthesized and cured under identical
conditions, using either acetone or THF as solvent. The resulting gel contents
were 88 % and 82 %, respectively, indicating comparable network formation in

both systems.
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While a slow and partial participation of acetone in the Passerini 3-MCR cannot
be fully excluded, these results suggest that, in the presence of the aldehyde
component, the aldehyde-based Passerini pathway is kinetically favored and thus
strongly dominates the curing process. Consequently, acetone primarily acts as

a solvent under the investigated conditions.

As mentioned before, an initial gel content of 88 % was obtained for a thermoset
with 1,6-bis(isocyano)hexane as diisocyanide component and 100 mol% of LI.
The thermoset obtained was a glassy, homogenous material, however quite
brittle. In order to improve the mechanical properties of the materials, other
additional carboxylic acids components were tested, such as Pripol™, azelaic
acid and citric acid. In particular, Pripol™ gave the best materials in terms of
flexibility and toughness of the samples, while for the other two di/tri-acids the
materials remained quite brittle. In terms of gel content, the thermoset with
35 mol% LI and azelaic acid, citric acid, or Pripol™, gave gel contents of 70 %,
69 % and 58 %, respectively (Figure 4.3.9, black graph). These values were not
deemed as satisfactory, therefore other parameters were varied in order to
achieve a higher crosslinking density. It was found that the LI content plays a
significant role in the gel content. In particular, when going from 35 mol% to
100 mol%, the gel contents increased from 58 to 88 %, respectively, when 1,6-
bis(isocyano)hexane was used as the isocyanide component. The same trend
was observed when 1,12-bis(isocyano)dodecane was used, with slightly
lower gel contents increasing from 51 to 81 % for 35 and 100 mol%, respectively

(Figure 4.3.9, orange graph).

162



35 %mol LI 35 or 100 %mol LI
1,6-diisocyanohexane 100 1,6-diisocyanohexane or 1,12-diisocyanododecane
100
88
80+ 80+ 81
—_ 70 —
s & 9
= 60 58 = 60 58
] 3] 51
c c
Q [e]
S 404 O 404
@ ©
O] @]
204 204
0 0
Azelaic Acid Citric Acid Pripol 16/35% 1,12/35% 1,6/100% 1,12/100%
Third Component LI (1.4 mmol -COOH/g)
Ll or LS, 100 %mol lignin content 35 or 100 %mol LS
1,6-diisocyanohexane 1,6-diisocyanohexane or 1,12-diisocyanododecane
100
100
804
— 804 —
S *
— - 60 .
c c
[e] Q
[&] O 404
— 404 —
[ Q
o O]
20 1 20+
D -4
1.4 (LI) 1.8 (LS) 28(LS) 35%/16 35%/1,12 100% /16 100% /1,12
Functionalities -COOH (mmol/g) LS (1.8 mmol -COOH/g)

Figure 4.3.9 — Overview of the gel contents of the Passerini thermosets systems. In the black
column bar graph, the influence of the third component is investigated. In the orange graph, LI is
used in different amounts and both di-isocyanides are employed. In the blue graph, is investigated
how the number of functionalities in the lignin impact the gel content. Finally, in the green box,
different amounts of LS and both di-isocyanides are employed.

This is easily explained due to the higher crosslinking density provided by LI to
the network if compared to Pripol™. However, thermosets with 100 mol% lignin
content were brittle, and possessed poor mechanical properties. The thermosets
with 35 mol% LI and Pripol™ were instead flexible and tough. A visual

representation is shown in Figure 4.3.10.
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35 mol% LI, Pripol™ — 100 mol% LI
1,12 diisocyanododecane 1,12 diisocyanododecane

"

Figure 4.3.10 — Left: Passerini thermoset with 35 mol% LI and Pripol™, appearing flexible. Right:
Passerini thermoset with 100 mol% LI, appearing brittle and not bendable. Pictures taken by the
author.

Another important parameter to consider is the functional group distribution of the
lignin component. In fact, when LI was used, bearing 1.4 mmol-g"' of -
COOH groups, only 88 % gel content was obtained with 1,6-bis(isocyano)hexane
as diisocyanide component, while when LS was used, the gel content
improved greatly, reaching a maximum of 96 % when LS with the highest number
of functionalities was used (2.8 mmol-g”' -COOH). On the other hand, when LI
(1.4 mmol-g' -COOH) and LS (1.8 mmol-g' -COOH) batches with a more
comparable carboxylic acid contents were used, similar gel contents were

obtained (88 and 89 %, respectively, Figure 4.3.9, blue graph).

When LS with 1.8 mmol-g-' -COOH was used in combination with 1,6 or 1,12-bis
isocyanides and different lignin content, a similar trend was observed to what was
previously found for LI. For lower lignin content (35 mol%), the gel content
remains low, regardless of the diisocyanide chain length (a slight increase from
60 % to 64 % is observed when passing from 1,6 to 1,12; contrary to what
observed for LI, where the gel content decreased from 58 % to 51 %, when
passing from 1,6 to 1,12). For higher lignin contents (100 mol%) the gel content

increased as well, as previously observed (Figure 4.3.9, green graph).
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In general, with LS as lignin type, slightly higher gel content compared to LI were

observed, this can be attributed to a higher amount of functionalities.

In order to improve the gel content without sacrificing the mechanical properties
of the thermosets, several other approaches were tested. Initially, 2,5-
furandicarboxylic acid (FDCA) was investigated as potential candidate to
substitute Pripol™ (or to use in combination). However, this approach was
discarded because of solubility issues of FDCA in the thermoset mixture. Another
approach involved partially substituting the aldehyde component (nonanal,
monofunctional) with a difunctional aldehyde (decandial, difunctional). For this
purpose, 20 % of the total -CHO groups were substituted with decandial,
maintaining nonanal for the remaining 80 %. The remaining components were
1,6-bis(isocyano)hexane, 35 mol% -COOH LI and 65 mol% -COOH covered by
Pripol™. This approach, however, was unsuccessful, because despite the
thermoset looking stiffer in comparison to those without decandial under the same
conditions, the gel content was still 62 %. Another approach involved introducing
more functionalities in the carboxylic acid component, without increasing the
lignin content. For this reason, a mixture of Pripol™ and citric acid (50:50) was
used in a thermoset with 35 mol% LI and 1,6-bis(isocyano)hexane. However,
the gel content was 65 %. Extensive experimentation and optimization were
undertaken to achieve a suitable balance between gel content and mechanical
properties, however no satisfactory compromise could be identified within the
conditions investigated. In addition, the structure of Pripol™—characterized by
a long aliphatic chain and a bulky architecture—likely contributes to a reduced
crosslinking density, as discussed in a later section. Moreover, a higher number

of functionalities in the lignin structure would be beneficial for higher gel contents.
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4.3.5.1.1 Thermal Characterization

The thermal properties of the developed thermosets were investigated in order to
observe possible trends correlating the lignin type and content and the
diisocyanide chain and the decomposition temperatures with the Tg. Indeed, a
clear trend can be identified for the Tg: for lower lignin contents (35 mol%),
independently from the lignin type (LI or LS) or the diisocyanide length, the Ty is
well below r.t. for all cases, ranging from a minimum of — 27 °C to a maximum of
— 20 °C, confirming their marked flexibility. When transitioning to higher lignin
contents (100 mol%), several differences can be noticed. The diisocyanide chain
length does not have a significant impact on the Ty, with only small differences
when switching from Ce to C12 chain length. Lignin type plays a crucial role here,
accounting for the totality of -COOH groups. With LI, the T4 values are 100 and
98 °C, for 1,6 and 1,12-diisocyanides, respectively. For LS instead, the values
are lower, namely 79 and 71 °C, for 1,6 and 1,12-bis isocyanides, respectively.
This can be attributed to the Ty of the starting material LS (104 °C) being much
lower than the one of LI (140 °C), the latter representing a more rigid structure.

DSC and TGA traces are provided in the Experimental Section, paragraph 6.6.3.

Table 4.3.3 — Overview of the thermal properties analyzed via DSC and TGA of the Passerini
thermosets, with different lignin contents and diisocyanide length. 2: starting materials, LI and LS.

Lignin Bis- Lignin Ta,50% Residues
Type Isocyanide  (mol%) Tasx (°C) (°C) (%) T2 (°C)

LI 1,6 35 295 438 16 -25
LI 1,6 100 251 417 30 100
LI 1,12 35 282 440 11 -27
LI 1,12 100 247 418 26 98
LS 1,6 35 300 430 11 -22
LS 1,6 100 225 392 25 79
LS 1,12 35 302 435 10 -20
LS 1,12 100 232 399 23 71
LI - - 213 441 36 140

LS? - - 230 423 35 104
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The thermal decomposition of the thermosets presents a single-step degradation
curve with a clear trend of decreasing thermal stability with increased lignin
content. This observation could be recognized for both lignin types, where, for
instance, the Tds% decreases from 295 to 251 °C in the case of 1,6-
bis(isocyano)hexane and from 282 to 247°C for the 1,12-
bis(isocyano)dodecane. A similar trend is observed when LS was used as lignin
crosslinker. This is attributed to the lower thermal stability of the starting materials
(213 °C for LI and 230 °C for LS, T45%) compared to the one of the cured

thermosets.

4.3.5.1.2 Conclusions and Outlook

In this first part of the project, the suitability of the newly synthesized
macromonomer LI as crosslinker was investigated in a Passerini-3MCR system.
Several conditions such as the influence of the third component, solvent, lignin
content and lignin type, as well as the number of functionalities were
investigated. However, under the investigated conditions, no set of parameters
was identified that could simultaneously yield materials with satisfactory
mechanical properties and a high crosslinking density, which is a key requirement
for thermoset materials. Consequently, despite the fact that several alternative
approaches remain open for future investigation, this part of the project was
concluded at this stage. Further outlooks could involve, for instance, the utilization
of trifunctional isocyanides or a pretreatment of lignin with ethylene carbonate
(known as hydroethylation) that could increase the reactivity of lignin with the
cyclic anhydrides leading to a higher number of functionalities, that were proven

to be beneficial for the crosslinking density.
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4.3.5.2 Epoxy Resins

With both LI and LS synthesized and characterized, their performance in the
development of fully biobased epoxy resin systems was investigated as well.
Initial efforts were dedicated to finding the optimal formulation for the thermosets,
consisting of LI or LS as the lignin component, Pripol™ 1009 as diluent and
ESBO (Epoxidized Soybean Qil) as epoxy component. A representative scheme

of the reaction is shown in Scheme 4.3.5.

Scheme 4.3.5 — General reaction scheme of the epoxy resin formation. The starting materials
(lignin types LI or LS, Pripol™ and ESBO) as well as the final resins are shown with representative
structures. LI is chosen as default representative structure, but the isomerized structure
(citraconate) is likely also present, as depicted in Scheme 4.3.2.
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The stoichiometric ratio of COOH:Epoxy was chosen to be 1:1.2, which was
previously reported to deliver the best performance in terms of mechanical
properties and crosslinking density.3%4-397 Different mol% of lignin component
were tested, namely 5, 10, 15, 25 and 35 mol% (with respect to the total amount
of —=COOH groups, the rest to achieve the desired functional group equivalents

was covered by Pripol™ (for detailed calculations see Exp. Section, Table
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6.6.7). Higher lignin percentages were not investigated due to the brittleness of
the materials, being the 35 mol% lignin thermoset already quite brittle. Due to the
presence of lignin, the resin mixtures required the use of a solvent to dissolve all
the components prior to curing. Initially, acetone was selected as the solvent for
resin preparation due to its ease of removal and ability to fully dissolve the
carboxylic acid-functionalized lignin. However, in preliminary tests, phase
separation was observed in the final materials for lignin contents above 5 mol%
(Figure 4.3.11).This issue, likely ascribed to the rapid evaporation of acetone
during processing, was effectively resolved by replacing acetone with dimethyl
sulfoxide (DMSO). To confirm that the high-boiling solvent DMSO is not present
anymore in the final material after curing, possibly affecting the gel content or the
mechanical properties of the material, the sample was weighed before and after
the curing. The total mass of the components without solvent was taken before
and after curing (mi and mx, respectively). The difference between the two values
was Am=-10 mg, showing no mass increase due to solvent left inside the
material. The small difference in mass is within the error range of the
measurement (mi= 344 mg), probably due to small material losses while

transferring the sample.

S

Figure 4.3.11 — Left: thermoset with 15 mol% of lignin, cured with acetone as solvent. Phase
separation is clearly visible in the final material. Right: thermoset with 15 mol% of lignin cured in
DMSO. No sign of phase separation is observed.

In Figure 4.3.12, exemplary IR spectra of the resins are shown, along with a
reference spectrum of ESBO. After curing, notable spectral changes can be
observed: the characteristic stretching band of the oxirane ring, clearly visible in
the ESBO spectrum, is not observed in either resin spectra, indicating that the

epoxy groups have successfully reacted. In addition, an increase in the broad
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O-H stretching region is evident (3600 — 3100 cm"), consistent with the formation
of B-hydroxy ester groups resulting from the epoxy-acid curing reaction.
Additionally, the carbonyl stretching vibration of the resins displays a small

shoulder at 1710 cm™, which may correspond to unreacted carboxylic

acid groups.
——ESBO 5 mol% Epoxy Resin LI 5 mol% Epoxy Resin LS
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Figure 4.3.12 — Stacked IR spectra of ESBO (black curve), the epoxy resin with 5 mol% of Lignin
Itaconate (orange curve), and epoxy resin with 5 mol% of Lignin Succinate (blue curve).

A small amount of DBU (0.5 wt% in respect to the total resin mass) was
necessary as catalyst in order to achieve faster crosslinking. The IR spectra of
the resins without and with 0.5 wt% of DBU as catalyst are shown in Figure
4.3.13.
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Figure 4.3.13 — Left: IR overlay of the resins with 10 mol% LI without catalyst (black) and with —
DBU (blue), under the same curing conditions. Right: Overlay of the starting materials (ESBO and
Pripol) and three formulations of the resins with different mol percentages of LI without DBU as
catalyst. All the presented data are related to LI as lignin component.

If the catalyst was not present in the formulation, the cured resins presented a
splitting in the carbonyl region, where the signal at ~1750 cm' is ascribed to the
carbonyl stretching vibration for the ester groups of ESBO, while the other peak
(~1710 cm™) is attributed instead to the carbonyl stretching vibration of free
unreacted -COOH. It can be seen that under the same curing conditions, the

reaction in the presence of the catalyst proceeded significantly faster.

Real-time IR spectroscopy was employed to monitor the curing of the resins over
time. Two formulations containing 5 mol% of LI were analyzed, with and without
DBU, as shown in Figure 4.3.14. As a comparison, the curing behavior of the
resin containing 5 mol% of LS was also monitored and is reported in Figure
4.3.15.
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Figure 4.3.14 — Realtime IR curves of the 5 mol% lignin formulations, with (a,c) and without DBU
(b,d). For both cases, a zoom in the region of the carbonyl area (a,b, 1600 — 1850 cm') and the

epoxy region (c,d, 760 — 860 cm™') is presented over time.
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Figure 4.3.15 — Real-time curing followed via RT- FTIR of a 5 mol% LS epoxy resin in the

presence of catalyst.
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A closer inspection of the carbonyl region reveals that the shoulder peak at
~1700 cm™, attributed to free —~COOH groups, decreases progressively in both
systems, indicating ongoing esterification. In the presence of DBU as catalyst,
this shoulder becomes significantly less prominent within the observed time of
~3000 s, suggesting a more complete consumption of carboxylic acid groups.
Simultaneously, a clear decrease in the intensity of the epoxy absorption band is
observed, particularly in the catalyzed formulation, confirming accelerated

reaction rate.

To assess the evolution of the absorbance peak area associated with free
—COOH groups over time, a peak deconvolution analysis was performed on the
carbonyl region. The area of the signal compared to its initial value is plotted over
time shown in Figure 4.3.16. A comparison was made to evaluate the catalyst
presence (Figure 4.3.16, left) and the lignin type (Figure 4.3.16, right). Details of
the deconvolution procedure are provided in the Exp. Section (paragraph
6.6.4.3).
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Figure 4.3.16 — Normalized absorbance signal area of the free -COOH groups over time. Left: an
epoxy resin formulation with 5 mol% LI, with and without catalytic amounts of DBU. Right: two
epoxy resin formulations with 5 mol% of LI or LS, both in the presence of catalytic amounts of
DBU. The time range differs between the graphs (7000 s for LI and 3500 s for LS) due to practical
time constraints.

As depicted from Figure 4.3.16, left, the normalized absorbance signal area for
—COOH groups decreases at a much faster rate in the presence of DBU as

catalyst, confirming that its presence is necessary for a faster and efficient curing
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procedure. On the right, the normalized absorbance signal area corresponding to
the —COOH groups is plotted over time for the resins containing 5 mol% of LI or
LS, both cured under identical conditions and in the presence of DBU. Since the
initial comparison on the left indicated that the curing reaction rate significantly
decreased after approximately 4000 s, the acquisition time for the comparative
experiment between the two lignin derivatives was limited to 3500 s, which was
sufficient to evaluate potential differences in the curing kinetics between the two
systems. The results suggest that the curing behavior of resin with LI proceeds
slightly faster than the one with LS. However, considering the small lignin content
in both resins (5 mol%), the overall curing kinetics are likely dominated by
Pripol™ matrix. Moreover, the final extent of ~-COOH consumption is similar for

both systems, indicating comparable overall reactivity.

Different stoichiometric ratios were tested, and from their respective IR spectra it
was possible to compare the relative amounts of free carboxylic acid compared
to the ester carbonyl groups through a peak deconvolution method. The results
show that with an excess of epoxy groups, more free carboxylic acids are
converted and crosslinked within the network. In particular, going from 1:1 to
1:1.5 COOH:Epoxy ratio decreased the free fatty acids percentage ratio from 33
to 24 % (Figure 4.3.17 and Table 4.3.4).
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Figure 4.3.17 — Above: Overlay of IR spectra for three different stoichiometric ratios (1:1, 1:1.2,
1:1.5 COOH:Epoxy), normalized at the C-H stretching signal (v(C-H), 2920 cm-'). Below, the
fitting of the deconvoluted peaks ascribed to the free carboxylic acid carbonyl stretching vibration
(1) and ester carbonyl stretching vibration (2).

Table 4.3.4 — Results of the peak deconvolution method giving the area of the two peaks (1 =
free carboxylic acids and 2 = ester groups), as well as their percentage ratios and R-square.

Ratio Area (a.u.) Free carboxylic acid Ester
R-square
COOH:Epoxy Peak1 Peak2 (%) (%)
1:1 11.19 22.58 33 67 0.9888
1:1.2 10.59 22.20 32 68 0.9879

1:1.5 8.78 27.35 24 76 0.9938
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The same range of lignin mol% compositions and optimized conditions (Table
6.6.7, Exp. Section) established for the LI-based resins were extended to the LS
formulations. The gel contents of 78-92 % for all thermosets (see Table 4.3.5)
confirm a successful network formation within the resins for both lignin
macromonomers. The gel contents for LS are slightly higher than the ones for the
resins obtained with LI, which can be attributed to higher —-COOH functionalities
of LS (1.79 mmol-g' ~COOH) compared to LI (1.39 mmol-g' ~COOH), thus
increasing the crosslinking density. The relatively low gel content values of the
resins could be influenced by several factors. Firstly, the internal epoxy groups of
ESBO are intrinsically less reactive than terminal epoxy groups of established
monomers such as DGEBA, showing lower crosslinking densities compared to
other compounds bearing terminal epoxies.3®® Moreover, the structure of
Pripol™, with its long aliphatic chain and bulky structure, could likely lead to
reduced crosslinking density and lower reactivity compared to smaller, more rigid
carboxylic crosslinkers such as linear aliphatic diacids, owing to steric effects, as
also discussed in the work from Matharu et al.3>*° In line with this, additional
experiments were designed using shorter difunctional renewable acids (azelaic,
Co and adipic, Cs) for resins containing 30 mol% of LI under identical curing
conditions. The aim was to investigate the influence of Pripol™ on the gel
content, compared to shorter chain diacids. This indeed resulted in higher gel
contents (92 and 95 %, for azelaic and adipic, respectively) compared to the
Pripol-based system (86 %), but simultaneously resulted in very poor mechanical
properties (the materials were glassy and very brittle), which rendered
their handling and further analysis particularly challenging. Finally, Pripol™
provided a suitable compromise between successful network formation and
favorable mechanical properties, slightly reducing the gel content, but still

maintaining satisfactory values.
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Table 4.3.5 — Gel contents of the epoxy resins developed with varying contents of different lignin
macromonomers LI and LS.

Lignin Content (mol%) GC Lignin ltaconate (%) GC Lignin Succinate (%)

0 78 78
5 84 90
10 83 90
15 81 85
25 81 92
35 83 91

4.3.5.2.1 Thermal Properties of the Epoxy Resins

Thermal analyses of the thermosets were performed using Differential Scanning
Calorimetry (DSC) and Thermal gravimetric Analysis (TGA) measurements. All
formulations exhibited relatively low glass transition temperatures (Tg) around -
30 °C, consistent with the high flexibility observed at room temperature (DSC
curves are reported in the Exp. Section (Figure 6.6.34). No clear correlation
between lignin content and Tg values was identified for either functionalized lignin,
suggesting that the highly aliphatic nature of the polymer matrix
predominantly governs the thermal behavior. However, a slight increase in Tq
was observed for higher lignin contents in the LS-based epoxy resins, indicating
that the more rigid lignin structure may contribute to a modest restriction of chain

mobility and thus a higher T.

The TGA curves (Figure 6.6.35, Exp. Section) show that all the thermosets
present increased thermal stability compared to the starting materials of modified
lignin, which present lower Td5% (213 and 230 °C, for LI and LS, respectively)
compared to the thermosets (with the lowest Tq4,5% of 282 °C) (Table 4.3.6). The
materials present single-step degradation curves, with the Tgs5% values
decreasing with increased lignin content (from 347 °C for 0 mol% lignin to 282
and 294 °C for 35 mol% of LI and LS, respectively). This is likely due to the lower

thermal stability brought by the starting lignin macromonomers. Residues are
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increasing as well with lignin content, which was expected because lignin
contributes to char formation. The lower residues for the LS-type resins can be
explained by a lowerwt% of the lignin in the final materials, as the LS
presented higher functionalization. An overview of the data is presented in Table
4.3.6.

Table 4.3.6 — Overview of the thermal data for the set of epoxy resins with LI and LS, as well as
the starting lignin derivatives.

mol% Tq Ta,5% Ta,50% Residues Lignin
lignin cc) ) cc) (%) Content
(wt%)
0 -36 347 427 1 -
5-LlI -32 348 429 4 6
10 - LI -33 345 432 5 12
15 - LI -32 331 434 12 18
25 - LI -33 290 428 22 28
35-Lli -31 282 436 27 36
5-LS -29 323 417 5 5
10 -LS -30 321 416 7 10
15-LS -32 305 417 8 14
25-LS -24 310 415 9 23
35-LS -23 294 414 15 31
LI 140 213 441 36 -
LS 104 230 423 35 -
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4.3.5.2.2 Rheology and DMA Experiments

Amplitude sweep and frequency sweep tests on the formulations containing 0, 5
and 10 mol% of LI (higher lignin contents were too brittle to be characterized
mechanically) were investigated. The amplitude sweep tests were carried out to
identify the linear viscoelastic region (LVER) and the behavior of the material
within the LVER. All formulations presented a dominant elastic component with
the storage modulus G’ > G”, and a clear solid-like behavior, as depicted in
Figure 4.3.18. Increasing the lignin content influences the LVER, making the
materials more resistant to deformation and increasing the shear strain that can
be applied to the materials before they start to undergo irreversible changes in
their structure. This indicates that the incorporation of lignin itaconate into the
thermoset matrix reinforces the network, likely due to the rigid, multifunctional
nature of lignin, which increases crosslink density and restricts chain mobility. In
the thermoset with the highest lignin content tested (10 mol%) the LVER ended
at 13 %, versus a 1.2 % shear strain for the thermoset without lignin, suggesting
that the presence of the lignin itaconate in the thermoset matrix strongly
contributes to the viscoelastic behavior of the materials. A frequency sweep
(Figure 6.6.36, Exp. Section) between 0.01 and 10 Hz also revealed a dominant
storage modulus and a viscoelastic solid behavior in all the materials, confirming

the results of the amplitude sweep.
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Figure 4.3.18 — Amplitude sweep experiments for LI epoxy resins with lignin contents of 0, 5, and
10 mol%.
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Dynamic Mechanical Analysis (DMA) experiments were performed on the
formulations with the lowest lignin contents to gain observations into the
mechanical behavior of the materials. Specifically, resins containing 0 mol%,
5 mol% and 10 mol% of LI or LS were investigated. Figure 4.3.19 (a) presents
the overlaid DMA curves. For each formulation, three to five replicates were
analyzed to ensure reproducibility. All samples exhibited a sharp decrease in
storage modulus (E’, Table 4.3.7) at the glass transition temperature (Tg, or Tq,
corresponding to the a-relaxation). This pronounced drop, particularly near the
instrument transducer’s sensitivity limit, can introduce experimental challenges,
as reflected in some of the curve resolutions. In particular, the thermoset
containing 10 mol% LI approached the detector limit, making data above the
onset unreliable for quantitative interpretation. Despite these limitations, the
thermosets displayed comparable maximum storage moduli in the glassy and
rubbery region, suggesting similar crosslinking densities (ve). In particular, the
crosslinking densities were calculated according to the theory of rubber elasticity
(Exp. section, paragraph 6.2). The results show a general trend of increasing
crosslink density with higher lignin content, as expected from the incorporation of
the polyfunctional macromonomer (Table 4.3.7). This finding highlights how
lignin incorporation can be used to tailor the network architecture and,
consequently, the mechanical and viscoelastic properties of the thermosets. The
relatively large standard deviations observed in some cases can be attributed to
the intrinsic heterogeneity of the networks and the structural irregularities of the
lignin derivatives. This can be regarded as a future challenge in lignin chemistry,
as such deviations limit real world applications. As the materials transit through
the glass transition region, their elasticity changes, leading to a minimum in
storage modulus. Figure 4.3.19 (b), shows that the Tyvalues determined by DMA
(from the onset of E') correlated well with those obtained by DSC. The Tg values
derived from the maximum tand—higher than the onset ones—provide an
indication of the glass transition region relevant for potential application

conditions.
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Figure 4.3.19 — a) representative DMA curves for the formulation tested. *: n.a. due to
experimental difficulties (see Exp. Section, Figure 6.6.37 and Figure 6.6.38). b) Comparison of
the T4 values obtained from DMA and DSC methods.

Table 4.3.7 — Overview of the most significant data obtained from DMA experiments.

Ve
E’.s0° E’2s Ty (°C T, (°C
Sample e e o (C) ] o (*C) (x10° mo
(MPa) (MPa) Onset E Max tan &
I/m?3)
0.501 +
0 mol% 1242+ 110 2.78 £ 0.38 -304+1.8 -21.54+1.70 0.12
5 mol% 0.76 +
1352 +192 352+1.04 -29.28+1.31 -14.25+1.68
LI 0.34
5 mol% 0.572
1138 £ 212 2.12 £ 0.004 -32.9+1.2 -146+1.5
LS 0.03
10 mol%
850 + 85 - -26.70 + 1.57 -* -
LI
10 mol% 1.128
1311 +£202 3.42+0.17 -349+29 -15.7+4.9
LS 0.04

*: n.a. due to experimental difficulties (see Exp. Section, Figure 6.6.37)
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4.3.5.2.3 Tensile Strength Measurements of the Resins

The investigation of mechanical properties provided further understanding of the
behavior of the thermosets. Figure 4.3.20 (a) shows representative stress-strain
curves for the different formulations. Thermosets prepared with LI
exhibited higher elastic moduli compared to the other formulations, suggesting
that the incorporation of itaconate moieties contributes to increased rigidity and
stiffness, as can be expected in comparison to succinic moieties. These
formulations also showed lower strain at break, indicating a more brittle behavior
with a higher likelihood of structural defects. Conversely, thermosets prepared
with LS displayed lower elastic moduli—even compared to the 0 mol%
formulation—along with higher elongation at break, consistent with the
introduction of more flexible succinate moieties into the network. In contrast to
the thermal analysis results, the mechanical performance appears to be strongly
influenced by both the lignin content and its chemical nature, indicating that the
type and amount of lignin play a major role in defining the overall mechanical
response of the otherwise aliphatic matrix. In Figure 4.3.20 (b), an overview of
the important parameters obtained from the stress-strain curves is presented.
Table 4.3.8 summarizes the key results obtained from the DMA and tensile
strength measurements. Once again, the large standard deviations observed in
some cases confirm the heterogeneous nature of the materials, particularly for
the formulation containing 10 mol% LI. For this sample, five replicates were
tested to ensure reproducibility. Such variability is typical for systems with high

lignin contents,400.401

182



Y

o
)

—— 0 mol% 7. Elastic Modulus
5mol% LI 74 Ultimate Tensile Stress
0.5 10 mol% LI Maximum Strain
- — 5mol% LS © g
o
- = 10 mol% LS - s
~—~0.44 - =
© - —
o - [
g e ;j’
g 0.34 -8 44
L -7 = =,
0 02 £
w
24
L

o
f

lﬂﬂ

0 5 10 15 20 25 30 0Omol%a  5moal% LI 5moal%LS 10 mol% LI 10 mol% LS
Strain (%) Sample

o
o
=}

Figure 4.3.20 — a) representative stress-strain curves of the tested formulations. b) overview of
the most significant parameters (elastic modulus, ultimate tensile stress and maximum strain)
obtained from stress-strain curves of the formulations. For all the samples, 3 to 5 replicates were
tested for each measurement, see Exp. Section, Figure 6.6.39 and Figure 6.6.40).

Table 4.3.8 — Overview of the most significant data obtained from tensile strength measurements.

Elastic Modulus Ultimate Stress Strain
Sample
(MPa) (MPa) (%)

0 mol% 1.97 £0.28 0.24 +0.06 13.1+3.2
5 mol% LI 2.78 +£0.37 0.48 £ 0.06 172+ 3.3
5 mol% LS 1.24 +0.02 0.23 +£0.02 209 +1.7
10 mol% LI 487 +1.27 0.26 £ 0.06 6.5+26
10 mol% LS 1.83+0.18 0.45+0.03 26.0+1.2
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4.3.5.2.4 Degradation of the Resins

Due to the presence of hydrolyzable ester bonds in the structure of the
thermosets, it was investigated if the materials could be degraded via hydrolysis.
These include esters formed between the lignin backbone and the itaconate
moieties, as well as esters resulting from the reaction of carboxylic acid groups
(both from LI and Pripol™) with the epoxy groups of ESBO and the ester groups
of ESBO itself. The degradation behavior was exemplarily studied on a 10 mol%
LI epoxy resin. Both alkaline and acidic conditions were tested for the hydrolysis
of the resin. A determined amount of 10 mol% LI epoxy resin was submerged in
either an alkaline or acidic solution and stirred for 4 days at 80 °C. The outcome

of the degradation was analyzed via IR spectroscopy and 3'P NMR.

Acidic conditions were investigated, as in principle they represent a more
sustainable option; in contrast to alkaline hydrolysis, they do not require a
subsequent neutralization step to recover the product, which generates additional
waste. Under acidic conditions in fact, the lignin fraction is expected to precipitate
following the breakdown of the thermoset matrix. Two different acidic media were
tested: a 1 M HCI solution and a 1 M citric acid (CA) solution, alongside a 0.6 M
NaOH solution for the alkaline conditions, adapted from literature conditions.3”3
The degradation conditions were kept identical for all treatments (4 days, 80 °C,
for detailed experimental procedures see Exp. Section, paragraph 6.6.4.7). In
both acidic cases, a brown, powdery precipitate was obtained after the reaction
(see Figure 4.3.21b).

After 1 hour of stirring at 80 °C After 4 days of stirring at 80 °C

Figure 4.3.21 — a) Comparison between acidic hydrolysis in HCI (left) and alkaline (right) after
1 hour of stirring at 80 °C. The thermoset under alkaline conditions completely dissolved forming
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a homogeneous solution. b) Left: hydrolysis with HCI solution, middle: hydrolysis with NaOH
solution, right: hydrolysis with citric acid solution. the picture was taken 4 days after stirring at
80 °C. c) Recovered solids after hydrolysis with citric acid. The bigger pieces are undegraded
thermoset. Pictures are taken by the author.

This precipitate was filtered, collected, and dried. Only partially degraded resin
fragments were visually detected, even after four days of reaction, indicating that
degradation under acidic hydrolysis proceeded only partially (Figure 4.3.21c).

For clarity, in Scheme 4.3.6 the degradation procedures are illustrated.

Scheme 4.3.6 — lllustrative scheme for the degradation procedure of thermoset 10 mol% - LI
under alkaline or acidic conditions.

Complete
degradation
4 days, 80 °C
Acidification to pH =2
Precipitate formation
—
Thermoset Hydrolysis
10 mol%- LI
Filtration Partial
—_— degradation

To separate the remaining undegraded material, the solids were suspended in
acetone, and the insoluble resin fragments were removed by hot filtration. This
procedure yielded two distinct fractions: an undissolved portion corresponding to
the remaining thermoset pieces, and a dissolved portion, which was
subsequently recovered by precipitation in acidic water. For the sake of
comparability between methods, the product from alkaline hydrolysis was also
subjected to dissolution in acetone and reprecipitation; however, in this case,
complete dissolution in the solvent was observed, indicating a successful and
complete breakdown of the resin matrix. An overview of all collected fractions is
provided in Table 4.3.9. Nevertheless, degradation under alkaline conditions

proved highly effective, as confirmed by IR spectroscopy (Figure 4.3.22, in
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black), which showed the complete disappearance of the ester carbonyl
stretching band, leaving only the characteristic carbonyl signal of the carboxylic
acid groups stretching. The IR spectrum of the dissolved fraction obtained from
citric acid hydrolysis (Figure 4.3.22, in blue) still displayed characteristic ester

carbonyl stretching vibration signals, indicating that the degradation process was

incomplete.
—— HCI Hydrolyzed Undissolved Fraction CA Hydrolyzed Undissolved Fraction
CA Hydrolyzed Dissolved Fraction ~—— NaOH Recovered Solids
WC=0)gter | VIC=0)acia
1
Acidic/Alkaline

9 Hydrolysis
Ao —————— L“)“OH * o

Absorbance (a.u.)

Y W VP
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Figure 4.3.22 — IR spectra overlay of the different collected hydrolysis fractions. The IR of the
solids collected after alkaline hydrolysis (black spectrum) shows a complete disappearance of the
stretching vibration signals for the ester carbonyl, sign that the degradation proceeded
successfully. After acidic hydrolysis with citric acid (blue spectrum) there is a splitting in the
carbonyl region, sign that the degradation progressed only partially. The IRs of the undissolved
fractions after acidic hydrolysis (red and green) show a spectrum very similar to the initial
thermosets, sign that the degradation was minimal.
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Figure 4.3.23 — 3'P NMR of the recovered solids after alkaline hydrolysis (black) and after
acid hydrolysis with citric acid (orange). In both cases, aromatic hydroxyl groups are not present
(or in very low quantity), while there are strong signals in the aliphatic and carboxylic acid regions,
as would be expected after hydrolysis of the aliphatic thermoset matrix.

The 3'P NMR spectra of the recovered fractions (Figure 4.3.23) revealed a strong
presence of aliphatic and carboxylic acid (—COOH) groups, with minimal to no
signals corresponding to aromatic hydroxyl groups typically associated with
lignin. These results confirm that probably only a limited amount of lignin was
recovered in these fractions, however it is necessary to consider that the lignin
content within the sample was low compared to the fatty acid content. In fact,
even additional purification steps via dissolution and reprecipitation were not

successful to isolate it, and the lignin fraction could not be recovered.

Overall, an efficient hydrolysis pathway for the resins was established, leading to
complete degradation under alkaline conditions, but only partial degradation
under acidic ones. These findings highlight the potential of such thermosetting
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materials for applications where controlled degradability under hot alkaline

conditions is desirable, such as in packaging adhesives or removable labels.

Table 4.3.9 — Overview of the collected weights of the fractions after hydrolysis both under
alkaline and acidic conditions. In the parentheses are indicated the percentages in respect of their
starting weight.

Starting Total recovered weight Dissolved Undissolved

Hydrolysis
Weight (not purified) Fraction Fraction
Solution
(mg) (mg)® (mg)* (mg)*
NaOH 503 454 (90%) 263 (52%) n.a.
HCI 503 483 (96%) 28 (6%) 388 (77%)
CA 503 496 (98%) 44 (9%) 399 (79%)

n.a. : non applicable because the entirety of the sample was soluble in acetone. 2: Values in
parentheses indicate the percentage of recovered sample relative to the initial starting weight.

As shown in Table 4.3.9, the total unpurified recovered weight correlates very
well with the starting weight. For the alkaline conditions, in order to recover the
solids and neutralize the mixture, a precipitation step in acidic water was
necessary, and this would explain the slightly lower value of the recovered weight
(90 %) compared to the other conditions, where this step was not necessary.
Afterwards, all the recovered solids were subjected to a first round of dissolution
in acetone and reprecipitation in acidic water, as this could help with purification.
As can be seen, after this purification step for the alkaline conditions the entire
sample dissolved in acetone, with no undissolved fraction visually
detected. However, only 52 % of the initial sample weight was recovered after
reprecipitation (58 % compared to the previous step), indicating that some
small molecules generated during degradation were soluble in both acetone and
water and were therefore lost during filtration. In contrast, under acidic hydrolysis
conditions, a large fraction remained insoluble in acetone (77 % and 79 % for HCI
and citric acid, respectively), indicating that degradation was only partial. The
dissolved solids recovered via subsequent precipitation were also minimal, and
in the case of the HCI-treated sample, the amount was insufficient for further

characterization.
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4.3.5.2.5 Conclusions

In this part, a novel route for lignin functionalization with itaconic anhydride was
developed and optimized. The influence of key reaction parameters—anhydride
equivalents, catalyst, temperature, and reaction time—was systematically
investigated. Under the applied conditions, isomerization of itaconic to citraconic
anhydride occurred, consistent with literature reports and without affecting the
introduced functional groups. The process was successfully scaled up, yielding
comparable conversion and product characteristics. The precipitation medium
could be reused up to three times, and solvent recovery of 75 % reduced the
synthetic E-factor from 6.9 to 2.7. The resulting lignin derivatives were
incorporated as multifunctional crosslinkers in fully biobased epoxy resins
alongside epoxidized soybean oil and Pripol™ 1009 and subsequently compared
to analogous lignin succinate derivatives.

The thermosets exhibited high gel contents, thermal stability up to 280 °C, and
low glass transition temperatures (ranging from -36 to -23 °C), consistent with
their flexible and ductile behavior. Notably, resins based on lignin itaconate
showed higher elastic moduli and lower strains at break compared to lignin
succinate resins, indicating enhanced stiffness from itaconate incorporation.
Finally, degradation studies demonstrated complete hydrolysis under alkaline
conditions and partial degradation under acidic media, highlighting the potential
of these materials as alkaline cleavable, biobased epoxy networks for sustainable
applications. Their combination of high biobased content, flexibility and alkaline-
hydrolyzable ester linkages suggests potential in applications where high
stiffness is not required, but removability, elasticity and end-of-life degradability

are advantageous.
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4.3.5.3 Thia-Michael Thermosets

As a proof of concept, the reactivity of the Michael system was investigated as
well. The activated double bonds of LI, that are most likely in the isomerized form
(citraconate) as discussed in paragraph 4.3.3, were employed, together with a
thiol-crosslinker, to achieve thia-Michael thermosets. Thia-Michael addition can
proceed effectively also under uncatalyzed conditions.*%? It was furthermore
recently demonstrated by Subbotina and Olsén et al.388 that the thiol crosslinker
pentaerythritol tetrakis(3-mercaptopropionate), PTEMP, could be employed to

achieve crosslinked networks together with maleated lignin derivatives.

Scheme 4.3.7 — General scheme of the Thia-Michael thermosets through the reaction of LI and
PETMP, showing also the possible isomers.
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In this proof-of-concept, curing of the thermosets was carried out by mixing the
starting materials in the presence of a minimal amount of THF, using a
stoichiometric SH-to-double bond ratio of 1:1. The solvent was then allowed to
evaporate at room temperature, followed by thermal curing in an oven at 140 °C
for 72 h (details on the curing procedure are provided in Chapter 6.6.5).
Afterwards, the sample was allowed to cool and the gel content was examined.

The thermoset appeared as a glassy, brown and very brittle material, with an
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optimal gel content of 99 %. From the IR spectra, signals ascribed to a successful
curing can be identified (Figure 4.3.24). In particular, the signal associated with
the stretching vibration of S-H groups in the crosslinker (2656 cm-') is no longer
present in the cured thermoset. Moreover, the stretching vibration signal of the
C=C groups (1650 cm™ '), albeit weak, completely disappears in the spectrum of
the cured thermoset, demonstrating a successful reaction between the
thiol groups and the double bonds of the Michael system, as confirmed by

the high gel content.

— Ll Thia-Michael thermoset PETMP

¥(C=0), PETMP, 1730 cm’
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Figure 4.3.24 — IR spectra overlay of the starting material LI (black), the cured Thia-Michael
thermoset (orange), and the crosslinker PETMP (light blue). On the right, a zoom in the region
1900-1450 cm- highlights the disappearing signal associated with the stretching vibration of
C=C groups, following the curing.

This proof of concept demonstrates that the LI macromonomer can also
effectively act as a crosslinker through Michael-type reactivity, in addition to its
carboxylic acid functionality. The high gel content obtained indicates an efficient
curing process and effective network formation, which are key parameters in the
design of thermoset materials, and provides a solid basis for future optimization,
which, with appropriate fine-tuning, could lead to the development of promising

materials.
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4.3.6 Conclusions and Outlook

In this chapter, lignin was successfully functionalized with itaconic anhydride,
yielding a well-defined macromonomer that was thoroughly characterized via IR,
3P NMR, HSQC, SEC, DSC, and TGA. The introduction of itaconate
functionalities enabled the effective use of the modified lignin as a multifunctional
crosslinker in different thermosetting systems. In particular, its applicability was
demonstrated in Passerini-based networks and epoxy resins, while Thia—Michael
reactions were explored as a proof of concept. These results highlight the
versatility of itaconate-functionalized lignin as a renewable building block for
thermoset various materials and provide a solid foundation for further

optimization of network architectures and material properties in future studies.
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5 Conclusions

This doctoral thesis investigated the use of functionalized lignins as
macromonomers for the development of renewable polymeric materials. The
theoretical background outlined the state of the art in sustainable lignin
modification, highlighting both recent advances and the persistent challenges
associated with the intrinsic heterogeneity and limited reproducibility of this
biopolymer. In particular, despite the increasing attention to sustainability, many
literature protocols for lignin modification still rely on toxic and/or carcinogenic
reagents or their precursors, often in contrast with the principles of Green
Chemistry. Within this context, the predominant aim of this work was to modify
and employ lignin as a macromonomer for different polymer applications,
especially thermosets, while simultaneously developing more sustainable and

environmentally benign synthetic strategies.

In the first part of this work, lignin was investigated as a polyol for the synthesis
of lignin-derived polycarbonates using dimethyl carbonate as a cross-linker.
Several reaction parameters and synthetic strategies were systematically
explored. Despite successful lignin modification, no successful route to the

targeted polycarbonates could be identified.

A subsequent approach involving the pre-functionalization of lignin with DMC to
yield the intermediate “pre-functionalized lignin”, to enable self-condensation,
was a successful step within the workflow. This generated a derivative with
complete methylation of the aromatic hydroxyl groups and partial reactivity of the
aliphatic hydroxyl groups. However, the self-condensation of this derivative did
not yield the expected outcome. A subsequent approach involving the use of an
additional diol (1,12-dodecanediol) to promote condensation, was also
unsuccessful despite extensive optimization efforts. As a result, this project was
discontinued. Nevertheless, these studies provided valuable insight into the
reactivity limitations of lignin in carbonate-forming systems and identified aspects

that could be addressed in future work.
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5 Conclusions

A successful outcome of this thesis was the improvement of an environmentally
friendly two-step modification protocol to introduce cyclic carbonate moieties onto
lignin, enabling its use as a sustainable alternative to toxic and hazardous
isocyanates in polyurethane production. Lignin-based non-isocyanate
polyurethane (NIPU) thermosets were synthesized using cyclic carbonate—
functionalized lignin in combination with a novel high-oleic sunflower oil-based
polyamine. The synthesis and optimization of this renewable polyamine were
investigated under both batch and continuous-flow conditions. The lignin content
in the final materials was tuned through the addition of erythritol bis-cyclic
carbonate, allowing the preparation of ductile thermosets. The curing behavior
was studied in detail by IR spectroscopy, and the resulting materials were
comprehensively characterized in terms of their thermal, mechanical, and

network properties, including gel content.

In the final project, a novel and efficient functionalization of lignin using renewable
itaconic anhydride was successfully achieved and thoroughly characterized by
3P NMR, 2D NMR, IR, DSC, and TGA. The same modification strategy was
applied to succinic anhydride, yielding an analogous lignin derivative that enabled
a direct comparison in terms of structure—property relationships. The reactivity of
both macromonomers was initially evaluated in Passerini-based thermosets by
varying the diisocyanide chain length and lignin content. A library of thermosets
was prepared and characterized using IR spectroscopy, DSC, TGA, and gel
content analysis. Although successful network formation was achieved,
challenges remain in balancing gel content and mechanical performance,

indicating the need for further optimization.

In addition, the lignin derivatives were successfully employed in the synthesis of
fully renewable epoxy resin thermosets in combination with epoxidized soybean
oil and Pripol™. These materials, prepared with varying lignin contents, were
extensively characterized, and their curing behavior was monitored by real-time

FTIR spectroscopy. Degradation studies demonstrated complete degradation of
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the epoxy thermosets under alkaline conditions, highlighting their potential for

more sustainable end-of-life scenarios.

Finally, as a proof of concept, the Michael system reactivity of the functionalized
lignin derivatives was explored in thia-Michael thermoset systems. A gel content
of 99 % was achieved, confirming efficient network formation, which was further

supported by IR spectroscopic analysis.

Overall, this thesis presents different strategies for the modification and utilization
of lignin derivatives as macromonomers. Although not all of them led to materials
with application relevant properties, it could be shown that lignin can effectively
be used as a platform macromonomer for different materials. This outcome
reflects the intrinsic complexity and challenges associated with lignin chemistry,
which continues to limit its widespread application. Nevertheless, the successful
approaches developed herein provide a solid foundation and valuable reference
for future research aimed at advancing sustainable lignin-based polymer

materials.
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6 Experimental Section

6.1 Solvents and Reagents

Table 6.1.1 — Summary of the used solvents and reagents with details on purity, supplier and
additional notes.

. Purity :
Chemical / grade Supplier Notes
1,3,5-Trioxane = 99% Sigma-Aldrich —
1,4-Dioxane 99.5% Fluka Chemicals —
1,6-Hexamethylenediamine > 99.5% Fisher Chemicals —
1,8-Diazabicyclo(5.4.0)undec-7- > 98% Fluorochem o
ene (DBU)
1,12-Dodecanediamine 98% Sigma-Aldrich —
1,12-Dodecanediol 99% Sigma-Aldrich —
1,1,3,3-Tetramethylguanidine o .
(TMG) > 99% TCI
1,5,7-Triazabicyclo(4.4.0)dec-5- > 98% TCI Chemicals o
ene (TBD)
2,2-Dimethoxy-2- o -
phenylacetophenone (DMAP) 99% Thermo Scientific —
2-Chloro-4,4,5,5-tetramethyl- o . i . -
1,3.2-dioxaphospholane (TMDP) 927 Sigma-Aldrich
3,4,5-Trichloropyridine 97% Chem-Pur —
Dried and
Acetone 2 99.5% Sigma-Aldrich stored
over molecular
sieves
Azelaic acid 98% Sigma-Aldrich —
Cesium carbonate 99.5% Fisher Chemicals —
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Chloroform 2 99.8% Fisher Chemicals —
99.99%
Chromium(lIl) acetylacetonate E::; el Sigma-Aldrich —
basis)
Cyrene™ 98% Sigma-Aldrich —
Dichloromethane (DCM) = 99% Fisher Chemicals —
. Anhydrous, . .
Dimethyl carbonate > 99% Sigma-Aldrich —
Dried and
Di : 0 . stored
imethyl sulfoxide (DMSO) >99.7% Acros Organics over molecular
sieves
Ethanol > 99.8% Fisher Chemicals —
Ethyl formate 98% Fisher Chemicals —
ESBO (Vikoflex® 7170) — Cargill —
Glycerol carbonate (4-
(hydroxymethyl)-1,3-dioxolan-2- 90% BLDpharm —
one)
: . : Rapunzel;
High oleic sunflower oll Food grade Alnatura —
Itaconic anhydride 97% Fisher Scientific ~ —
Mesaconic acid 99% Sigma-Aldrich —
meso-Erythritol 99% Alfa Aesar —
n-Dodecylamine 98% Fisher Chemicals —
99.5% Dried
N,N-Dimethylacetamide (DMAc) o Thermo Scientific  over molecular
anhydrous sieves
N-Hydroxy-5-norbornene-2,3- o
dicarboxylic acid imide (NHND) 277 Alfa Aesar -
N,N"-Bis(3,5-
bis(trifluoromethyl)phenyl)thiourea > 98% TCI Chemicals —
(Schreiner’s thiourea)
Nonanal 95% Sigma-Aldrich —
Fraunhofer CBP Dried at 60 °C

Organosolv beech wood lignin

(Leuna, germany)

under vacuum
for 24 h
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, > 99%, . -
Potassium carbonate (K,COs) Fisher Scientific
anhydrous
p-Toluenesulfonyl chloride (p- > 99% Sigma-Aldrich
TsCl)
Acid value
Pripol™ 1009 196 mg Cargill
KOH g™
Propan-2-ol > 99.5% Fisher Chemical
Pyridine = 99% Sigma-Aldrich
Sebacic acid 99% Sigma-Aldrich
Succinic anhydride > 95% TCI
Deuterated solvents (DMSO-dg, EurisoTop

CDCl)
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6.2 Instrumentation and Laboratory Equipment

Infrared (IR) Spectroscopy

Infrared spectra were recorded using a Bruker ALPHA attenuated total reflection
(ATR) IR spectrometer or PerkinElmer Spectrum 100 instrument with an
attenuated total reflection (ATR) unit on a diamond crystal and a temperature-
controlled stage (Specac, high Temperature ATR golden gate accessory). 16
scans in the range of v = 4000 — 400 cm~' or v = 4000 — 600 cm-' at ambient
temperature were recorded at a resolution of 4 cm-'. Realtime FTIR
measurements were conducted at 140 °C, with spectra collected at 6 min
intervals. All spectra were baseline-corrected and normalized to the aromatic

C=C stretching vibration at 1505 cm™ using Spectrum software.
Column Chromatography

Performed with silica gel F254 (SiemA-ALDRICH) and solvents purchased
in HPLC grade.

Nuclear Magnetic Resonance (NMR) Spectroscopy

"H NMR spectra were recorded using a Bruker Ascend 400 MHz or a Bruker
Avance DRX 500 MHz spectrometer, with 16 to 128 scans, a delay time d1
ranging from 1 to 5 s, at 298 K. The chemical shift was reported in parts per
million (ppm) and referenced to characteristic signals of deuterated solvents, e.g.
DMSO-de at 2.50 ppm or chloroform-d1 at 7.26 ppm. *C NMR spectra were
recorded using a Bruker Avance DRX spectrometer at 126 MHz with 1024 to
32768 scans, with delay time d1 of 1 to 4 s at 298 K. The chemical shift was
reported in parts per million (ppm) and referenced to characteristic signals of
deuterated solvents, e.g. DMSO-ds at 39.52 ppm or chloroform-d{ at 77.16 ppm.
Peak deconvolution was performed applying the GSD (Global Spectrum
Deconvolution) method with refinement level 3 (10 fitting cycles) and 10

improvement cycles.
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Quantitative *'P NMR

For quantitative determination of hydroxyl values, an exact amount of 28-32 mg
of lignin sample (previously dried under vacuum at 70 °C) was weighed.
Subsequently, 100 uL of a solution of chromium(lll) acetylacetonate (5 mg/mL)
as relaxation agent and the internal standard (IS) endo-N-hydroxy-5-norbornene-
2,3-dicarboximide (NHND, 18 mg/mL) in CDCls:pyridine (1 : 1.6 v/v) are added to
the lignin sample, and 450 pL of solvent mixture CDCls:pyridine (1 : 1.6 v/v) are
added to aid solubilization. After a homogeneous solution was obtained, 2-chloro-
4.4,5,5-tetramethyl-1,2,3-dioxaphospholane (TMDP, 70 uL) was added and the
solution was stirred for an additional 15 minutes. Afterwards, it was transferred
into a NMR tube for subsequent measurement using a Bruker Ascend instrument
at 162 MHz with 512 scans and a delay time d1 of 10 seconds at 298 K and a
spectral width of 100 ppm (190—90 ppm).403.404

The chemical shifts are reported relative to the reaction product of 2-chloro-
4.4,5,5-tetramethyl-1,2,3-dioxaphospholane with water, at 132.2 ppm. Integrals
are assigned to the functional groups as followed: & = 152.5 — 151.7 (NHND),
149.5 — 145 (aliphatic hydroxyl groups), 145 - 141.2 (syringyl hydroxyl groups),
140.8 — 137.7 (guaiacyl hydroxyl groups), 135.7 — 134 (carboxylic acids).

Calculations were performed by first determining the mole quantity of IS in the IS

solution:

NHND in IS solution (mmol)

NHND added to the IS soluti
_ mass of added to the Souwn(g)*purityofNHND(%)*1000 Eq.S1

9
M,, of NHND (179.17 -2

Afterwards, the mole quantity of IS (NHND) in the NMR sample was calculated:

NHND in NMR sample (mmol)

NHND in IS solution (mmol) 0L of IS soluti Eq. S2
— * .
total mass of IS solution (g) mass of 0.1mlL of IS solution (g)
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lratic between the spectral region of interest (lon) over the IS integration peak

(InHnD) is determined:

integral of the region of interest lon

ratio —

integral of IS peak ~ Inunp Eq.53

Finally, to calculate the amount of different hydroxyl groups in lignin, i.e. OH / g

lignin:

Lratioc * mmol of NHND in NMR sample
dry weight of lignin

mmol of OH groups per g of lignin = Eq. S4

Quantitative *C NMR

Quantitative '3C analysis was performed according to the procedure described
from Meier and Over.?#” A weighed, dry lignin sample (95.0 mg) was dissolved
in 500 yL DMSO-ds. 100 uL of a solution of the internal standard (IS) 1,3,5-
trioxane (65 mg/mL) and chromium(lll) acetylacetonate (24.9 mg/mL) as
relaxation agent in DMSO-ds were added. Measurements were performed with

inverse gated decoupling, 32768 scans, delay time d1 of 4 s at 298 K.

Calculations were performed by first determining the mole quantity of IS in the IS

solution:

trioxane in IS solution (mmol) Eq S5

mass of trioxane added to the IS solution (g) . .
= * purity of trioxane (%) * 1000

M of trioxane (90.08%)

Afterwards, the mole quantity of the IS (trioxane) in the NMR sample was

calculated:

trioxane in NMR sample (mmol) Eq_ S6

trioxane in IS solution (mmol) 0.1 mL of IS solution (g)
— * .
total mass of IS solution (g) mass of 0.1 mlL of IS solution (g
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The integral ratio (lrato) between the spectral region of interest and the IS

integration peak (Itrioxane) is determined:

integral of the region of interest oy Eq.S7
integral of IS peak " Lirioxane

ratio —

Finally, to calculate the amount of carbonyl groups in lignin, which is expressed

in mmol-g~' carbonyl:

Leqtio * mmol of trioxane in NMR sample Eq. S8
dry weight of lignin

mmol of carbonyl groups per g of lignin =

Size Exclusion Chromatography

For samples of Chapter 4.1, SEC measurements were performed on a Shimadzu
SEC system equipped with a Shimadzu isocratic pump (LCYCLOZ20AD), a
Shimadzu refractive index detector (24 °C, RID-20A), a Shimadzu autosampler
(SIL-20A) and a Varian column oven (model 510, 50 °C). For separation, a three-
column setup was used with one SDV 3 ym, 8 x 50 mm precolumn and two SDV
3um, 100 A, 3 x 300 mm columns supplied by PSS, Germany. Anhydrous
tetrahydrofuran stabilized with 250 ppm butylated hydroxytoluene (= 99.9%)
supplied by SIGMA-ALDRICH was used at a flow rate of 1.0 mL min-1. For
calibration, linear poly(methyl methacrylate) (PMMA) standards (Agilent) with Mp
ranging from 875 Da to 1.678x 10% Da were used. SEC measurements of
Chapters 4.2 and 4.3, were performed on an Agilent Technologies 1260 Infinity
Il system equipped with a Mixed-C and Mixed-E Agilent column, and a differential
refractive index detector. The used eluent was DMAc containing 0.034 wt% LiBr.
The number average molar mass (Mh), the weight average molar mass (Mw), and
the dispersity (P = Mw/Mn) of the samples were determined using a calibration of
polystyrene (PS) standards with M, ranging from 370 to 2.52 x 10% Da. The
samples were dissolved in the eluent at a concentration of 2 mg/mL and filtered
over a 0.2 pL filter.
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Mass Spectrometry (MS)

Electrospray ionization (ESI) experiments were recorded on a Q-Exactive
(Orbitrap) mass spectrometer (Thermo Fisher Scientific) equipped with a HESI I
probe to record high resolution. The spectra were evaluated by molecular signals

(M + H)" and indicated with their mass-to-charge ratio (m/z).

Differential Scanning Calorimetry (DSC)

DSC measurements were performed on a Mettler Toledo DSC 3 STARe system.
Aluminum crucibles (40 pL) were used to weigh a precise amount of each
sample, between 3 and 7 mg. The samples were measured in two heating cycles
to remove any thermal history: from 25 to 200, 200 to -50, and -50 to 200 °C.
DSC curves presented are relative to the second heating cycle. A heating or
cooling rate of 10 — 30 Kmin~' was applied. For the Chapter 4.3, DSC
thermograms were obtained using a DSC-1 instrument (Mettler Toledo).
Approximately 5 mg of sample was sealed in a 40 uL aluminum crucible with a
pierced lid. The samples were measured in two heating cycles to remove any
thermal history. For lignin samples: from 25 to 170, 170 to -50, and -50 to 170 °C.
For thermoset samples: from 25 to 180, 180 to —90, and -90 to 180 °C. DSC
curves presented are relative to the second heating cycle. A heating or cooling
rate of 10 Kmin~' was applied. glass transition temperatures (T7g) were

determined as the midpoint of the second heating cycle.

Thermogravimetric Analysis (TGA)

Thermogravimetric measurements were performed using a TGA Q5500
instrument from TA Instruments. The samples were dried under vacuum
(10 mbar) at 70 °C overnight before measurement. The samples (5 — 6 mQ)
were heated in a Pt crucible from 25 to 600 °C under a nitrogen atmosphere at
a heating rate of 10 Kmin™. Ta45% is defined as the temperature at which 5 %
weight loss of the sample occurred, while Tq50% is defined as the temperature at
which 50 % of the weight loss of the sample occurred. Residue (%) is defined as
the weight percentage of residual mass at the end of the analysis. For Chapter
4.3, TGA was performed using a TGA/DSC-1 instrument (Mettler Toledo).
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Approximately 10 mg of sample was placed in a 70 pyL alumina crucible
and heated from 25 °C (10 min isothermal) to 600 °C at 10 K min™" under nitrogen
(50 mL min~"). The temperatures corresponding to 5 % (Td4,5%) and 50 % (Td,50%)

weight loss were determined as well as the residues.
DMA and Tensile Strength Measurements

For Chapter 4.2, a Discovery DMA 850 from TA instruments was used to
modulate from -50 °C to 200 °C at a heating rate of 3 K min-'. The measurements
were performed with tensile geometry at a frequency of 1 Hz, an initial force of
0.1 N and a strain sweep of 0.02%. Analyses were carried out in triplicate to
ensure sample homogeneity and reproducibility. For Chapter 4.3,
thermomechanical properties were measured using a DMA Q800 instrument
equipped with an ACS-3 cooling accessory (TA Instruments) in tension film mode.
Samples were tested under a 0.1% oscillatory strain at a frequency of 1 Hz, with
a pre-load force of 0.01 N. Samples were cooled to -50 °C, equilibrated for 5 min,
and subsequently heated to 100°C at 3 °C min~". Three replicates were tested for
every sample. The crosslinking densities (ve) of the thermosets were calculated
from the storage modulus in the rubbery state, according to the theory of rubber

elasticity, with the following equation:

Eq. S9

where:

E,is the storage modulus in the rubbery plateau region (Pa); R is the
universal gas constant (J mol™' K"); T is the absolute temperature (K) at which E,
was measured, corresponding to Tg + 20 °C. Tensile measurements were

performed on the same instrument in tension film mode, with a strain ramp. An
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initial strain of 0.01% was applied, then increased to 100% with an increase of

10% min~! strain at a temperature of 25 °C, with a pre-load force of 0.001 N.

Rheometer

Rheological analyses were conducted using a Discovery Hybrid Rheometer 2
(DHR-2, TA Instruments) equipped with a peltier plate temperature-control
system. Responses were evaluated in a 20 mm stainless steel plate—
plate geometry. Amplitude-sweep experiments were performed at a constant
frequency (w) of 1 Hz and temperature of 25 °C, strain (y) was increased until
deviation from linear range were detected. Frequency-sweep experiments were
performed at the maximum strain detected in the LVER at a constant temperature

of 25 °C and frequency range between 10 and 0.01 Hz.

Water Contact Angle (WCA)

Contact angle measurements were performed with a DSA25S contact
angle goniometer (Kruss) using the sessile drop technique. A water droplet with
a size of 5 yL was slowly added onto the thermoset samples by a micrometer
syringe and contact angles between the surface of the thermoset against the
water droplet were measured. The average value of five measurements was

calculated for each sample with a standard deviation of less than 5°.
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Gel Content Determination

Weighed bar samples of the cured thermosets were immersed in THF for
24 hours. Afterwards, the swollen samples were dried gently between paper
sheets and weighed again. Then, the samples were dried at 60 °C for 24 h, and

their final weight was recorded.

The swelling percentage is defined as:

. Mgy, mg
Swelling (%) = — 100% Eq.S10
d

And the gel content of the samples is defined as:

m
Gel content (%) = —.100% Eq.S11

l
where:
my,, is the final weight of the sample after gently drying between paper sheets
my is the final weight of the sample after drying at 60 °C for 24 hours

m; is the initial weight of the sample
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6.3 Organosolv Lignin Characterization

Characterization was performed via 3'P NMR, 'H NMR, '3C NMR, SEC (DMAc
and THF), FTIR, DSC, TGA. Data are reported in Table 6.3.1.

Table 6.3.1 — Characterization data of Organosolv lignin (OL).

OHAIiphatic OHAromatic COOH OHTotaI Mn

(mmol-g™)? (mmol-g")? (mmol-g™)? (mmol-g")? (g-mol")®

242 +£0.05 1.83 £ 0.04 0.100 £ 0.005 4.35+0.08 5000 2.6

a; Determined via 3'P NMR. Measurements were performed in triplicates. b: SEC-DMAc (PS
standards).

SEC-THF (PMMA standards): M» = 800 g-mol'; ©=1.6

IR (ATR platinum diamond): 7/ cm™" = 3443, 2937, 2841, 1722, 1594, 1512, 1456,
1423, 1325, 1216, 1115, 1031.

H NMR (400 MHz, DMSO-de) &+/ ppm = 7.50 — 6.25 (m, CHary)); 4.0 — 3.50 (s,
OCHs, OH); 1.40 — 0-70 (m, CHaiky).

3C NMR (126 MHz, DMSO-ds) 6c/ ppm = 152.61, 147.81, 135.32, 115.88,
107.52, 104.08, 93.38, 60.08, 56.38, 15.74.

To= 140 °C; Tas% = 267 °C
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Figure 6.3.1 —3'P NMR of pristine Organosolv lignin. Residual ethanol (sharp signal at
147.32 ppm) could not be fully removed, even after drying at 60 °C under vacuum (10 mbar) for
5 days, as also reported from Jaaskeldinen et al.*®> To obtain more accurate results, peak
deconvolution was performed and is shown in the expanded view (blue lines in Figure 6.3.1) and
in Table 6.3.2.

Table 6.3.2 — Peak deconvolution data for OL.

Signal S (ppm) Area (arb. unit)
1 151.90 199877
2 147.32 20596
3* 149.7-145.3 1549857

*: Area of the integral between 149.7 — 145.3 ppm.
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6.3.1 Theoretical Yield Calculations for Lignin Modification

A simplified theoretical yield was calculated, assuming 100% conversion of the

reactive sites toward the main reaction, following Eq. S$12:
) ~_ mol
me =m; (1 + AMgraft (reactwe sites in 7)) Eq.S12

where:

m; = final mass of the modified lignin (g)

m; = initial mass of pristine lignin (g)

AM,. 4= increase in the molecular weight caused by the modification (g/mol)

reactive sites = number of moieties participating in the reaction (depending on

the reaction type) in mol/g.
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6.4 Experimental Procedures for Chapter 4.1 —
Lignin Carbonates

6.4.1 First Approach-DMC as Limiting Reagent

6.4.1.1 General Procedure for the Self-Condensation of OL with

Stoichiometric Amounts of DMC:

Scheme 6.4.1 — General reaction scheme for the self-condensation of lignin with stoichiometric
amounts of DMC.

I Liani
Lignin Lignin rﬁ ignin
HO fo)
HO 0.0
OH ~ )J\ e Y
o o0 o
MeO MeO
OH DMC
(o] > o
MeO T, Cat. MeO OYO
o)
Lignin R -
Lignin Lignin
oL Lignin-derived polycarbonates

In a pressure vial, dried OL (1.00 g, 4.35 mmol -OH g™', 4.35 mmol -OH, dried
previously for 24 h at 70 °C and 10 mbar) is added and dissolved in dry DMSO,
with a concentration of 5 wt%. Afterwards, anhydrous DMC (anhydrous,
4.35 mmol, 392 mg, 366 uL, 1.00 equiv.) and the base (DBU, TBD or TBAB,
4.35 mmol, 1.00 equiv.) are added to the vial, the vial is closed with a septum
pierced with a needle. The reaction is carried out at 90 °C for 24—72 h. After the
desired time, the reaction mixture is precipitated in aqueous acidic condition (pH
< 2, acidified with HCI 1 M), stirred for 30 minutes and filtrated on a fritted frit
(porosity: P-4). The recovered solids were washed three times with deionized
water (50 mL) and dried under vacuum at 70 °C for at least 24 h prior to analysis.
The reaction was followed via IR spectroscopy and 3'P NMR, and the relative
data are presented and discussed in Chapter 4.1.3.

The desired product was not successfully isolated.
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6.4.2 Second Approach—Intermediate Route

6.4.2.1 General Procedure for the Synthesis of the Intermediate:

Scheme 6.4.2 — General reaction scheme for the pre-functionalized lignin intermediate synthesis.

Lignin Lignin
HO o MeO
OH ~ J\ ~
MeO (0] (0] MeO OH
OH DMC, Excess
j - 0O
MeO T, Cat. MeO o)
Lignin Lignin
oL Pre-functionalized lignin

General procedure for the synthesis of pre-functionalized lignin
intermediate in a 0.5 g scale:

In a pressure vial, dried OL (0.50 g, 4.35 mmol -OH g-', 2.18 mmol -OH, dried
previously for 24 h at 70 °C and 10 mbar) is suspended in anhydrous DMC
(21.8 mmol, 1.96 g, 1.80 mL, 10.0 equiv.). TBAB (4.35 mmol, 1.40 g, 2.00 equiv.)
is added and the reaction mixture is stirred at 90 °C under Ar atmosphere for 5 h.
After the desired time, the reaction mixture was precipitated in aqueous acidic
condition (pH < 2, acidified with HCI 1 M), stirred for 30 minutes and filtrated on
a fritted frit (porosity: P-4). The recovered solids were washed three times with
deionized water (50 mL) and dried under vacuum at 70 °C for at least 24 h prior

to analysis.

General procedure for the synthesis of pre-functionalized lignin
intermediate in a 6 g scale:

In a round-bottom flask dried OL, (10 g, 4.35 mmol -OH g', 43.5 mmol -OH, dried
previously for 24 h at 70 °C and 10 mbar) was suspended in DMC (anhydrous,
435 mmol, 39.2g, 37 mL, 10 equiv.). An additional 15 mL of DMC (total:
14.0 equiv.) were needed to fully solubilize OL and to ensure a homogeneous

solution and stirring. Tetrabutylammonium bromide (TBAB, 87 mmol, 28.1 g,
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2.00 equiv.) is added and the reaction mixture is flushed with Ar and vigorously
stirred under reflux of DMC, for 6 hours (9.88 g, 85% theoretical yield).
Theoretical yield was calculated taking into account the different reactivities of
lignin reactive sites, assuming a full conversion of aromatic -OH and carboxylic
acid groups to their methylated analogs, and a full conversion of the aliphatic -

OH to carboxymethylated derivatives, according to Eq. S$12.
Work-up with recovery of TBAB:

The phase-transfer catalyst was recycled according to the previously reported
procedure from our group. After the reaction mixture was cooled down tor.t., cold,
distilled water (600 mL) was used as precipitation medium. Dark brown solids
precipitated and they were filtrated on a fritted frit (porosity: P-4) and washed with
additional deionized water (100 mL). Afterwards, the filtrates aqueous phase was
evaporated under reduced pressure (80 mbar, 60 °C) to recover TBAB as a
viscous yellowish liquid, that crystalized after cooling. (25.5 g, 91% recovery).
The purity of recovered TBAB was verified via '"H NMR, and the spectrum looks

identical to commercial TBAB (Figure 4.1.10).
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6.4.2.2 Pre-functionalized Lignin Characterization

Characterization was performed via 3'P NMR, 'H NMR, 3C NMR, SEC-THF,
FTIR. Data are reported in Table 6.4.1.

Table 6.4.1 — Characterization data of pre-functionalized lignin (intermediate).

OHAIiphatic OHAromatic COOH OHTotaI Mn
(mmol-g™)? (mmol-g™)2 (mmol-g")?  (mmol-g')? (g-mol™)®
1.495 0 0 1.495 1100 3.1

a: Determined via 3'P NMR. ?: SEC-THF.

IR (ATR platinum diamond): v/ cm™ = 3485, 2939, 2836, 1744, 1587, 1505,
1456, 1419, 1328, 1260, 1123, 1024.

H NMR (400 MHz, DMSO-ds) &1/ ppm = 7.55 — 6.10 ppm (m, CHaryl); 4.09 — 2.93
(s, OCHs, OH); 1.53 — 0.72 (m, CHaiky).

3C NMR (126 MHz, DMSO-ds) dc / ppm = 155.00, 152.90, 148.76, 136.62,
119.37, 111.55, 103.87, 72.35, 59.99, 55.85, 15.13.
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Figure 6.4.1 — 3P NMR spectrum of pre-functionalized lignin. Residual ethanol (sharp signal at
147.33 ppm) could not be removed, even after drying at 60 °C under vacuum (10 mbar) for 5
days, as also reported from Jaaskeldinen et al.*®> To obtain more accurate results, peak
deconvolution was performed and is shown in the expanded view (blue lines).

Table 6.4.2 — Peak deconvolution data for pre-functionalized lignin (intermediate).

Signal S (ppm) Area (arb.unit)
1 151.84 211799
2 147.32 13508
3* 149.5-146.1 1024002

*: Area of the integral between 149.5 — 146.1 ppm.
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Figure 6.4.2 — '3C NMR of pre-functionalized lignin.

Table 6.4.3 — Quantitative 3C NMR data for pre-functionalized lignin (intermediate).

mmol IS in the sample Carbonyl content
lratio Carbonyl signal

0.06295 0.28 0.19
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6.4.2.3 General Procedure for the Self-condensation of the Intermediate

Scheme 6.4.3 — General reaction scheme for the self-condensation of the pre-functionalized
lignin with itself.

. Lignin
Lignin Lignin rp 9
MeO MeO OYO
OH (o]
MeO MeO
o__0O Self-condensation igni
o \”/ ~ o O\H/O\N\ngnln
MeQ 0 T, Cat. MeO Y
Lignin Lignin
Pre-functionalized lignin Lignin-derived polycarbonates

Pre-functionalized lignin (1.00 g, 1.495 mmol -OH g-', 1.495 mmol -OH, dried
previously for 24 h at 70 °C and 10 mbar) is dissolved in a solvent (Cyrene™ or
DMAc, both anhydrous) with a concentration of 150 mg/mL in a pressure vial.
DBU (0.30 mmol, 45.5 mg, 44.6 pL, 0.20 equiv.) is added. The vial is closed with
a septum pierced with a needle. The reaction is carried out at 90 °C for 3-48 h.
Aliquots are taken over 3, 24 and 48 h for both conditions and followed via SEC
and 3'P NMR. After the desired time, the aliquot of reaction mixture is precipitated
in aqueous acidic condition (pH < 2, acidified with HCI 1 M), stirred for 30 minutes
and filtrated on a fritted frit (porosity: P-4). The recovered solids were washed
three times with deionized water (50 mL) and dried under vacuum at 70 °C for at
least 24 h prior to analysis. The relative SEC and 3'P NMR data are presented
and discussed in Chapter 4.1.4.

The desired product was not successfully isolated.
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6.4.2.4 Self-Condensation with 1,12- Dodecanediol

Scheme 6.4.4 — General reaction scheme for the condensation of pre-functionalized lignin with
1,12-dodecanediol.

Lignin

Lignin
e HO OH MeO
OH
MeO v MeO OH
o__o_ 1.12dodecanediol € -
oo (o] \([)]/ o O\H/O\O,O\H/O\N\ Lignin
€ Cat. DBU MeO o) 0
Lignin Lignin
Pre-functionalized Lignin Cross-linked lignin

Pre-functionalized lignin (1.00 g, 0.28 mmol carbonate g-', 0.28 mmol carbonate,
calculated from quantitative '*C NMR, 1.495 mmol -OH g', 1.495 mmol -OH,
dried previously for 24 h at 70 °C and 10 mbar) is dissolved in a suitable solvent
(DMACc or Cyrene™, anhydrous) with a concentration of 150 mg/mL in a pressure
vial and DBU (1.78 mmol -OH, 54.0 mg, 53.0 uL, 0.20 equiv. in respect to the
total -OH groups, both from lignin and 1,12-dodecanediol) is added. 1,12
dodecanediol (0.28 mmol -OH, 2 functionalities, 0.14 mmol dodecanediol,
28.3 mg, 1.00 equiv. in respect of the carbonate groups) is added. The vial is
closed with a septum pierced with a needle. The reaction is carried out at 90 °C
for 3-48 h. Aliquots are taken over 3, 24 and 48 h for both conditions and followed
via SEC. The aliquot of reaction mixture is precipitated in aqueous acidic
condition (pH < 2, acidified with HCI 1 M), stirred for 30 minutes and filtrated on
a fritted frit (porosity: P-4). The recovered solids were washed three times with
deionized water (50 mL) and dried under vacuum at 70 °C for at least 24 h prior
to analysis.

SEC traces are presented and discussed in Chapter 4.1.4.

The desired product was not successfully isolated.
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6.5 Experimental Procedure for Chapter 4.2 -
Lignin-NIPUs via HOSO-derived Polyamine
6.5.1 UV-systems and Reaction Setups

System 1) A UV lamp of 365 nm of 45 W was used. Details of the distances

between lamp and sample are shown in the figures below (Figure 6.5.1).

[
ol —
[ ]

< C
< C

19

Figure 6.5.1- UV system (lamp 365 nm, 45 W) for small-scale reactions (left) and for larger-scale
reactions (right).

15
[

System 2) A system consisting of five LEDs (1 cm x 1 cm) placed in a circle and
installed on a metallic plate was used. Typically, the vial containing the reaction

mixture was placed directly on one LED. (Figure 6.5.2).

E 365 nm or 405 nm
)

= T 0.5cm

&)

Figure 6.5.2 — LEDs system (365 nm, 2W).
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System 3) A UV lamp of 365 nm of 45 W and a UV lamp of 365 nm of 12 W were

used. Details of the distances between lamps and sample are shown in the
figures below (Figure 6.5.3).

I 10cm 15cm |

"

<C
<C

}&FM)

Figure 6.5.3— Both-side irradiation system. UV lamp 365 nm 45 W (left side), UV lamp 365 nm
12 W (right side).
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Continuous Flow reactor

Photoreactions in flow were conducted using an E-series flow reactor from
Vapourtec with photochem equipment. As irradiation source, a 365 nm LED with
16 W power was used. The inner volume of the reactor capillary is 10 mL. A flow
rate ranging from 1 to 9 mL/min was applied. Total irradiation time was up until

6 hours.

365 nm
UV lamp

Input Output

Lamp
cooling system

| N
Air tflow
g |\

=
CO2(s) E
o

\—'V_J \—'._J
Peristaltic  Oscillatory
pump pump

—

Reaction
mixture

Figure 6.5.4 — Flow reactor setup (closed-loop system).
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6.5.2 Triglyceride Modification

6.5.2.1 Calculation of Triglycerides Unsaturation by 1H NMR

Equations system:406

Vinylic hydrogens integral = 2A + 4B + 6C
Linoleic bisallylic hydrogens integral = 2B
Linolenic bisallylic hydrogens integral = 4C
A+B+C+D=3
A = oleic chain (monounsaturated)
B = linoleic chain (diiunsaturated)
C = linolenic chain (triunsaturated)

D = saturated chain
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High oleic sunflower oil (Alnatura)
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Figure 6.5.5 — 'H NMR of the employed HOSO during experiments in CDCls.

In general, once normalised to integral = 2, the peaks of the glycerol -CH2-CH-

CHa2- unit (4.21 ppm), the integrals of the vinylic hydrogen (5.27 ppm), linoleic

bisallylic hydrogens (2.70 ppm) and linoleic bisallylic hydrogen (2.80 ppm) were

evaluated according to the above shown equation system. In the specific case of

this HOSO sample, no tri-unsaturated chains were present (no 2.80 ppm peak,

see Figure 6.5.5).

591 =2A+4B +6C
0.33 =2B

0=4C
A+B+C+D=3

This equation resulted in: A =2.625, B =0.165, C =0, D =0.21. Total = 3.
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Table 6.5.1 — Percentage distribution of double bond types of the employed HOSO used for the
experiments.

Peak Percentage
A = monounsatured, oleic chain 88 %
B = diunsatured, linoleic chain 55 %
C = triunsatured 0.0 %
D = saturated 7.0 %

The average double bond per triglyceride is the weighted average of double
bonds per chain = 0.985, which was approximated to 1 double bond per chain or

approximately 3 per triglyceride.
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6.5.2.2 Synthesis of High Oleic Sunflower Oil (HOSO)-derived Polyamine
(PA) - Batch with DMPA

Scheme 6.5.1 — General reaction scheme for the synthesis of HOSO-derived polyamine (PA).

Hs—~~NH - HCI

/\[ w Photomltlator /\[ 71/\;\//\33\3/\/””2
S

HOSO HZNI HOSO - derived pluriamine
The procedure was adapted and modified from Stemmelen et al.:*%” 500 mg
(0.56 mmol) of high Oleic Sunflower oil (HOSO, 88 % of monounsaturated fatty
acid chains, average 3 double bonds per triglyceride, calculated by "H NMR as
shown above, from Alnatura)®®® were placed in a glass vial, together with
cysteamine hydrochloride (CAHC, 5.08 mmol, 577.14 mg, 3 equiv. per double
bond) and the correct amount of the solvent mixture chosen (depending on the
concentration, see Table 4.2.1). The mixture was stirred for 30 min. Afterwards,
0.3 equivalents of 2,2-dimethoxy-2-phenylacetophenone (DMPA, 0.169 mmol,
43.42 mg, 0.1 equiv. per double bond) were added. The reaction was stirred for
the chosen time at room temperature and irradiated by UV light (see different
setups in Figure 6.5.1, Figure 6.5.2, Figure 6.5.3). At the end of the reaction,
the solvent was removed using a rotary evaporator. Subsequently, 20 mL of
chloroform were added to the dried crude. The organic phase was therefore
washed with saturated sodium carbonate solution and multiple times with distilled
water until neutral pH was observed. Afterwards, the residual traces of water were
removed with anhydrous sodium sulfate. After filtration of the Na2SOa4, the solvent
was removed using a rotary evaporator. The product appeared as a slightly

yellow oil. Double bond conversion: 84%, yield: 98%.

224



6.5.2.3 Synthesis of High Oleic Sunflower Oil (HOSO)-derived Polyamine
(PA) — Batch, Aliquots Addition

The procedure was adapted and modified from Rios et al.:32° Briefly, 1 g of High
Oleic Sunflower oil (HOSO, 88% of oleic fatty acid chains, average 3 double
bonds per triglyceride, calculated from 'H NMR, from Alnatura) was placed in
aglass vial, together with the necessary amount of 2,2-dimethoxy-2-
phenylacetophenone (DMPA, 0.339 mmol, 87 mg, 0.1 equiv. per double bond)
and 45mL of iPrOH. The mixture was stirred until homogeneous.
Cysteamine hydrochloride (CAHC, 10.16 mmol, 1.15 g, 3 equiv. per db) was
added in three aliquots, according to Table 6.5.2. The reaction was stirred for
24 h at room temperature and irradiated with 365 nm UV-light (45 W + 12 W
lamps, see Figure 6.5.3). At the end of the reaction, the solvent was removed
using a rotary evaporator. Subsequently, 20 mL of chloroform were added to the
dried crude. The organic phase was washed with saturated sodium carbonate
solution and multiple times with distilled water until neutral pH was observed.
Afterwards, the residual traces of water were removed with anhydrous sodium
sulfate. After filtration of the Na2SO4, the solvent was removed using rotary
evaporator. The product resulted was obtained as slight yellow oil. Double bond

conversion: 98%, yield: 98%.

Table 6.5.2 — Multistep addition of CAHC, aliquot weights and distribution.

CAHC aliquot 1 2 3
Weight (g) 0.575 0.2875 0.2875
Time (h)? 0 1.5 4

a: Time from the start of the reaction.
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6.5.2.4 Synthesis of High Oleic Sunflower Oil (HOSO)-derived Polyamine

(PA) - Continuous Flow

2 g of High Oleic Sunflower oil (HOSO, 88% of monounsaturated fatty acid
chains, average 3 double bonds per triglyceride, calculated from 'H NMR, from
Alnatura) and 2.31 g (20.3 mmol, 9 equiv.) of CAHC were dissolved in 12 mL
isopropanol and stirred for 30 min. Subsequently, 2,2-dimethoxy-2-
phenylacetophenone DMPA (174 mg, 0.3 equiv.) and more isopropanol (2 mL)
were added. The reaction mixture (under stirring) was fed to the flow reactor in
a closed-loop mode. A scheme of the flow reactor is represented above (Figure
6.5.4).
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6.5.2.5 Characterization of High Oleic Sunflower Oil (HOSO)-derived
Polyamine (PA)

"H NMR (400 MHz, CDCI3) &1/ ppm = 5.37 (m, -CH from unreacted double
bonds), 5.25 (q, -CH from glycerol backbone), 4.08 — 4.34 (m, -CH2 from glycerol
backbone), 2.77 — 2.92 (t, -CH2NH2), 2.47-2.71 (m, - CHSCH2), 2.22 -
2.38 (t, - COCH2), 1.65 — 1.83 (s, -NH2), 1.08 — 1.65 (m, -CH2 from fatty acid
chains), 0.87 (t, -CH3s).

13C NMR (101 MHz, CDCls3) ¢/ ppm = 173.37, 69.01, 62.22, 46.03, 41.84, 35.19,
34.14, 32.03, 29.79, 29.74, 29.44, 29.23, 26.97, 24.96, 22.80, 14.25.

IR (ATR platinum diamond): 7/ cm' = 2923, 2853, 1740, 1650, 1604, 1462, 1275,
1158, 755.
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Figure 6.5.6 — 'H NMR in CDCIs spectrum of PA with a conversion of 95 %. Signal assignation
was performed via 2D — NMR spectroscopy techniques (HMBC, HSQC, COSY), DEPT — 135 and
according to literature values.
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Figure 6.5.7 — Overlay of "H NMR spectra for pristine HOSO (black, bottom) and PA (top, blue).
The disappearance of the signal attributed to the -CH protons of the double bonds (vinylic
protons, highlighted in violet) indicates a high conversion (95%), confirming the successful
reaction. In the spectrum of the aminated HOSO, two new signals (highlighted in light blue)
appear, corresponding to the CH: protons directly attached to the -NH2 and -S groups,
respectively. Additionally, the signal for the allylic -CH2 protons disappears in PA.
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Figure 6.5.8 — DEPT — 135 spectrum of PA with a double bond conversion of 95 % in CDCls. CH
and CHs groups are shown as positive, while CH2 are negative.
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Figure 6.5.9 — '3C NMR of PA in CDCl3 with a double bond conversion of 95 %.
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Conversion calculation:

Conversion of the double bonds was calculated based on the normalized integral
of the signal ascribed to the double bond protons, both in the pristine HOSO (5.27
ppm, / =5.91) and in the aminated HOSO (5.37 ppm).

ley= —Icy= -
Conversion (%) = CH=CH HOSO CH=CH aminated HOSO . 41 Eq.S13

Ich=cH HOSO

Amine functionality calculation:

Introduced functionalities (f) equals to the functional groups of cysteamine
introduced to the aminated HOSO per trigyceride. The theoretical maximum
equals to 3 (if all three double bonds of HOSO have reacted), which corresponds
to 100 % conversion. Functionalities are therefore calculated based on the

conversion reached, according to the equation:

_ Conversion (%)

Eq.S14
100 %

Molecular weight calculation:

MW final = MW (HOSO) + (f x 77.137) Eq.S15

Yield calculation:

To calculate the yield of the product, the theoretical mass has to be calculated
first, with the final MW obtained in the calculation above. The yield of the product

can then be calculated as follows:

Obtained weight of product
Yield = g /P X 100% Eq.S16
Theoretical mass
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6.5.2.6 Conversion Monitoring in Flow Reactions

100 4
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@
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—e— EtCH, 0.5 mL/min
—4— j-Pr, 0.5 mL/min, aliq.
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Figure 6.5.10 — Comparison of reaction conversions for flow experiments. To evaluate the

conversion, a 100 uL sample was taken at different reaction times and '"H NMR was recorded
Different flow rates and different solvents were evaluated.
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Figure 6.5.11 — Conversion after 3 h of reaction time in flow experiments.
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6.5.3 Lignin Modification

6.5.3.1 General Procedure for the Synthesis of Hydroxyalkylated Lignin
(HAL) with Glycerol Carbonate

Characterization was performed via 3'P NMR, 'H NMR, '3C NMR, SEC-DMAc,
FT-IR, DSC, TGA. Data are reported in Table 6.5.3.

Table 6.5.3 — Characterization data of HAL.

OHAIiphatic OHAromatic COOH OHTotaI Mn
(mmol-g™)2 (mmol-g1)? (mmol-g")?  (mmol-g')? (g-mol’)®
4.66 0 0 4.66 13800 4.8

a: Determined via 3'P NMR. *: SEC-DMAc.

Scheme 6.5.2 — General reaction scheme for the synthesis of Hydroxyalkylated lignin. Only
isomers of the etherification pathway with GC are shown, leading to 1,2-diols and 1,3-diols
structures. For a comprehensive overview of all the possible structures, see Scheme 4.2.2 and
Scheme 4.2.3.

OH

(0]
HO c'
O/lko \ﬁ
OH

b
\\_Q; a' (o)
o o)
- ~ OH (0] (o]
GC e ~N
OMe - 0/
o Cat. DBU HO o
HO @ 150 °C, 2 h jﬂo
HO -CO, HO (o}
oL H\/OH
OH
HAL

10.0 g of lignin (OL: 4.35 mmol OH g dry lignin) were suspended in glycerol
carbonate (435 mmol, 51.3 g, 36.7 mL, 10.0 equiv.) and DBU (4.35 mmol, 0.66 g,
0.65 mL, 0.10 equiv.) was added. The reaction mixture was allowed to react at
150 °C for 2 hours under Argon flow. After reaching 100 °C, strong evolution of

CO2 was observed. After completion of the reaction, the crude product was
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dissolved in a minimum amount of DMSO and the product was recovered by
precipitation in a tenfold amount of acidified deionized water (pH < 2, acidified
with HCI 1 M). After filtration on a fritted frit (porosity: P-4) and washing with water
(5 x50 mL), the isolated product was dried at 60 °C under vacuum. Yield: 11.0 g,
83% theoretical yield, calculated according to Eq. S12.

H NMR (400 MHz, DMSO-ds) 1/ ppm = 7.50 — 6.25 ppm (m, CHari); 5.30 - 4.10
(M, CHap.c); 4.0 — 3.50 (s, OCHs, OH); 1.40 — 0-70 (m, CHaiky).

13C NMR (126 MHz, DMSO-ds) oc / ppm = 154.97, 152.14, 92.90, 75.58, 72.94,
70.51, 68.59, 66.01, 63.09, 60.01, 55.84, 15.29.

IR (ATR platinum diamond): 7/ cm" = 3425, 2933, 2871, 1790, 1590, 1504, 14586,
1417, 1327, 1224, 1121, 1031, 843.

Tg=99 °C; Ta5% =267 °C
Hydroxyl content: 4.66 mmol OH g-! dry sample, calculated from 3'P NMR.
Degree of substitution (DS) calculations:

DS phenolic hydroxyl groups: 1 (3'P NMR shows no aromatic hydroxyl groups

left after the reaction; therefore, the DS is set to one for complete substitution).

DS aliphatic hydroxyl groups: 0.75, determined from 3C NMR, according to
the procedure established by Lehnen et al.?*® Signal of the installed hydroxyl
terminated carbon (b’) is correlated to the total amount of aliphatic carbon atoms

next to hydroxyls (60.01 ppm) according to Eq. S17:

Iy,

I — Eq. 517
Ip, + Ic_on

DSaliphatic =
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Figure 6.5.12 - 3'P NMR of HAL.
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Figure 6.5.13 — '3C NMR of HAL, signal assignment was conducted based on literature data.?”"

Table 6.5.4 — Quantitative '3C NMR data for HAL.

mmol IS in the sample Carbonyl content
lratic Carbonyl signal
(mmol) (mmol-g)
0.52 0.34

0.06169
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6.5.3.2 General Procedure for the Synthesis of Cyclic Carbonate

Functionalized Lignin with Dimethyl Carbonate

Characterization was performed via 3'P NMR, 'H NMR, '3C NMR, SEC-DMAc,
FT-IR, DSC, TGA. Data are reported in Table 6.5.5.

Table 6.5.5 — Characterization data of CCFL.

OHAIiphatic OHAromatic COOH OHTotaI Mn
(mmol-g")? (mmol-g)? (mmol-g)? (mmol-g")? (g-mol")®
1.64 0 0 1.64 12600 3.9

a: Determined via 3'P NMR. b;: SEC-DMAc.

Scheme 6.5.3 — General reaction scheme for the synthesis of cyclic carbonate functionalized
lignin. The main reaction leading to the formation of cyclic carbonate structures is shown, as well
as the formation of linear carbonates due to the reaction of hydroxyl groups with only one side of

DMC. Both possible isomers deriving from etherification with GC are shown (forming 1,2-diols
and 1,3-diols).
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Solventless procedure:

In a crimp vial, 1.00g of previously synthesized hydroxyalkylated lignin
(4.66 mmol OH g' dry lignin) was suspended in DMC (anhydrous, 23.3 mmol,
2.09 g, 2.00 mL, 5.00 equiv.). The catalyst DBU (1.86 mmol, 284 mg, 278 L,
0.40 equiv.) was added to the reaction vessel, and this was flushed with a gentle
Argon flow for 5 to 10 minutes. Afterwards, the desired temperature was applied,
and the reaction was stirred for 6 h at 75 °C. After completion of the reaction, the
crude product was recovered by precipitation in a tenfold amount of acidified
deionized water (pH < 2, acidified with HCI 1 M). After filtration on a fritted frit
(porosity: P-4) and washing with water (5 x 50 mL), the isolated product was dried
at 60 °C under vacuum (10 mbar). hydroxyl content: 1.68 mmol OH per g,
calculated from 3'P NMR.

Procedure with solvent:

6.00 g of previously synthesized hydroxyalkylated lignin (4.66 mmol OH g dry
lignin) were dissolved in DMAc (anhydrous, 15 mL) with gentle heating.
Afterwards, anhydrous DMC was added (140 mmol, 12.6 g, 11.8 mL, 5.00 equiv.)
as well as the catalyst TBD (11.2 mmol, 1.56 g, 0.40 equiv.), and the vessel was
flushed with a gentle Argon flow for 5 to 10 minutes. Afterwards, the desired
temperature was applied, and the reaction was stirred for 6 h at 75 °C. After
completion of the reaction, the crude product is recovered by precipitation in a
tenfold amount of acidified deionized water (pH < 2, acidified with HCI 1 M). After
filtration and washing with water (5 x 50 mL), the isolated product was dried at
60 °C under vacuum (10 mbar). Yield: 5.83 g, 86% theoretical yield, calculated
according to Eq. S$12.

"H NMR (400 MHz, DMSO-de) &1/ ppm = 7.6 — 5.9 ppm (m, CHani); 5.3 — 4
(m, CHapbc); 4.0 — 3.4 (s, OCHs, OH); 1.40 — 0-70 (m, CHaiky).

13C NMR (126 MHz, DMSO-de) 0c / ppm = 155.43, 153.03, 149.54, 135.63,
103.37, 93.36, 76.04, 73.33, 71.92, 70.70, 66.46, 63.55, 60.39, 56.25, 55.10,
15.69.
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IR (ATR platinum diamond): 7/ cm' = 3493, 2937, 1792, 1748, 1592, 1506, 1456,

1329, 1267, 1125, 1051, 847, 771.

Tg =117 °C; Tas% = 222 °C.
Hydroxyl content: 1.64 mmol OH g, calculated from 3'P NMR.

Carbonyl content: 0.91 mmol g, calculated from 3C NMR.

O n — 0 0 T ¢ wn
=P © nemmny TMDP + H,0 e
n [/ — NN O O cf ~
~ 0.,-Cl n + ¥ ¥ S
- -~ ™ = o - o~
N I —

o\F,O\e/o
°°%<

147.51
147.32
146.3¢

150

149

148

&/ppm
J\ JL/'L JL_.
oo ‘ .
1.00 5.41
176 172 168 164 160 156 152 148 144 140 136 132
o/ppm

Figure 6.5.14 — 3'P NMR of CCFL. Residual ethanol (sharp signal at 147.32 ppm) could not be
removed, even after drying at 60 °C under vacuum (10 mbar) for 5 days, as also reported from
Jaaskelainen et al.*®> To obtain more accurate results, peak deconvolution was performed and is
shown in the expanded view (blue lines).

Table 6.5.6 — Peak deconvolution data for the 3'P NMR of CCFL.

Signal S (ppm) Area (arb.unit)
1 151.85 47648669
2 147.51 169196204
3 147.33 4115611
4 146.38 120457654
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Figure 6.5.15 — '3C NMR of CCFL, signal assignment was conducted based on literature data.2”"

Table 6.5.7 — Quantitative '3C NMR data for CCFL.

Carbonyl content

mmol IS in the sample lratio Carbonyl signal
(mmol g)

0.06289 1.38 0.91
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6.5.3.3 Thermal Properties of HAL and CCFL
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Figure 6.5.16 — TGA (left) and DSC (right) thermograms of organosolv lignin
(black), hydroxyalkylated lignin (red) and cyclic carbonate functionalized lignin (blue). Values are
shown in Table 6.5.8.

Table 6.5.8 — Values obtained from thermal analyses TGA and DSC for unmodified OL, HAL, and
CCFL.

Td,s% Td,3o% Residues Tg
Sample . . .
(°C) (°C) (%) (°C)
oL 267 376 45 140
HAL 267 398 35 99
CCFL 222 391 38 117
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6.5.4 Thermosets

6.5.4.1 Synthesis of Erythritol bis-cyclic Carbonate (EBC)

Scheme 6.5.4 — General reaction scheme for the synthesis of erythritol bis-cyclic carbonate.

0
2 \OJ\O/
OH DMC 0
. o
HONOH TBD 0.05 Equiv. //?:H\J)//
OH A
- 4 MeOH

Procedure:

A procedure described in previous work from Meier et al.33® was applied: In
particular, in a 100 mL flask, erythritol (2.00 g, 16.4 mmol, 1.00 equiv.) and TBD
(114 mg, 0.820 mmol, 0.05 equiv.) were dispersed in 41 mL of DMC (43.9 g,
0.49 mol, solvent and reactant) and heated to 60 °C for 40 min at the rotary
evaporator at 320 mbar. The crystalline erythritol dissolved completely after
35 min and after 45 min, a white precipitate was formed. The product was filtered
off after the mixture was cooled to room temperature and washed with fresh DMC
yielding a white powder (Yield: 2.53 g, 90%).

"H NMR (400 MHz, DMSO-ds) 61 / ppm = 5.22 — 5.06 (m, 2H), 4.71 — 4.54 (m,
2H, diastereotopic signals), 4.49 — 4.32 (m, 2H, diastereotopic signals).

13C NMR (101 MHz, DMSO-ds) 8¢ / ppm = 154.62, 75.38, 65.16.

IR (ATR platinum diamond): 7/ cm' = 1804, 1781, 1545, 1485, 1382, 1300, 1205,
1146, 1072, 1031, 983, 896, 773, 740, 719.

HRMS (ESI-MS, (M+H)*, CsH7Os) calcd. 175.0237, found 175.0237.
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Figure 6.5.17 - 'H NMR spectrum of erythritol bis-cyclic carbonate in DMSO-ds.
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Figure 6.5.18 — '3C NMR spectrum of erythritol bis-cyclic carbonate in DMSO-de.
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6.5.4.2 General Procedure for the Synthesis of Lignin-based NIPU Thermoset
with EBC as a Third Component

In a 10 mL scintillation vial, the necessary amount of previously synthesized PA
was weighed. Then, EBC, CCFL and TBD were weighed and added to the vial.
DMSO (typically 1 mL for 125 mg CCFL) was added and the solution was
vortexed until completely homogeneous (typically 15 to 20 minutes). If
necessary, gentle heating was applied to aid the dissolution of all components.
The homogeneous solutions were poured into pre-heated teflon molds
(40%x10%x15 mm) at 50 °C. The curing was performed by heating gradually in the
oven until the desired temperature (150 °C) was reached. The samples were
cured at 150 °C for 2.5 days. Curing performance was followed by IR
spectroscopy, monitoring the disappearance of the signal at 1792 cm' ascribed

to the stretching band of carbonyls from cyclic carbonate moieties.
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6.5.4.3 DMA Analyses
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Figure 6.5.19 — DMA curves for the thermoset with 38 wt% of lignin. Measurements were

performed in triplicates.

Table 6.5.9 — Overview of the values of the storage modulus in MPa, E’, at different temperatures,
and the Ty values calculated on the onset of E’ and at the peak of tan & for the sample with 38 wt%
lignin content. Measurements were performed in triplicates and results for the three entries are

shown.
Entry Es0c E2sc Eltsoc Ty Onset E’ Ty Max tand
(MPa) (MPa) (MPa) (°C) (°C)
1 2000 1260 7.30 56.9 99.8
2 2340 1420 6.91 56.3 92.6
3 1570 980 2.94 52.5 99.5
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6.6 Experimental Procedures for Chapter 4.3 -
Functionalization of Lignin with Cyclic
Anhydrides

6.6.1 Lignin Functionalization

6.6.1.1 Calculations of Conversions for Lignin

For the determination of the consumed aliphatic and aromatic hydroxyl groups—
and consequently the calculation of conversion percentages—it is essential to
account for the molecular weight increase resulting from the modification with the
cyclic anhydride, relative to the starting material (Organosolv lignin, acetone-
fractionated). The consumption of aliphatic and phenolic hydroxyl groups was
quantified using Eq. S$18 and S19, while the corresponding percentage

conversions were calculated according to Eq. S20 and S21.

0 Haliph, consumed

_ OHaliph, starting lignin — OHaliph, modified lignin Eq 518
1 MW;tqconic anhydride OH
1000 X aliph, modified lignin

OH arom, consumed

_ OHarom, starting lignin — OHarom, modified lignin Eq 519
MWItaconic anh i
ydride
<1 + ( 1000 X OHarom, modified lignin)

OHaliphatic, consumed

XOHaliph = Eq SZO

OHaliph, starting lignin

OHarom, consumed

XOHyom = Eq.S21

OHarom, starting lignin
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6.6.1.2 General Procedure for the Fractionation of Lignin with Acetone

Scheme 6.6.1 — Visual representation of the fractionation of Organosolv lignin.

Unsoluble fraction

/
i Acetone T
7 Filtrates '

Organosolv lignin 3 h, r.t., acetone Acetone-fractionated
100 g/l Filtration lignin

OL (previously dried at 70 °C under 10 mbar vacuum) was suspended in acetone
with a concentration of 100 g/L. The suspension was stirred at r.t. for 3 hours,
afterwards it was filtrated on a Buchner filter equipped with grade 5 filter paper.
The filtrates were collected, and the solvent was evaporated under reduced
pressure. The residue was collected with a minimal amount of clean acetone and
precipitated in a tenfold amount of acidified deionized water (pH < 2, acidified
with HCI 1 M).The solids were filtrated on a fritted filter (porosity P-4), washed
with cleaned deionized water, and dried under vacuum (10 mbar, 70 °C) for at

least 48 hours prior to analysis.

Fractionation was performed on a 15 g scale and a 50 g scale, with yields of 62%
and 67%, respectively (gravimetric yield of fractionation, based on starting
weight). The 15 g scale acetone lignin fractionation will be indicated hereon with
OL Acetone (1), while the 50 g scale acetone lignin fractionation will be indicated

with OL Acetone (2). Characterization of both lignin is reported in Table 6.6.1.

OL Acetone (3) was performed on a 60 g scale with a 67% yield and used as
starting material to synthesize succynilated (LS-BB-TMG) and itaconated lignin
(LI-BB-TMG) with TMG as catalyst.
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Table 6.6.1 — Characterization of pristine lignin (OL) and both batches after acetone fractionation.

E t OHAIiphatic OHAromatic COOH OHTotaI Mn
n
i (mmol-g")? (mmol-g')? (mmol-g")? (mmol-g"')? (g-mol)®
0.100 %
oL 242 +0.05 1.83+0.04 4.35+£0.08 3000 3.7
0.004
oL
0.060 %
Aceton 252+0.03 242+0.04 5.01 £0.07 2900 2.7
0.005
e (1)
OL
0.070 =
Aceton 224 +0.03 2.03x0.02 4.34 £ 0.05 2800 2.6
0.004
e (2)
OL
Aceton 0.080 £
226 +0.02 2.12+0.07 442 £ 0.05 2500 2.5
e 0.002
(3)

a; Determined via 3'P NMR. Measurements were performed in triplicate.b; SEC-DMAc.

For the optimization of the reaction conditions between fractionated lignin and
IAN, the first fractionation in a 15 g batch (OL Acetone (1)) was utilized. For the
upscaling of the functionalization reaction of lignin with itaconic anhydride with
DBU as catalyst (LI-BB-DBU), the 50 g fractionation batch (OL Acetone (2)) was
utilized. OL Acetone (3) was used in the final part of the project to synthesize

two upscaled batches of succinylated and itaconated lignin with TMG.

OL Acetone (2): Tg =125 °C; Ta,5% = 252 °C

OL Acetone (3): Tg =127 °C; Ta,5% = 252 °C
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6.6.1.3 General Procedure for the Functionalization of Lignin with Itaconic
Anhydride (0.5 g Batch Scale)

The experimental synthesis described in this section was carried out by Gianluca
Giuseppe Rizzo as part of his chemistry thesis (“Vertiefungspraktikum”) and by Aaron
Seider, who contributed to the synthetic work in his role as a student research assistant;

both were co-supervised by the author.

Scheme 6.6.2 — General scheme of the reaction between Acetone-frationated OL and IAn with
DBU as catalyst.

Oy-0
(0)
Lignin Lignin
MeO
MeO OH OR
Lo Itaconic anhydride S~ Lignin
Lignin™ >0 Lignin Lignin”™ >0
OH cat. DBU, T, Acetone OR
Acetone-fractionated OL Lignin itaconate

0 0
R=H, *WOH or *)J\H/\WOH
0 o

0.50 g of OL Acetone (1) (5.01 mmol OH g dry lignin) were dissolved in 5 mL of
dry acetone. Afterwards, the desired amount of itaconic anhydride (1.20 —
4.20 equiv.) was added to the reaction mixture, as well as the catalyst. The
reaction vessel was flushed with argon and heated to the desired temperature.
At the end of the reaction time, the vessel was allowed to cool down, and the
reaction mixture was precipitated in a tenfold amount of aqueous acidic condition
(pH < 2, acidified with HCI 1 M). Afterwards, solids were recovered via filtration
on a P-4 fritted filter, washed with cleaned deionized water, and dried under
vacuum (10 mbar, 70 °C) for at least 24 hours prior to analysis. If needed, the
process of redissolution in acetone and reprecipitation in aqueous acidic
condition (pH < 2, acidified with HCI 1 M) was repeated to remove impurities. For

specific parameters tested, see Chapter 4.3.
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6.6.1.4 General Procedure for the Functionalization of Lignin with Itaconic
Anhydride (15 g Batch - DBU)

15.0 g of OL Acetone (2) (4.34 mmol OH g dry lignin) were dissolved in dry
acetone (150 mL) in a 500 mL round bottom flask. Afterwards, IAn (30.7 g,
4.20 equiv. related to the total of OH groups) and the catalyst DBU (595 mg,
583 uL, 6 mol% related to the total of OH groups) were added. The flask was
equipped with an air condenser. The system was flushed with argon for a
few minutes. After reaching the desired temperature, the reaction was stirred for
24 h at 45 °C. At the end of the reaction time, the vessel was allowed to cool
down, and the reaction mixture was precipitated in a tenfold amount of acidified
deionized water (pH < 2, acidified with HCI 1 M) and stirred for one hour.
Afterwards, solids were recovered via filtration on a P-4 fritted filter, washed with
cleaned deionized water until filtrates were neutral, and dried under vacuum
(10 mbar, 70 °C) for 72 hours prior to analysis. The procedure of dissolution
in minimal amount of acetone and precipitation in aqueous acidic condition (pH <
2, acidified with HCI 1 M) was repeated three times to eliminate impurities. Yield:

22.3 g, 93% theoretical yield, calculated according to Eq. S12.

H NMR (400 MHz, DMSO-ds) &+ / ppm = 13.2 — 11.9 (s, -COOH); 7.8 — 5.8 ppm
(M, CHanyl); 5.1— 3.2 (s, OCHs, OH); 2.2 — 0.5 (m, CHaiky).

3C NMR (126 MHz, DMSO-ds) oc / ppm = 174.46, 173.89, 172.92, 168.38,
165.93, 162.77, 152.31, 147.95, 144.79, 142.49, 141.07, 138.88, 134.89, 120.25,
115.61, 108.20, 103.64, 71.29, 64.20, 60.11, 59.47, 56.28, 55.92, 55.92, 51.13,
45.15, 30.72, 25.60, 17.26, 15.28, 11.64, 10.39, 9.41.

IR (ATR platinum diamond): 7/ cm' = 3450, 2933, 2842, 1764, 1723, 1649, 1594,
1505, 1454, 1427, 1330, 1267, 1215, 1116, 1030, 911, 730.

Tg =140 °C; Tas% =212 °C.
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Table 6.6.2 — Characterization data of the synthesized upscale batch of LI-BB-DBU.

OHaIiphatic OHaromatic COOH OHtotaI Mn
Entry b
(mmol-g")? (mmol-g')> (mmol-g')? (mmol-g')? (g-mol")®
LI 0.900 +
1.26+0.02 1.39+0.02 3.55+0.02 5200 7.2
(DBU) 0.004
a; Determined via 3'P NMR. Measurements performed in triplicate. b: SEC-DMAc.
IS TMDP + H,0
T:IDPc. 0,00
% N.g-P-g =
© N
1.002.862.691.324.44
1%5 1|70 165 160 155 150 1;’-15 1;10 155 1I30

o/ppm

Figure 6.6.1 — 3'"P NMR of the synthesized upscale batch of LI-BB-DBU.
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6.6.1.5 General Procedure for the Functionalization of Lignin with Itaconic
Anhydride (15 g Batch - TMG)

Scheme 6.6.3 — General scheme of the reaction between Acetone-fractionated OL and IAn with
TMG as catalyst.

Oy 0
Lignin \]\;(O Lignin
MeO
€ OH MeO OR

AN Lignin Itaconic anhydride Lianin

L|gn|n (o) Lignin"H\O g

OH cat. TMG, T, Acetone OR
Acetone-fractionated OL Lignin itaconate
(0] (0}
R = H, */LK)'H(OH or *)H‘/\H/OH

(o) o

15.0 g of OL Acetone (3) (4.42 mmol OH g dry lignin) were dissolved in dry
acetone (150 mL) in a 500 mL round bottom flask. Afterwards, itaconic anhydride
(30.7 g, 4.20 equiv. related to the total of OH groups) and the catalyst TMG
(458 mg, 499 uL, 6 mol% related to the total of OH groups) were added the flask,
equipped with an air condenser. The system was flushed with argon for a
few minutes. After reaching the desired temperature, the reaction was stirred for
24 h at45 °C.

At the end of the reaction time, the vessel was allowed to cool down, and the
reaction mixture was precipitated in a tenfold amount of acidified deionized water
(pH < 2, acidified with HCI 1 M) and stirred for one hour. Afterwards, solids were
recovered via filtration on a P-4 frit, washed with cleaned deionized water until
filtrates were neutral, and dried under vacuum (10 mbar, 70 °C) for 72 hours prior
to analysis. The procedure of dissolution in minimal amount of acetone and
precipitation in aqueous acidic condition (pH < 2, acidified with HCI 1 M) was
repeated three times to eliminate impurities. Yield: 20.7 g, 92% theoretical yield,

calculated according to Eq. S12.
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H NMR (400 MHz, DMSO-ds) 61/ ppm = 13.4 — 12.2 (s, -COOH); 7.9 — 5.9 ppm
(M, CHa); 5.5 — 3.2 (s, OCHs, OH); 2.4 — 0.5 (m, CHaiky).

IR (ATR platinum diamond): 7/ cm™' = 3443, 2933, 2859, 1762, 1729, 1602, 1513,
1462, 1421, 1324, 1273, 1215, 1158, 1114, 1032, 929, 835, 730.

Tg =149 °C; Tas% =209 °C.

Table 6.6.3 — Characterization of the synthesized upscale batch of LI-BB-TMG.

OHAIiphatic OHAromatic COOH OHTotaI Mn
Entry D
(mmol-g")? (mmol-g')> (mmol-g")? (mmol-g')? (g-mol)®

0.68+0.02 1.20+0.02 1.62+0.02 3.50+0.06 5100 11
(TMG)

a: Determined via 3'P NMR. Measurements performed in triplicate. : SEC-DMAc.

TMDP + H,0
TMDP
o

IS
0. - ~p-
Pes Refos I
\

T T —

1.00 2.56 2.911.525.95

174 170 166 162 158 154 150 146 142 138 134 130
o/ppm

Figure 6.6.3 — 3'P NMR of the synthesized upscale batch of LI-BB-TMG.
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6.6.1.6 General Procedure for the Functionalization of Lignin with Succinic
Anhydride (0.5 g Batch Scale)
The experimental synthesis described in this section was conducted by Sophia Abou EI

Mirate within the framework of her training (‘Ausbildung”) in chemistry, under the co-

supervision of the author.

Scheme 6.6.4 — General scheme of the reaction between Acetone-frationated OL and SAn with
TMG as catalyst.

(o)

(o)
Lignin W\;):o Lignin
MeO
MeO
i _OH Succinic anhydride OR
Lignin® >0 ‘gnin Lignin” 0 Lignin
OH cat. TMG, T, Acetone
OR
Acetone-fractionated OL Lignin Succinate
(0]
R=H *)WOH

(o]

0.50 g of OL Acetone (2) (4.34 mmol OH g dry lignin) were dissolved in 5 mL of
dry acetone. Afterwards, the desired amount of succinic anhydride (912 mg,
4.20 equiv.) was added to the reaction mixture, as well as the catalyst TMG
(15 mg, 16 L, 6 mol%). The reaction vessel was flushed with argon and heated
to the desired temperature (45 °C, 24 h).

At the end of the reaction time, the vessel was allowed to cool down, and the
reaction mixture was precipitated in a tenfold amount of acidified deionized water
(pH < 2, acidified with HCI 1 M). Afterwards, solids were recovered via filtration
on a P-4 fritted filter, washed with cleaned deionized water, and dried under
vacuum (10 mbar, 70 °C) for at least 24 hours prior to analysis. If needed, the
process of redissolution in acetone and reprecipitation in aqueous acidic

condition (pH < 2, acidified with HCI 1 M) was repeated to remove impurities.
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6.6.1.7 General Procedure for the Functionalization of Lignin with Succinic
Anhydride (15 g Batch - TMG)

The experimental synthesis described in this section was conducted by Sophia Abou EI
Mirate within the framework of her training (‘Ausbildung”) in chemistry, under the co-

supervision of the author.

15.0 g of OL Acetone (3) (4.42 mmol OH g dry lignin) were dissolved in dry
acetone (150 mL) in a 500 mL round bottom flask. Afterwards, succinic anhydride
(27.9 g, 4.20 equiv. related to the total of OH groups) and the catalyst TMG
(458 mg, 499 uL, 6 mol% related to the total of OH groups) were added the flask,
equipped with an air condenser. The system was flushed with argon for a
few minutes. After reaching the desired temperature, the reaction was stirred for
24 h at 45 °C. At the end of the reaction time, the vessel was allowed to cool
down, and the reaction mixture was precipitated in a tenfold amount of acidified
deionized water (pH < 2, acidified with HCl 1 M) and stirred for one hour.
Afterwards, solids were recovered via filtration on a P-4 fritted filter, washed with
cleaned deionized water until filtrates were neutral, and dried under vacuum
(10 mbar, 70 °C) for 72 hours prior to analysis. The procedure of dissolution
in minimal amount of acetone and precipitation in aqueous acidic condition
(pH < 2, acidified with HCI 1 M) was repeated twice to eliminate impurities. Yield:

15.3 g, 71% theoretical yield, calculated according to Eq. S12.

H NMR (400 MHz, DMSO-ds) &1/ ppm = 12.5 — 11.8 (s, -COOH); 7.6 — 5.8 ppm
(M, CHaryl); 5.6 — 3.1 (s, OCHs, OH); 1.5 — 0.5 (m, CHaiky).

IR (ATR platinum diamond): 7/ cm' = 3293, 2933, 2828, 1731, 1711, 1594, 1505,
1458, 1417, 1328, 1205, 1125, 1030, 824.

Tg =104 °C; Ta5% = 229 °C.
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Table 6.6.4 — Characterization data of the synthesized upscale batch of LS-BB-TMG.

OHAIiphatic OHAromatic COOH OHTotaI Mn
Entry b
(mmol-g')? (mmol-g')? (mmol-g")? (mmol-g')? (g-mol")®
046+0.01 147+£0.04 1.79+£0.02 3.72+0.05 3700 2.7
(TMG)

a: Determined via 3'P NMR. Measurements performed in triplicate. >: SEC-DMAc.

T .

TMDP + H,0
TMDP o —
15 Op- PO
0.p-Cl ) °72<
' o
>§f° ; 9J§<
r N.g-Po
0

JL u MIMLL_

176 172 168 164 160 156 152 148 144 140 136
&/ppm

Figure 6.6.4 — 3'P NMR of the synthesized upscale batch of LS-BB-TMG.
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Organosolv lignin
OL Acetone (2)

Lignin Itaconate (DBU) M, = 3000 Da, B=3.7

|/

Normalized Intensity (a.u.)

T T T T T T T T T T T T T T T T
12 13 14 15 16 17 18 19 20
Elution Volume (mL)

Figure 6.6.5 — SEC traces of pristine organosolv lignin (black), fractionated in acetone (OL
Acetone 2, orange), and modified lignin itaconate (15 g scale, DBU as catalyst, blue trace) in
DMAc-LiBr.

DMSO-dg

-COOH

LI

OL Acetone L\JL

13.0 120 1.0 100 90 80 70 60 50 40 30 20 10 0.0
&/ppm

Figure 6.6.6 — Exemplary '"H NMR spectra in DMSO-ds of lignin fractionated in acetone (OL
acetone, black), lignin itaconate (orange) and lignin succinate (blue). highlighted in blue the region
where the signal ascribed to the carboxylic acid is visible.
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—— OL Acetone Lignin ltaconate Lignin Succinate

v(C=0) acid, 1715 cm™
v(C=0) ester, 1733 cm’’

-

voH) VCEH

v(C=C),
v(C=0) acid, 1723 cm™ | 1649 cm™

v(C=0) ester, 1764 cm_

Absorbance(a.u.)

N o

I B I " I v 1 ' I B | v | ' 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 6.6.7 — Overlay of IR spectra for both the starting material (OL acetone, black) and the
lignin derivative modified with itaconic anhydride, lignin itaconate (orange), as well as the
derivative modified with succinic anhydride, lignin succinate (blue). Typical signals associated
with the functionalization are shown.
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Figure 6.6.8 — Exemplary 3'P NMR spectra of lignin fractionated in acetone (OL acetone, black),
lignin itaconate (orange) and lignin succinate (blue).Highlighted in green the aliphatic -OH region
and in yellow the -COOH region.
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S/ppm &/ppm

Figure 6.6.9 — Complete HSQC traces for OL acetone (left) and lignin itaconate (right) in DMSO-
ds. In the circled area, new signals appear after the modification. In particular, a new methyl signal
(indicated with the arrow) could be associated with the methyl group of the citraconate moieties.
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6.6.2 E-factor Calculations and Recovered Solvent

Characterization

The solvent recovery described in this section was conducted by Gianluca Giuseppe
Rizzo within the framework of his thesis (“Vertiefungspraktikum”) in chemistry, under the

co-supervision of the author.

After lignin functionalization in a 15 g scale with itaconic anhydride, the same
workup procedure as described above was applied. After precipitation and
filtration of the desired product, the acetone was then recovered from the
remaining mixture via vacuum distillation. However, efficient separation proved
challenging, due to the low acetone concentration in the mixture (~0.1 mL
acetone per mL precipitation medium) and the elevated volume of the mixture to
distill. Nevertheless, a total of 75 % of the initial acetone was recovered and dried
over 3 A molecular sieves for 72 hours. Spectroscopic analysis reveals that the
recovered solvent is clean, however water impurities remain present (19 %, as
calculated from 'H NMR).

@)

o~

15
T ;’g
207.10
31.01

H,O

i

6.000.39

10.0 9.0 80 7.0 60 50 40 30 20 10 00 200 180 160 140 120 100 80 60 40 20 O
&/ppm &/ppm

Figure 6.6.10 — "H NMR (left) and '3C NMR (right) of the recovered solvent in CDCls.
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6.6.2.1 Information Concerning E-factor Calculations

The E-factor values reported in this chapter are intended as a simplified metric to
illustrate the solvent contribution and its impact on the synthetic procedures.
These calculations do not account for the lignin pretreatment (fractionation) or for
the aqueous medium used during the work-up. This choice was made to remain
consistent with Sheldon’s original work on the E-factor, in which water is excluded
to avoid misleading or non-comparable results,?* and to ensure comparability with
a previous work,% where synthetic E-factors for lignin modifications were also
calculated without including the water used in precipitation or purification steps.*?
Despite this simplification, the presented E-factor values should be regarded as
a useful comparative parameter for assessing solvent influence and comparing
with literature data. For the E-factor calculations the following general formula

was used:

Mass of raw material — Mass of desired product

E — factor = Eq. S22

Mass of derided product

For the E-factor calculations and definition of the solvent contribution, two cases

are defined:
No recycling of solvent

Weight of raw materials: Organosolv Lignin (acetone fractionated): 15.00 g; DBU:
0.630 g; IAn: 30.65 g; Acetone: 116.9 g; Total: 163.2 g

Weight of desired product: 20.70 g

163.2 — 20.70 _
20.70 B

E — factor =
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With recycling of solvent

Weight of raw materials: Organosolv lignin (acetone fractionated): 15.00 g; DBU:
0.630 g; IAn: 30.65 g; Acetone: 116.9 g; Total: 163.2 g

Weight of desired product: 20.70 g

Weight of recovered solvent: 87.23 g

163.2 —20.70 — 87.23 _
20.70 B

2.7

E — factor =
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6.6.3 General Passerini Thermosets Formulation

200 mg of LI (1.39 mmol-g"' COOH, 0.28 mmol COOH, 0.35 equiv., previously
dried at 70 °C under 10 mbar vacuum for 24 h) was weighted. Pripol™ 1009
(147 mg, 0.52 mmol COOH, 0.65 equiv.) or another (poly)carboxylic acid, was
weighted in a vial and dissolved with 1 mL of acetone. Nonanal (113 mg,
0.80 mmol, 1.00 equiv.) and the desired bis-isocyanide (0.40 mmol, 0.50 equiv.)
were weighed together in a vial. Afterwads, LI and the Pripol™ solution were
transferred to the vial with the aldehyde and the bis-isocyanide component, and
1 mL of acetone was again added. The solution was vortexed at r.t. for
20 minutes (or until everything dissolved) and was subsequently transferred to a
Teflon mold. The thermosets were left to evaporate under a fumehood covered
with a Petri dish overnight. The next day, the curing was conducted in an oven
pre-heated at 75 °C for 4 h, followed by a post-curing at 100 °C for 8 h.

Table 6.6.5 — Overview of the stoichiometric ratio for two exemplary Passerini thermosets with
35 mol% LI and 100 mol% LI and Pripol™ as additional carboxylic acid component.

Isocyanide Aldehyde

Carboxylic acid component
component component

Entry

(Equiv.) Lignin
content
1,6 or 1,12- Nonanal (mol%)?
Pripol™ LI Total equiv. bis (Equiv.)
(Equiv.) )
1 0.65 0.35 1 0.5 1 35

2 0 1 1 0.5 1 100
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— LI, 35% 1,6~ LI 100% 1,6 —— LI 35 % 1,12—— LI 100 % 1,12
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Figure 6.6.11 — IR spectra of the different Passerini thermosets with 35 and 100 mol% LI.
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Figure 6.6.12 — IR spectra of the different Passerini thermosets with 35 and 100 mol% LS.
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Figure 6.6.13 — TGA curves of the Passerini thermosets with both LI and LS with 35 and
100 mol%, with 1,6- or 1,12-bis(isocyanides).
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Figure 6.6.14 — DSC curves of the Passerini thermosets with both LI and LS with 35 and
100 mol%, with 1,6- or 1,12-bis(isocyanides).
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6.6.3.1 Synthesis of Starting Materials

6.6.3.1.1 Formamides and Isocyanides

All isocyanides were synthesized according to the procedure published by Meier

et al.408

n-Dodecylformamide

(0]

/\/\/\/\/\/\NJJ\H
H

Chemical Formula: C43H>,7NO
Molecular Weight: 213,37

Dodecylamine (4.63 g, 25.0 mmol, 1.00 equiv.) and ethyl formate (20.2 mL,
18.5 g, 0.250 mol, 10.0 equiv.) were stirred under reflux for 16 h. Afterwards, the
remaining ethyl formate and ethanol were removed under reduced pressure and

the crude product (5.10 g, 23.9 mmol, 89%) was used without further purification.

H NMR (400 MHz, DMSO-ds) 61/ ppm = 8.00 — 7.92 (m, 2H), 3.05 (q, J = 6.6 Hz,
2H), 1.38 (p, J = 6.8 Hz, 2H), 1.26 — 1.22 (m, 19H), 0.84 (t, 3H).

13C NMR (126 MHz, DMSO-ds) oc / ppm = 164.42, 160.82, 37.02, 31.30, 29.04,
28.99, 28.71, 26.34, 22.10, 13.96.

IR (ATR platinum diamond): 7/ cm' = 3289, 3031, 2954, 2929, 2886, 2865, 2849,
1643, 1534, 1465, 1378, 1216, 778, 722, 666.

HRMS (ESI-MS, (M+H)*, C13H2sNO) calcd.: 214.2165; found:.214.2162.
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Figure 6.6.15 — "H NMR spectrum of the synthesized n-dodecylformamide.
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Figure 6.6.16 — '3C NMR spectrum of the synthesized n-dodecylformamide.
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n-Dodecylisocyanide

Chemical Formula: C43Hy5N
Molecular Weight: 195,35

n-Dodecylformamide (2.00 g, 9.38 mmol, 1.00 equiv.) is dissolved in 18.8 mL of
DCM (c(formamide) = 0.5 mol/L) and pyridine (2.23 g, 2.27 mL, 28.2 mmol,
3.00 equiv.) was added. Subsequently, p-toluenesulfonyl chloride (2.70 g,
14.1 mmol, 1.50 equiv.) was added under cooling the reaction mixture with a
water bath. The mixture was stirred at room temperature until full conversion of
the formamide was reached (monitoring via TLC). The mixture was cooled down
to 0°C and a saturated sodium carbonate solution was added (in a volume equal
to DCM) and it was stirred for 30 minutes. Afterwards, water and DCM were
added (in a double amount of the original volume of DCM each) and the phases
were separated. The aqueous phase was extracted 3x with fresh DCM and the
combined extracts were washed 3x with water and 1x with brine. The washed
organic phase was dried over sodium sulfate and the solvent was removed under
reduced pressure. The crude product was purified via flash column
chromatography (cyclohexane:ethyl acetate = 2:1) to obtain the desired
compound (1.55 g, 7.88 mmol, 84%).

Rf = 0.94 (cyclohexane/ethyl acetate, 7:3).

H NMR (500 MHz, CDCl3) &/ ppm = 3.37 (tt, J = 6.7, 2.0 Hz, 2H), 1.72 — 1.62
(m, 2H), 1.42 (q, J = 11.9, 7.1 Hz, 2H), 1.28 — 1.24 (m, 17H), 0.88 (t, J = 6.9 Hz,
3H).

13C NMR (126 MHz, CDCls) &¢ / ppm = 155.7 (t), 41.7 (t), 32.03, 29.72, 29.63,
29.49, 29.46, 29.24, 28.83, 26.44, 22.81, 14.09.

IR (ATR platinum diamond): v/ cm™ = 2923, 2853, 2145, 1465, 722.

HRMS (ESI-MS, (M+H)*, C13H26N2) calcd.: 196.2060; found: 196.2058.
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Figure 6.6.18 — '3C NMR spectrum of the synthesized n-dodecylisocyanide.
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1,12-bis(formamido)dodecane

Chemical Formula: C414H5gN50,
Molecular Weight: 256,39

1,12-Bis(diamino)dodecane (5.00 g, 25.0 mmol, 1.00 equiv.) and ethyl formate
(20.2 mL, 18.5 g, 0.250 mol, 10.0 equiv.) were stirred under reflux for 16 h.
Afterwards, the remaining ethyl formate and ethanol were removed under
reduced pressure and the crude product (6.09 g, 23.8 mmol, 95%) was used

without further purification.

H NMR (500 MHz, DMSO-ds) 61/ ppm = 7.99 — 7.86 (m, 3H), 3.05 (q, J = 6.6 Hz,
4H), 1.37 (p, J = 6.8 Hz, 4H), 1.24 (s, 16H).

13C NMR (126 MHz, DMSO-ds) oc / ppm = 164.43, 160.84, 40.81, 37.03, 30.89,
28.68, 26.34, 25.86.

IR (ATR platinum diamond): v/ cm™' = 3283, 3031, 2939, 2923, 2886, 2849, 1629,
1528, 1471, 1462, 1378, 1306, 1257, 1222, 1195, 780, 738, 699.

HRMS (ESI-MS, (M+H)*, C14H20N202) calcd.: 257.2224 ; found: 257.2219.
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Figure 6.6.19 — '"H NMR spectrum of the synthesized 1,12—bis(formamido)dodecane.
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Figure 6.6.20 — '3C NMR spectrum of the synthesized 1,12-bis(formamido)dodecane.
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1,12-bis(isocyano)dodecane
CN NN S NC

Chemical Formula: C44Ho4N»
Molecular Weight: 220,36

1,12-Bis(formamido)dodecane (5.00 g, 19.5 mmol, 1.00 equiv.) is dissolved in
39 mL of DCM (c(formamide) = 0.5 mol/L) and pyridine (9.25g, 9.44 mL,
117 mmol, 6.00 equiv.) was added. Subsequently, p-toluenesulfonyl chloride
(11.2 g, 58.5 mmol, 3.00 equiv.) was added under cooling the reaction mixture
with a water bath. The mixture was stirred at room temperature until full
conversion of the formamide was reached (monitoring via TLC). The mixture was
cooled down to 0°C and a saturated sodium carbonate solution was added (in a
volume equal to DCM) and it was stirred for 30 minutes. Afterwards, water and
DCM were added (in a double amount of the original volume of DCM each) and
the phases were separated. The aqueous phase was extracted 3x with fresh
DCM and the combined extracts were washed 3x with water and 1x with brine.
The washed organic phase was dried over sodium sulfate and the solvent was
removed under reduced pressure. The crude product was purified via flash
column chromatography (cyclohexane:ethyl acetate = 2:1) to obtain the desired
compound (3.18 g, 14.4 mmol, 74%).

R = 0.53 (n-hexane/ethyl acetate, 5:1).

H NMR (400 MHz, CDCl3) 84/ ppm = 3.37 (tt, J = 6.7, 2.0 Hz, 4H), 1.72 — 1.60
(m, 4H), 1.42 (p, J = 6.9 Hz, 4H), 1.34 — 1.26 (m, 13H).

13C NMR (101 MHz, CDCl3) 8¢ / ppm = 155.7 (t), 41.65 (t), 29.48, 29.39, 29.17,
28.75, 26.38.

IR (ATR platinum diamond): 7/ cm™" = 2925, 2855, 2145, 1454, 1351, 722.

HRMS (ESI-MS, (M+H)*, C14H2sN2) calcd.: 221.2012 ; found: 221.2010.
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Figure 6.6.21 — '"H NMR spectrum of the synthesized 1,12—-bis(isocyano)dodecane.
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Figure 6.6.22 — '3C NMR spectrum of the synthesized 1,12-bis(isocyano)dodecane.
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1,6—bis(formamido)hexane

(o)

H\n/ \/\/\/\NJ\H

Chemical Formula: CgH4gN>05
Molecular Weight: 172,23

1,6-Bis(diamino)hexane (5.00 g, 43.0 mmol, 1.00 equiv.) and ethyl formate
(34.7 mL, 31.9g, 0.430 mol, 10.0 equiv.) were stirred under reflux for 16 h.
Afterwards, the remaining ethyl formate and ethanol were removed under
reduced pressure and the crude product (7.26 g, 42.1 mmol, 98%) was used

without further purification.

H NMR (400 MHz, DMSO-ds) 81/ ppm = 8.14 — 7.61 (m, 2H), 3.05 (q, J = 6.6 Hz,
2H), 1.38 (p, J = 6.8 Hz, 2H), 1.26 (s, 2H).

13C NMR (101 MHz, DMSO-ds) oc / ppm = 164.47, 160.89, 40.77, 37.00, 30.85,
28.96, 26.01, 25.53.

IR (ATR platinum diamond): 7/ cm™' = 3275, 3030, 2943, 2913, 2888, 2865, 2853,
1627, 1528, 1475, 1460, 1442, 1386, 1306, 1236, 1212, 1082, 778, 740, 706,
461.

HRMS (ESI-MS, (M+H)*, CeH17N202) calcd.: 173.1285; found: 173.1281.
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Figure 6.6.24 — '3C NMR spectrum of the synthesized 1,6—bis(formamido)hexane.
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1,6—bis(isocyano)hexane
CN NN NC

Chemical Formula: CgH45N,
Molecular Weight: 136,20

1,6-Bis(formamido)hexane (5.00 g, 29.0 mmol, 1.00 equiv.) is dissolved in 58 mL
of DCM (c(formamide) = 0.5 mol/L) and pyridine (13.8 g, 14.1 mL, 174 mmol,
6.00 equiv.) was added. Subsequently, p-toluenesulfonyl chloride (16.6 g,
87.0 mmol, 3.00 equiv.) was added under cooling the reaction mixture with a
water bath. The mixture was stirred at room temperature until full conversion of
the formamide was reached (monitoring via TLC). The mixture was cooled down
to 0°C and a saturated sodium carbonate solution was added (in a volume equal
to DCM) and it was stirred for 30 minutes. Afterwards, water and DCM were
added (in a double amount of the original volume of DCM each) and the phases
were separated. The aqueous phase was extracted 3x with fresh DCM and the
combined extracts were washed 3x with water and 1x with brine. The washed
organic phase was dried over sodium sulfate and the solvent was removed under
reduced pressure. The crude product was purified via flash column
chromatography (cyclohexane:ethyl acetate = 2:1) to obtain the desired
compound (2.81 g, 20.6 mmol, 71%).

R¢= 0.36 (cyclohexane/ethyl acetate, 2:1).

H NMR (500 MHz, CDCls) &1/ ppm = 3.39 (tt, J = 8.8, 5.4, 2.1 Hz, 4H), 1.72 —
1.64 (M, 4H), 1.51 — 1.42 (m, 4H).

3C NMR (126 MHz, CDCl3) &¢c / ppm = 155.76 (t), 41.18 (t), 28.55, 25.27.
IR (ATR platinum diamond): v/ cm™ = 2943, 2863, 2147, 1454, 1351, 956.

HRMS (ESI-MS, (M+H)*, CsH13N2) calcd.: 137.1073; found: 137.1072.
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Figure 6.6.25 — '"H NMR spectrum of the synthesized 1,6-bis(isocyano)hexane.
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Figure 6.6.26 — '3C NMR spectrum of the synthesized 1,6—bis(isocyano)hexane.



6 Experimental Section

6.6.3.1.2 Passerini Model Reactions

The experimental synthesis described in this section was conducted by Sophia Abou EI
Mirate within the framework of her training (‘Ausbildung”) in chemistry, under the co-

supervision of the author.

As previously described in Section 4.3.5.1, a model Passerini reaction was
carried out to evaluate the influence of the solvent (acetone) on the formation of
the desired product. Mesaconic acid, the isomeric analogue of itaconic acid, was
reacted with nonanal and n-dodecyl isocyanide under identical reaction

conditions, using either THF or acetone as the solvent.

Scheme 6.6.5 — General reaction scheme of the model reaction with mesaconic acid, nonanal
and n-dodecylisocyanide, both in acetone or THF. Both possible adducts are shown, but the
Acetone adduct can form only when acetone is used as solvent.

o
HONOH + /VMO + CN\/\/\/\/\/\/
(o]

Mesaconic Acid Nonanal n-dodecyl isocyanide

0 (0]
) | etzn

Passerini- 3BMCR
Acetone or THF

Nonanal adduct

Acetone adduct
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6.6.3.1.2.1 General Procedure for the Synthesis of the Passerini Model

Compound to Evaluate the Influence of the Solvent

Mesaconic acid (75.0 mg, 0.576 mmol, 1.00 equiv.), nonanal (95% purity,
296 uL, 259 mg, 1.73 mmol, 3.00 equiv., 1.50 equiv. per -COOH), and n-dodecyl
isocyanide (338 mg, 1.73 mmol, 3.00 equiv., 1.50 equiv. per -COOH) were
weighed and introduced into a screw-cap vial. The selected anhydrous solvent
(acetone or THF) was added (2 mL), and the reaction mixture was stirred at room

temperature.

Workup for the reaction conducted in acetone:

After approximately 1 h, the gradual formation of a white precipitate was
observed. To prevent clogging and ensure continuous stirring, additional portions
of acetone were added (1.5 mL after 1 h and a further 2 mL after 2 h). The
reaction mixture was then allowed to stir at room temperature for a total reaction
time of 24 h. The resulting precipitate was collected by filtration through a
fritted glass funnel (porosity P-4), washed with cold acetone, and dried under
reduced pressure overnight to afford a white powder (yield: 258 mg, 0.320 mmol,
56%).

Workup for the reaction conducted in THF:

After a total reaction time of 24 h, the solvent was then removed under reduced
pressure, and the residue was treated with cold acetone to induce precipitation.
The resulting white solid was isolated by filtration through a fritted glass funnel
(porosity P-4), washed with cold acetone, and dried under reduced pressure

overnight to give a white powder (yield: 234 mg, 0.291 mmol, 51%).
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Nonanal adduct

Chemical Formula: C49HgoN5Og
Molecular Weight: 805,28

Model compound obtained from the reaction in acetone

Rf = 0.66 (cyclohexane/ethyl acetate, 2:1).

"H NMR (400 MHz, CDCI3) &4/ ppm = 6.89 (s, 1H), 5.97 (t, J = 5.6 Hz, 1H), 5.85
(t, J=5.8, 3.4 Hz, 1H), 5.27 — 5.11 (m, 2H), 3.37 — 3.16 (m, 4H), 2.35 (s, 3H),
1.98 — 1.79 (m, 4H), 1.51 (p, J =7.1 Hz, 4H), 1.42 — 1.11 (m, 63H), 0.87 (t, J =
6.9, 2.2 Hz, 13H).

13C NMR (101 MHz, CDCl3) &¢c / ppm = 169.74, 169.51, 166.35, 164.67, 145.15,
127.00, 76.03, 75.08, 39.80, 32.26, 30.09, 29.64, 27.29, 25.24, 23.14, 15.07,
14.57.

IR (ATR platinum diamond): 7/ cm™" = 3295, 2956, 2919, 2871, 2851, 1732, 1658,
1559, 1467, 1356, 1244, 1193, 1113, 1090, 901, 773, 720, 693, 677, 666.

HRMS (ESI, (M+H)*, CasHo3N206) calcd.: 805.7028; found: 805.7048.
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Figure 6.6.27 — "H NMR of the isolated Passerini model compound after reaction in acetone.
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Figure 6.6.28 — '3C NMR of the isolated Passerini model compound after reaction in acetone.
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Model compound obtained from the reaction in THF

Rf = 0.66 (cyclohexane/ethyl acetate, 2:1).

"H NMR (400 MHz, CDCI3) &4/ ppm =6.89 (s, 1H), 5.96 (t, J = 5.7 Hz, 1H), 5.83
(t, J=6.4 Hz, 1H), 5.28 — 5.14 (m, 2H), 3.38 — 3.16 (m, 4H), 2.36 (s, 3H), 2.01 —
1.75 (m, 4H), 1.50 (p, J = 7.0 Hz, 4H), 1.41 — 1.14 (m, 64H), 0.88 (t, 12H).

13C NMR (101 MHz, CDCl3) &¢c / ppm = 169.42, 169.19, 166.04, 164.36, 144.83,
126.68, 75.71, 74.76, 39.54, 32.05, 29.78, 29.40, 26.97, 25.04, 22.78, 14.75,
14.23.

IR (ATR platinum diamond): 7/ cm™ = 3297, 2956, 2919, 2849, 1732, 1658, 1559,
1467, 1456, 1356, 1247, 1195, 1113, 1092, 773, 720, 693.

HRMS (ESI, (M+H)*, CasHa3N20s): calcd. 805.7028; found: 805.7039.

6.89
,5.96
. 5.84
5.20
3.29
\2.36
1.88
,1.51
1.25
0.88

_ b

S

0.990.960.962.05 4.173.094.271.1163.8212.45

—p i g s

10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
o/ppm

Figure 6.6.29 — '"H NMR of the isolated Passerini model compound after reaction in THF.
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6.6.4 Epoxy Thermosets

6.6.4.1 Characterization of Epoxidized Soybean Oil (ESBO)

For quantifying the epoxide groups of ESBO, a quantitative '"H NMR spectrum
was conducted with 3,4,5-trichloropyridine as internal standard (IS). The resulting

spectrum is reported in Figure 6.6.31.
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Figure 6.6.31 — '"H NMR of ESBO in CDCls with the IS 3,4,5-trichloropyridine and peak
assignment.

The following calculations (Eq. S23) were followed to calculate the value of

epoxy groups in mmol-g':

[ epoxy region * Hg
J-IS * Hepoxy
mass of ESBO (g)

*mmol of IS
Eq.S23

mmol - g~ of epoxy groups in ESBO =
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Where:

e Integral of epoxy region corresponds to the integral of the area between
3.25-2.75 ppm,;

e Integral of IS is the integral value of the internal standard

e Hsequalsto 2;

° Hepoxy equals to 2;

e Mass of ESBO is the mass of the unknown sample to analyze in grams

For the calculation of the mmol of IS added to the sample the Eq. S24 was used:

mass of IS (mg)

My of 15 (mgt)

mmol of IS added to the sample = * Purity of IS Eq. S24

Where:

o Purity of IS is 97%;
e Mass of IS is the mass of internal standard used in the test in mg;
e M, of IS is the molecular weight of the internal standard.

Internal standard: 3,4,5-Trichloropyridine (Purity: 97%)

Table 6.6.6 — Values of the masses of ESBO and IS taken for the triplicate tests, as well as the
calculated values of mmol-g! of epoxides.

Test # ESBO IS Epoxides
(mg) (mg) (mmol-g”)
1 33.8 12.6 4.74
33.0 12.6 4.75
34.1 12.6 4.77

The test was performed in ftriplicate giving an average value of (4.753 %

0.015) mmol epoxy-g-*.
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6.6.4.2 General Epoxy Resin Formulation

For the preparation and curing of the epoxy resins, 125 mg of lignin derivative (LI,
1.39 mmol-g”' COOH, 0.173 mmol COOH or LS, 1.79 mmol-g’ COOH,
0.220 mmol COOH, previously dried at 70 °C under 10 mbar vacuum for 24 h)
were weighed into a 10 mL scintillation vial together with predetermined amounts
of Pripol™ and ESBO. The total stoichiometric ratio of COOH to epoxy groups
was maintained at 1:1.2. A minimal amount of anhydrous DMSO (as much as
needed to solubilize the mixture, typically 1.5 mL for lignin contents = 15 mol% to
2 mL for lignin contents < 10 mol%) was added to ensure homogeneity, and the
mixture was vortexed at room temperature for 5 min. The samples were then
sonicated for 30 min, after which 0.5 wt% of DBU catalyst (relative to the total
weight of the components, excluding solvent) was added. The mixture was
vortexed again for 5 min and then transferred with a pipette into circular
Teflon molds. Curing was carried out in two stages: initially, the samples were
equilibrated overnight at 80 °C covered by a Petri dish, followed by a gradual
temperature increase (20 °C/h) to 140 °C. Afterwards, the curing was then
continued at 140 °C for 2 days, and subsequently under vacuum (10 mbar) at
140 °C for an additional day.

Table 6.6.7 - Overview of the molar composition for the synthesized epoxy thermosets, with
varying lignin contents.

Epoxy
Lignin Carboxylic Acid component (equiv.)
component
content
Total -COOH
(mol%)? Pripol™ 1009 LlorLS ESBO (equiv.)
(equiv.)

0 1 0 1 1.2

5 0.95 0.05 1 1.2

10 0.9 0.1 1 1.2

15 0.85 0.15 1 1.2

25 0.75 0.25 1 1.2

35 0.65 0.35 1 1.2

a: molar content of Lignin LI or LS (in percent) with respect to the total moles of carboxylic acid
component.
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Figure 6.6.32 — Overlay of IR spectra with different lignin contents (ranging from 0 to 35 mol%)
for the epoxy resins obtained with LI as lignin component.
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6.6.4.3 Peak Deconvolution Methods

6.6.4.3.1 Peak Deconvolution of Single Spectra

For the calculation of the percentage ratio between free carboxylic acid and
ester groups in the resins, the overlapping signals were deconvoluted to ensure
reliable quantification. These deconvolutional calculations were performed using
the software OriginPro 2023, applying a gauss-amplitude function. For the fitting
procedure, the peak centers (xc) were fixed at 1711 cm™ (Fit 1) and 1738 cm™
(Fit 2), corresponding to the free ~-COOH and ester carbonyl groups, respectively.
The peak widths (w), defined as w = FWHM/\In4, were not fixed during the fitting
process. The final ranges obtained for w from the fitting output were 11.48-13.13
for w, and 10.57-12.00 for w,.

6.6.4.3.2 Peak Deconvolution Over Time

To quantify the evolution of the signal at 1715 cm™ over time, a peak-fitting
procedure was applied to resolve the overlapping bands corresponding to the
ester groups (1738 cm™) and the free ~COOH groups (1715 cm™). A gaussian
amplitude function was employed for the deconvolution. For the fitting of the two
peaks, the following constraints were applied: 1700 < xc, <1720 and 1730 < xc,
< 1745, where xc represents the peak center; and 8 < (w4, w,) < 15, where w
denotes the peak width (w = FWHM/In4). These parameters were previously
determined through single-spectrum deconvolution. The area of the absorbance
peak attributed to free ~COOH groups was normalized to its initial value and
plotted as a function of time. The deconvolution was performed starting from time
values greater than 400 s, as initially the presence of solvent hindered the

visibility of the resin peaks.
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6.6.4.4 Thermal Properties
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Figure 6.6.34 — DSC Traces of the resin formulation with LI and LS, with different lignin contents.
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Figure 6.6.35 — TGA curves of LI and LS epoxy resins with different lignin contents as well as the
pristine starting materials LI and LS for comparison.
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6.6.4.5 Rheology and DMA Analyses
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Figure 6.6.36 — Frequency sweep experiments for LI epoxy resins with lignin contents of 0, 5,

and 10 mol%.
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Figure 6.6.37 — Triplicate measurements of the DMA analyses for the sample with 0 mol% lignin
and LI epoxy resins. For the sample with 10 mol% LI, only the onset could be determined.
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Figure 6.6.38 — Triplicate measurements of the DMA analyses for the LS epoxy resins. It can be
seen how in some cases the rapid drop in the storage modulus very close to the resolution of the
transducer of the instrument, leading to experimental difficulties.
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6.6.4.6 Tensile Strength Measurements
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Figure 6.6.39 — Overview of the tensile strength measurements for the sample with 0 mol% lignin
and LI epoxy resins. In the case of sample containing 10 mol% LI, the measurements were
repeated five times because of its lower reproducibility.
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Figure 6.6.40 — Overview of the triplicates of the tensile strength measurements for LS epoxy
resins.
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6.6.4.7 Epoxy Resins Degradability Tests

For the degradation tests, ca. 500 mg of thermoset were cut into pieces and their
exact weight was recorded. Afterwards, they were transferred into a crimp vial
and suspended in either a solution of 0.6 M sodium hydroxide (NaOH), 1
M hydrochloric acid (HCI), or 1 M citric acid (CA). The solutions were heated to
80 °C for 4 days. For the alkaline hydrolysis, the resulting solution was acidified
with HCI to a pH of 2 and the precipitate was collected via filtration and washed
with distilled water. For further purification, the filtrates were again dissolved in
acetone, reprecipitated in acidic aqueous medium (pH = 2) and recollected via
filtration. For the acidic hydrolysis, some thermoset pieces did not degrade after
4 days of stirring at 80 °C. Therefore, the collected solids after acidic hydrolysis
were suspended in acetone, leading to an undissolved fraction (likely the
undegraded thermosets, separated via hot filtration) and a dissolved fraction, that
was collected via precipitation in acidic aqueous medium (pH = 2, acidified

with HCI 1 M) and subsequent filtration.

Figure 6.6.41 — Left: thermoset containing 10 mol% LI, cut into pieces. Middle: homogeneous
brown solution obtained after alkaline hydrolysis. Right: solution after acidification to pH = 2,
with visible precipitate formation.
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6.6.5 Thia-Michael Thermosets

200 mg of LI (1.39 mmol-g-' COOH, 0.280 mmol COOH, equivalent to the mmol
of double bonds, previously dried at 70 °C under 10 mbar vacuum for 24 h), were
weighed into a 10 mL scintillation vial together with PTEMP (34 mg, 0.280 mmol
-SH, four functionalities) and 1 mL of THF was added to solubilize the mixture.
The total stoichiometric ratio of double bond to -SH was maintained at 1:1. The
mixture was vortexed at room temperature for 10 minutes, then was transferred
with a pipette into a rectangular Teflon mold. The solvent was allowed to
evaporate under the fumehood at room temperature, covered with a Petri dish for
5 h. Afterwards it was transferred to a pre-heated oven at 75 °C and left at this
temperature overnight. Subsequently, the curing was conducted at 140 °C for
72 h.

IR data are presented and discussed in Chapter 4.3.5.3.

Gel content (THF): 99 %
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7 Appendix

7.1 Calculations of the E-factor Values of Chapter
2.2.1

General information

The E-factor calculations presented herein consider the synthetic E-factors,
without considering any pretreatment/solubilization done to the lignin prior to the
synthesis. Esimple is defined as the simple E-factor, where no solvents are included
in the calculation; Ecomplex 0n the other hand also includes the solvent contribution
to the E-factor. If no final, isolated weight of lignin was reported in the respective
manuscripts, a theoretical yield was calculated following Eq. S$12, assuming
100 % conversion of the reactive sites toward the main reaction, thus assuming

the lowest possible E-factor for the respective literature described reaction.
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7.2 E-Factor Calculations for Amino Group
Functionalized Lignin

Calculated E-factors for amination procedures are summarized in Table 7.2.1.

Below the table, all calculations are listed to ensure reproducibility.

Table 7.2.1 - E factors for amination procedures.

Work Modification Functionalizing Esimple Ecomplex  Esolvent
agent (%)
She#? Amination Dimethylamine, 4152 12.662 67

(Mannich) Ethylenediamine and
Diethylenetriamine

Lita4 Amination Dimethylamine 5.512 20.62° 73
(Mannich)

Jameel*? Amination Dimethylamine, 2.98 13.74 78
(Mannich) Diethylamine

Biesalski*® Amination Diethylenetriamine, 1.91- 12.93- 81-90

(Mannich) 1,3-Propylenediamine, 5.04 26.59
Ethylenediamine,

Ammonia

Kim?%3 Amination 2-Chloroethylamine 12.27 142 91
hydrochloride

Renneckar®  Amination 2-Oxazolidinone 3.10 - -

a: no final weight of isolated product was reported, therefore final weight of the product was
calculated based on theoretical yield.

Jiao, g.-J.; Peng, P.; Sun, S.-L.; Geng, Z.-C.; She, D. “Amination of Biorefinery
Technical Lignin by Mannich Reaction for Preparing highly Efficient Nitrogen
Fertilizer”. Int. J. Biol. Macromol. 2019, 127, 544-554.

Starting materials: 5.00 g phenolated lignin (7.79 mmol per g lignin reactive
sites, 0.13 mmol perg lignin AIOH, 5.84 mmol per g lignin ArOH), 20.0 g
formaldehyde (666 mmol in 37% aq. solution, 54 g total weight considering
water), 15 g ethylenediamine (250 mmol, in 40% aq. solution, 37.5 g total weight
considering water), 0.16 g sodium hydroxide (4 mmol, 0.4 mol/L, 10.02 g total

weight considering water).
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Desired product: 7.81 g (theoretical yield)

. L l _z mol
my =my <1 + AMgraft (reactwe sitesin %)) =5g(1+ 72.1% (7.79 x 1073 %) =
781g
E _ ) starting materials — desired product _ 40.16 —7.81 _ 414

simple = desired product B 7.81 -
g _ Y. starting materials (+solvents) — desired product _106.52 —7.81
complex = desired product - 7.81
= 12.64
Solvent contribution = - W_eight of solvent - = 230 _ 0672 =
Y. starting materials (+solvent)—desired product 98.72

67.2%

Du, X.; Li, J.; Lindstrom, M. E. “Modification of Industrial Softwood Kraft Lignin
Using Mannich Reaction with and without Phenolation Pretreatment”. Ind. Crops
Prod. 2014, 52, 729-735

Starting materials: 0.10 g LignoBoost lignin from spruce kraft black liquor
(1.96 mmol per g lignin reactive sites, 1.60 mmol per g lignin AIOH, 0.45 mmol
perg lignin COOH, 3.59 mmol perg lignin ArOH), 0.165g formaldehyde
(5.5 mmol, in 37% aq. solution, 0.446 g total weight considering water), 0.248 g
dimethylamine (5.5 mmol, in 40% aq. solution, 0.62 g total weight considering
water), 0.21 g acetic acid (3.5 mmol), 1.024 g (80% solution of 1,4-dioxane in

water).
Desired product: 0.111 g (theoretical yield)

g
mo

my =my <1 + AMgrqfe (reactive sites in mTOI)> =0.1g(1+57.06 1(1.96 X

-z3mol) _
10737 )=o0111g
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_ Y. starting materials — desired product 0723 -0.111

E.. = = = 5.51
simple desired product 0.111

Y. starting materials (+solvents) — desired product _24-0.111

E = - = = 20.62
complex desired product 0.111
. , weight of solvent 1.677
Solvent contribution = - =g f - = =0.732 =
Y. starting materials (+solvent)—desired product 2.29

73.2%

Kollman, M.; Jiang, X.; Thompson, S. J.; Mante, O.; Dayton, D. C.; Chang, H.;
Jameel, H. “Improved Understanding of Technical Lignin Functionalization
through Comprehensive Structural Characterization of Fractionated Pine Kraft
Lignins Modified by the Mannich Reaction”. Green Chem. 2021, 23 (18), 7122—
7136

Starting materials: 0.10 g BioChoice® lignin, 0.150 g formaldehyde (5 mmol in

37% aqg. solution, 0.406 g total weight considering water), 0.2254 g
dimethylamine (5 mmol), 1.03 g 1,4-dioxane. Volume of 0.5 M NaOH solution

used to adjust the pH is not reported.
Desired product: 0.1192 g (isolated yield)

Y. starting materials — desired product _0.475-0.1192

E.. = = = 2.98
simple desired product 0.1192

g _ Y. starting materials (+solvents) — desired product 176 -0.1192
complex = desired product 01192

= 13.78

weight of solvent __1.286
Y. starting materials (+solvent)—desired product 1.64

Solvent contribution = =(0.783 =

78.3%

Ott, M. W.; Dietz, C.; Trosien, S.; Mehlhase, S.; Bitsch, M. J.; Nau, M.; Meckel,
T.; Geissler, A.; Siegert, G.; Huong, J.; Hertel, B.; Stark, R. W.; Biesalski, M. “Co-

Curing of Epoxy Resins with Aminated Lignins: Insights into the Role of
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Lignin Homo Crosslinking during Lignin  Amination on the Elastic
Properties”. Holzforschung, 2021, 75 (4), 390-398

Starting materials: 40.0 g Softwood kraft lignin, 3.20 g sodium hydroxide
(80.0 mmol, 404 g of total solution considering water), 18.6 g formaldehyde
(620 mmol, in 35% aq. solution, 53.2 g total weight considering water), 64.0 g
diethylene triamine (DETA, 620 mmol); or 45.9 g of 1,3-propylenediamine (PDA,
619 mmol); or 60.1 g of ethylenediamine (EDA, 1000 mmol); or 17.5¢g of

ammonia (1028 mmol, in 25% agq. solution, 70 g total weight considering water).

Desired product(s):

diethylenetriamine-functionalized lignin KL-DETA: 40.3 g (isolated yield)
1,3-propylenediamine-functionalized lignin KL-PDA: 37.0 g (isolated yield)
ethylenediamine-functionalized lignin KL-EDA: 20.2 g (isolated yield)

ammonia-functionalized lignin KL-NH3: 25.0 g (isolated yield)

Desired Raw Raw Desired Esimple Ecomplex Solvent

product materials materials product contribution
(total (total weight (g) to the
weight ing ing with E-factor (%)
without solvent)
solvent)

KL- 125.8 561.2 40.3 212 12.93 84

DETA

KL-PDA 107.7 543.1 37.0 1.91 13.68 86

KL-EDA 121.9 557.3 20.2 5.04 26.59 81

KL-NH3 79.32 567.2 25.0 217 21.69 90
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Chen, J.; An, L.; Bae, J. H.; Heo, J. W.; Han, S. Y.; Kim, Y. S. “Green and Facile
Synthesis of Aminated Lignin-Silver Complex and Its Antibacterial Activity”. Ind.
Crops Prod. 2021, 173, 114102

Starting materials: 1.00 g kraft lignin, 3.22 g 2-chloroethylamine hydrochloride
(27.76 mmol), 6.00 g sodium hydroxide (150 mmol, 106 g of total solution

considering water).
Desired product: 0.77 g (isolated yield)

_ X starting materials — desired product _ 10.22 —0.77

E.. = = = 12.27
simple desired product 0.77

5 _ Y. starting materials (+solvents) — desired product _110.22-10.77
complex = desired product - 0.77

= 142.14

weight of solvent __ 100 0.914 =
Y. starting materials (+solvent)—desired product 109.45 '

Solvent contribution =

91.4%

Liu, L.; Wan, X.; Chen, S.; Boonthamrongkit, P.; Sipponen, M.; Renneckar, S.
“Solventless Amination of Lignin and Natural Phenolics Using 2-Oxazolidinone”.
ChemSusChem, 2023, 16 (15), e202300276.

Starting materials: 2.00 g softwood kraft lignin (5.90 mmol reactive sites per g
lignin, total sum of ArOH and COOH groups), 6.16 g 2-oxazolidinone (70.8 mmol,
6.00 equiv. in respect to the sum of ArOH and COOH groups), 0.12g
sodium hydroxide (2.95 mmol, 0.25 equiv.)

Desired product: 2.02 g (isolated yield)

_ Y. starting materials — desired product _8.28-2.02

E.. = = 3.10
simple desired product 2.02

Ecompiex = Esimpie b€Cause no additional solvents are used.
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7.3 E-Factor Calculations for Epoxide Functionalized
Lignin

Calculated E-factors for epoxidation procedures are summarized below. Table

7.3.1 provides an overview and all calculations are listed below to ensure

reproducibility.

Table 7.3.1 - E-factors for epoxidation procedures.

Work Modification Functionalizing Esimple Ecompl Esolve Esequ
agent ex nt (%) ence

Meier'e° Glycidylation Epichlorohydrin 6.35 - - -
Zhang'®*  Glycidylation Epichlorohydrin 4.242 4502 5.7
Sun?e? Glycidylation Epichlorohydrin 0.732 57.02 99 -
Sasaki®”  Glycidylation Epichlorohydrin 14.0 16.2 14 -
Zhang'®®  Glycidylation Epichlorohydrin 6.23 16.2 62 -
Daugaard 1. Epoxidation  Hydrogen peroxide 1.05 4.78 78

175

2. Esterification Epoxidized fatty 4.29 22.7 81 38.0
acids

Avérous’ 1. Chlorination  Oxalyl chloride 0.782 7132 89

9 e , 14.2
2. Esterification  Oleyl chloride 0.57 - -
3. Epoxidation Peracetic acid 0.21° 7.392 97

Renneck 1. Hydroxyethyl Ethylene carbonate 2.19 - -

ar's? ation 5.80
2. Esterification Oleic Acid 2.15 - -

Vasquez- 1. Allylation Allyl bromide 2.582 3142 92

Garay™ o 82.8
2. Epoxidation Hydrogen 1.45 51.5 97

peroxide, Enzyme

a: no final weight of isolated product was reported, therefore final weight of the product was
calculated based on theoretical yield.
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Over, L. C.; Grau, E.; Grelier, S.; Meier, M. A. R.; Cramail, H. “Synthesis and
Characterization of Epoxy Thermosetting Polymers from Glycidylated
Organosolv Lignin and Bisphenol A”. Macromol. Chem. Phys. 2017, 218,
1600411.

Starting materials: 25.0 g organosolv lignin (6.08 mmol OH per g lignin), 118 g
epichlorohydrin (1.28 mol, 8.41 equiv.), 9.5 g tetrabutylammonium bromide

(19.7 mmol, 13.0 mol%), 29.9 g potassium hydroxide (533 mmol, 3.51 equiv.).

Desired product: 24.8 g (isolated yield)

Y. starting materials — desired product 1824 -248 6.35
desired product B 24.8 o

Esimple -

Ecompiex = Esimpie D€Cause no additional solvents are used.

Wang, X.; Leng, W.; Nayanathara, R. M. O.; Caldona, E. B.; Liu, L.; Chen, L.;
Advincula, R. C.; Zhang, Z.; Zhang, X. “Anticorrosive Epoxy Coatings from Direct
Epoxidation of Bioethanol Fractionated Lignin”. Int. J. Biol. Macromol. 2022, 221,
268-277.

Starting materials: 10.0 g bioethanol fractionated lignin (6.20 mmol reactive
sites per g lignin: 1.59 mmol AIOH per g lignin, 3.24 mmol ArOH per g lignin,
1.37 mmol COOH per g lignin), 59.7 g epichlorohydrin (645 mmol, 10.4 equiv.),
0.1g tetramethylammonium chloride (91.0 pmol, 1.47 mol%), 4.30g
sodium hydroxide (20 wt% aqueous NaOH solution, 21.5 mmol, 0.347 equiv.).

Desired product: 13.48 g (theoretical yield)

mol
me =m (1 + AMgraft (reactive sites in 7))

3 mol

_ 9 3 mol\ _
me =100 g (1+56.064-L (6.20 x 10 y )=1348¢
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g _ Y. starting materials — desired product _70.66—-13.48 424
simple = desired product B 13.48 -

Y. starting materials (+solvents) — desired product _741-1348

E = = = 4.50
complex desired product 13.48

Solvent contribution = weight of solvent _ 344
orvent contribution = Y, starting materials (+solvent) — desired product ~ 60.62

=0.057=5.7%

Li, X.-Y.; Xiao, L.-P.; Zou, S.-L.; Xu, Q.; Wang, Q.; Lv, Y.-H.; Sun, R.-C.
“Preparation and Characterization of Bisphenol A-Based Thermosetting Epoxies
Based on Modified Lignin”. ACS Appl. Polym. Mater. 2023, 5, 3611-3621.

Starting materials: 2.00 g lignin (0.94 mmol reactive sites per g lignin:
0.36 mmol AIOH per g lignin, 0.42 mmol ArOH per g lignin, 0.16 mmol COOH
perg lignin), 1.55g epichlorohydrin (16. 8 mmol, 8.91 equiv.), 0.10g
sodium hydroxide (2.50 mmol ,1.33 equiv.), 118.65 g acetone (150 mL).

Desired product: 2.11 g (theoretical yield)

mol
my =m; (1 + AMgrq ¢ (reactive sites in 7))

_ 9 ~3moly\ _
me =2.00 g (1+56.064 - (0.94 x 10 ; ))=211g

Y. starting materials — desired product 3.65 —2.11
Esimple = =

desired product 211 0.73

Y. starting materials (+solvents) — desired product 1223 -2.11

Ecomplex -

desired product 211
= 56.96
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weight of solvent __118.65
Y. starting materials (+solvent)—desired product T 12019

Solvent contribution = = 0.987 =

98.7%

Sasaki, C.; Wanaka, M.; Takagi, H.; Tamura, S.; Asada, C.; Nakamura, Y.
“Evaluation of Epoxy Resins synthesized from Steam-exploded Bamboo Lignin”.
Ind. Crops Prod. 2013, 43, 757-761.

Starting materials: 10.0 g bamboo lignin (8.30 mmol OH per g lignin), 160 g
epichlorohydrin (1.73 mol, 20.8 equiv.), 7.00 g tetrabutylammonium bromide
(14.5 mmol, 17.5 mol%), 50.0 g sodium hydroxide (50 wt% aqueous NaOH
solution, 625 mmol, 7.53 equiv.), 5.5 g dimethyl sulfoxide (5 mL).

Desired product: 13.5 g (isolated yield)

Y. starting materials — desired product _202-135

simple desired product 13.5 3.96
5 _ Y. starting materials (+solvents) — desired product _2325-135
complex = desired product - 13.5
=16.22
weight of solvent _ 305

Solvent contribution =

Y starting materials (+solvent) — desired product 219

=0.139=13.9%

Xin, J.; Li, M.; Li, R.; Wolcott, M. P.; Zhang, J. “Green Epoxy Resin System Based
on Lignin and Tung Oil and Its Application in Epoxy Asphalt”. ACS Sustainable
Chem. Eng. 2016, 4, 2754-2761.

Starting materials: 5.00 g partially depolymerized lignin (4.70 mmol reactive
sites per g lignin: 0.700 mmol AIOH per g lignin, 3.70 mmol ArOH per g lignin,
0.3 mmol COOH per g lignin), 30.0 g epichlorohydrin (314 mmol, 13.4 equiv.),
75 mg benzyltriethylammonium chloride (329 pmol, 1.40 mol%), 1.23 g
sodium hydroxide (30.8 mmol, 1.31 equiv.), 50 g dimethyl sulfoxide.
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Desired product: 5.02 g (isolated yield)

_ Y. starting materials — desired product _36.31-5.02

Eg; = = = 6.23
simple desired product 5.02
£ _ Y. starting materials (+solvents) — desired product _86.31-5.02
complex = desired product - 5.02
=16.19
weight of solvent 50

Solvent contribution = =
Y. starting materials (+solvent) — desired product 81.29

=0.615=61.5%

Silau, H.; Garcia, A. G.; Woodley, J. M.; Dam-Johansen, K.; Daugaard, A. E.
“Bio-Based Epoxy Binders from Lignin Derivatized with Epoxidized Rapeseed
Fatty Acids in Bimodal Coating Systems”. ACS Appl. Polym. Mater. 2022, 4, 444-
451.

Epoxidation of rapeseed oil fatty acid mixture

Starting materials: 50 g biodiesel fatty acids (238 mmol vinyl groups), 27.3 g
formic acid (594 mmol, 2.00 equiv.), 67.3 g hydrogen peroxide (30 wt%,
594 mmol, 2.00 equiv.), 129.75 g toluene (150 mL).

Desired product: 47.5 g (isolated yield)

_ Y. starting materials — desired product _97.532—-475

E.. = 1.05
simple desired product 475

Y. starting materials (+solvents) — desired product 27442 —47.5

desired product 47.5

Ecomplex -

=4.78
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weight of solvent _176.89
Y starting materials (+solvent) — desired product  226.92

= 0.780 = 78.0%

Solvent contribution =

Steqlich esterification

Starting materials: 10.0 g kraft lignin (6.40 mmol OH per g lignin), 0.78 g 4-
dimethylaminopyridine (6.40 mmol, 10 mol%), 38.5 g epoxidized fatty acid
(128 mmol, 2.00 equiv.), 14.52 g dicyclohexylcarbodiimide (70.4 mmol,
1.10 equiv.), 222.25 g tetrahydrofuran (250 mL).

Desired product: 12.05 g (isolated yield)

Y. starting materials — desired product _ 63.8-12.05

Eg; = = =42
simple desired product 12.05 ?
5 _ Y. starting materials (+solvents) — desired product _286.05—12.05
complex = desired product - 12.05
=22.74
weight of solvent _222.25

Solvent contribution =

Y starting materials (+solvent) — desired product 274

=0.811=81.1%
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E-factor of complete sequence

Reaction 1: A (fatty acids) + Reagents> B (epoxidized Fatty Acids(eFA))
Reaction 2: B (eFA) + C (lignin) + Reagents—> D (lignin epoxide)

kg waste

Reaction 1: Ecomplex: 478 kg eFA

kg waste kg eFA

ReaCtiOI‘l 2: Ecomplex: 2274 T . —
kg lignin epoxide

385 _ 320
12.05

——=————— Multiplier R ion 1:
kg lignin epoxide’ ultiplier Reactio

kg waste

Esequence: 22.74 (Reaction 2)

" kglignin epoxide

kg waste kg eFA .
+ x - o
478 kg oFA 3.20 g Tignin epoxide (Reaction 1)
kg waste
= 38.00 —=

"7 kglignin epoxide
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Laurichesse, S.; Huillet, C.; Avérous, L. “Original Polyols based on Organosolv
Lignin and Fatty Acids: New Bio-based Building Blocks for Segmented
Polyurethane Synthesis”. Green Chem. 2014, 16, 3958-3970.

Chlorination of oleic acid

Starting materials: 40.0 g oleic acid (142 mmol), 35.95 g oxalyl chloride
(283 mmol, 2.00 equiv.), 270.6 g ethyl acetate (300 mL)

Desired product: 42.6 g (142 mmol, theoretical yield)

E _ X starting materials — desired product _ 75.95 —42.6 0.78
simple = desired product B 42.6 o

Y. starting materials (+solvents) — desired product _ 346.55 — 42.6

desired product 42.6

Ecomplex =

=713

weight of solvent 2706
Y starting materials (+solvent) — desired product  304.02

= 0.890 = 89.0%

Solvent contribution =

Esterification of organosolv lignin with oleyl chloride

Starting materials: 30 g organosolv lignin (2.26 mmol OH per g lignin), 40.7 g
oleyl chloride (135 mmol, 2.00 equiv.).

Desired product: 45.0 g (isolated yield)

E _ Y. starting materials — desired product _70.7—-45.0 0.57
simple = desired product 450

Ecompiex = Esimpie b€Cause no additional solvents are used.
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Epoxidation of oleic acid lignin ester

Starting materials: 45 g esterified lignin (1.6 mmol double bonds per g lignin),
10.95 g peracetic acid (144 mmol, 2.00 equiv.), 331.25 g dichloromethane
(250 mL).

Desired product: 46.15 g (theoretical yield)
. .. mol
my=m (1 + AMgrqfe (reactwe sites in 7))

3 mol

_ 9 —3 mol\\ _
my =450 g (1+15999 -2 (1.60 x 10 ; )) =46.15 g

E _ X starting materials — desired product _ 55.95 — 46.15 0.21
simple = desired product - 46.15 e

5 _ Y. starting materials (+solvents) — desired product _ 387.2-46.15
complex = desired product - 46.15

=7.39

weight of solvent _331.25
Y starting materials (+solvent) — desired product  341.05

=0971=97.1%

Solvent contribution =

E-factor of complete sequence

Reaction 1: A (oleic acid) + Reagents - B (oleyl chloride)
Reaction 2: B (oleyl Chloride) + C (lignin) + Reagents-> D (lignin ester)

Reaction 3: D (lignin ester) + Reagents - E (lignin epoxide)

. kg waste
R ion1: E A3
eactio complex 3 kg oleyl chloride

kg wast . i ke oleyl chlorid
8 Multiplier Reaction 1: 222X "7 _

kg lignin ester

Reaction 2: Ecomplex: 0.57

kg lignin ester

207 _ 0.904
45.0
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Reaction 3: Ecomplex: 7.39 ——oaste Multiplier Reaction 2:

kg lignin epoxide’

kg lignin ester 45.0
BN IS = == = 0.975
kg lignin epoxide 46.15
kg waste .
Esequence: 7.39 ————— —  (Reaction 3)
kg lignin epoxide
kg waste kg lignin ester .
+0.57 —8Wte g g75 —&BINS  paaction 2)
kg lignin ester kg lignin epoxide
kg waste kg oleyl chloride kg lignin ester
+7.13 —ETF__ x 0,904 B2 00 0 975 B BRSO
kg oleyl chloride kg lignin ester kg lignin epoxide
(Reaction 1)
=14.24

Liu, L.-Y.; Hua, Q.; Renneckar, S. “A Simple Route to synthesize Esterified Lignin
Derivatives”. Green Chem. 2019, 21, 3682-3692.

Hydroxyethylation of organosolv lignin

Starting materials: 30 g organosolv lignin (6.36 mmol reactive sites per g lignin:
1.97 mmol AIOH per g lignin, 4.07 mmol ArOH per g lignin, 0.32 mmol COOH
per g lignin), 64.51 g ethylene carbonate (733 mmol, 6.00 equiv. of ArOH), 1.29 g
sodium carbonate (12.2 mmol, 0.100 equiv. of ArOH).

Desired product: 30 g (isolated yield; 4.30 mmol AIOH and 0.41 mmol ArOH
per g lignin, 0.02 mmol COOH per g lignin, 91% AIOH)

Y. starting materials — desired product _95.80—-30.0 219
desired product a 30.0 T

Esimple -

Ecompiex = Esimpie D€Cause no additional solvents are used.
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Esterification of hydroxyethylated lignin with oleic acid

Starting materials: 5 g hydroxyethylated lignin (4.71 mmol reactive sites per g
lignin: 4.30 mmol AIOH per g lignin, 0.41 mmol ArOH per g lignin, 0.02 COOH
per g lignin), 44.5 g oleic acid (50 mL, 158 mmol, 6.66 equiv.).

Recycled starting materials: 40.05 g oleic acid (90%)
Desired product: 3 g (isolated yield)

Y. starting materials — desired product — recycled oleic acid

E.. =
simple desired product
_ 49.5-3.0 —40.05
B 3.0
49.5 —3.00 — 40.05
Esimple = =215

3.00

Ecompiex = Esimpie b€Cause no additional solvents are used.

E-factor of complete sequence

Reaction 1: A (lignin) + Reagents-> B (hydroxyethylated lignin (HEL))
Reaction 2: B (HEL) + Reagents—> C (lignin ester)

kg waste

Reaction 1: Ecomplex: 2.19 —

kg wast L ) ke hEL 5
8 Multiplier Reaction 1: —2 — =2 =

Reaction 2: Ecomplex: 2.15 —— =
kg lignin ester 3

kg lignin ester

1.667

kg waste

Esequence: 2.15 (Reaction 2)

kg lignin ester

kg waste kg hEL
+2.19 - x 1,667 ——=——
kg hEL kg lignin ester

(Reaction 1)

=5.80
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Vasquez-Garay, F.; Teixeira Mendonga, R.; Peretti, S. W. “Chemoenzymatic
Lignin Valorization: Production of Epoxidized Pre-polymers using Candida
Antarctica Lipase B. Enzyme”. Microb. Technol. 2018, 112, 6-13.

Allylation of organosolv lignin

Starting materials: 3.0 g organosolv lignin (2.29 mmol OH per g lignin), 4.7 g
potassium carbonate (34.0 mmol, 4.95 equiv.), 4.05 g allyl bromide (97 wt%,
32.5 mmol, 4.73 equiv.), 94.4 g dimethylformamide (100 mL).

Desired product: 3.28 g (theoretical yield)
) ) ~ mol
my=m (1 + AMgrq e (reactwe sites in 7))

m; =3.0g (1+40.065 - (229 x 1073 m?’”)) =328g

Y. starting materials — desired product _11.75-3.28

Eg; = = = 2.58
simple desired product 3.28
£ _ Y. starting materials (+solvents) — desired product _ 106.15—3.28
complex = desired product a 3.28
= 31.36
weight of solvent 94.4

Sol t tribution = =
otvent contributton Y. starting materials (+solvent) — desired product 102.87

=0.918 =91.8%

Epoxidation of allylated lignin

Starting materials: 3 g allylated lignin (2.09 mmol double bonds per g lignin),
246 g caprylic acid (17.1 mmol, 2.72 equiv.), 0.6 g immobilized lipase,
4.27 g hydrogen peroxide (30 wt%, 37.7 mmol, 6.00 equiv.), 147.05 g toluene
(170 mL).
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Desired product: 3.0 g (isolated yield)

g _ Y. starting materials — desired product _7.34—-3.0 145
simple = desired product 30 7

_ Y. starting materials (+solvents) — desired product _157.38-3.0

Ecomplex = desired product B 3.0

=51.46

weight of solvent __147.05
Y starting materials (+solvent)—desired product T 154.38

Solvent contribution = =0.972 =

97.2%

E-factor of complete sequence

Reaction 1: A (lignin) + Reagents—> B (allylated lignin)
Reaction 2: B (allylated lignin) + Reagents—> C (lignin epoxide)

. . . kg waste
Reaction 1: Ecomplex. 31.36 kg allylated lignin

kg waste

Reaction 2: Ecomplex: 51.46
kg allylated lignin

g lignin epoxide’ Multiplier Reaction 1:

=1.0

kg lignin epoxide

k t .
Esequence: 51.46 & (Reactlon 2)
kg lignin epoxide

kg waste kg allylated lignin .
+31. x 1. R ion 1
31.3 kg allylated lignin 0 kg lignin epoxide ( eactio )

= 82.82
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7.4 E-Factor Calculations for Carboxylic Acid
Functionalized Lignin

Hirose, S.; Hatakeyama, T.; Hatakeyama, H. “Synthesis and Thermal Properties
of Epoxy Resins from Ester-Carboxylic Acid Derivative of Alcoholysis Lignin”.
Macromolecular Symposia. 2003, 197, 157-170.

Starting materials: 50 g alcoholysis lignin, 50 g ethylene glycol (806 mmol),
196 g succinic anhydride (1.96 mol), 2.69 g dimethylbenzylamine (19.9 mmol).

Desired product: 298.69 g (“ALEGPA”, theoretical yield)

5 _ Y. starting materials (+solvents) — desired product 29869 —289.69
complex = desired product - 298.69 -

Lignin wt% in ALEGPA = =0.167=16.7%

298.69

Exemplary wt% calculation of lignin in epoxy resin with 100% and 80%
ALEGPA (acid/epoxy = 1.0)

Carboxylic acid content (ALEGPA) = 6.62 mmol x g™
Carboxylic acid content (ethylene glycol polyacid, EGPA) = 7.63 mmol x g™’

Epoxy content (EGDGE) = 7.70 mmol x g™*

m(ALEGPA)

Lignin wt% in 100% ALEGPA Resin =
ignin wtv in 100% ALEGPA Resin = 0 b S T (EGDGE)

X wt% lignin in ALEGPA

1

= % x 16.7 wt% = 8.98 wt%

6621770
Lignin wt% in 80% ALEGPA, 20% EGPA Resin =

m(ALEGPA) O Tiemmion s _ 0.8 0
T(ALEGPA) rm(EGPA)  m(EGDGE) ~ wt% lignin in ALEGPA PPN Gl re ) x 16.7 wt%

7.70

= 7.08 wt%
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7.5 E-Factor Calculations for Ester Group
Functionalized Lignin

Calculated E-factors for esterification procedures are summarized in Table 7.5.1.

Below the table, all calculations are listed to ensure reproducibility.

Table 7.5.1 - E-factors for esterification procedures.

Work Modification  Functionalizing agent Esim Ecomp Esolve Eseque
ple lex nt (%) nce
Koivu?© Esterification 1. Acetyl chloride 1.02 665 85 _
2. Octanoyl chloride 1.63 7.25 78 -
3. Lauroyl chloride 2.03 7.66 73 -
4. Palmitoyl chloride 244 8.07 70 -
Dubois?*? Esterification Oleyl chloride 0.08
: _ _ _
1.Chlorination  Oxalyl chloride 0.86 2.01 57
2.Esterification 10-Undecenoyl chloride 9'10 - - 1.25
Avérous'” Chlorination Oxalyl chloride 0.78 7.13* 89 -
a
Wool*** Esterification 1. Acetic anhydride 205 -— _ _
2. Propionic anhydride 2.05 - — _
3. Butyric anhydride 205 - — _
4. Methacrylic
anhydride 6.36 10.5 39 10.5
Luo? Esterification 1. Crotonic anhydride 175 -— _ _
2. Butyric anhydride 150 -— — —
Renneckar  1.Hydroxyethy Ethylene carbonate'®? 219 - - -
182,224 lation
2.Esterification 1a. Propionic acid*** 9.93 - - 12.1
1b. Propionic acid
with recycling*®? 0.99 - - 3.18
2. Valeric acid'® 0.94 - - 3.13
3. Octanoic acid® 091 - - 3.10
4. Oleic acid*®? 215 - - 5.80
Verge*® Esterification 3-(4-Hydroxyphenyl) 1.19 - - -

propanoic acid

a: no final weight of isolated product was reported, therefore final weight of the product was

calculated based on theoretical yield.
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Koivu, K. A. Y.; Sadeghifar, H.; Nousiainen, P. A.; Argyropoulos, D. S.; Sipila, J.
“Effect of Fatty Acid Esterification on the Thermal Properties of Softwood Kraft
Lignin”. ACS Sustainable Chem. Eng. 2016, 4, 5238-5247.

Starting materials: 5.0 g softwood kraft lignin (6.70 mmol reactive groups per g
lignin: 2.30 mmol AIOH per g lignin, 4.40 mmol ArOH per g lignin), 3.72 g pyridine
(47.0 mmol, 1.40 equiv.), 26.679g tetrahydrofuran (30mL), 7.08¢g
dimethylformamide (7.5 mL), and 3.40 g acetyl chloride (43.4 mmol, 1.30 equiv.);
or 7.05 g octanoyl chloride (43.4 mmol, 1.30 equiv.); or 9.48 g lauroyl chloride
(43.4 mmol, 1.30 equiv.); or 11.92 g palmitoyl chloride (43.4 mmol, 1.30 equiv.).

Desired product: 6 g for all modifications (isolated yield)

Desired Raw Raw Desired  Esimple Ecomplex Esolvent
product materials materials product (%)

(total weight  (total (9)

in g without weightin g

solvent) with

solvent)

Lignin 12.12 45.87 6 1.02 6.65 84.7
acetate
Lignin 15.77 49.52 6 1.63 7.25 77.6
octanoate
Lignin 18.20 51.95 6 2.03 7.66 73.4
laurate
Lignin 20.64 54.39 6 2.44 8.07 69.7

palmitate
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Xing, Q.; Ruch, D.; Dubois, P.; Wu, L.; Wang, W.-J. “Biodegradable and high-
Performance Poly(butylene adipate-co-terephthalate)-Lignin  UV-Blocking
Films”. ACS Sustainable Chem. Eng. 2017, 5, 10342-10351.

Chlorination of 10-undecenoic acid

Starting materials: 25 g 10-undecenoic acid (136 mmol), 26.25 g oxalyl chloride
(204 mmol, 1.50 equiv.), 31.57 g ethyl acetate.

Desired product: 27.5 g (isolated yield, 95%)

_ X starting materials — desired product  51.25—27.5

E.. = = = 0.86
simple desired product 27.5
£ _ X starting materials (+solvents) — desired product  82.82 —27.5 201
complex = desired product B 27.5 o
weight of solvent _ 3157

Solvent contribution =

Y starting materials (+solvent) — desired product  55.32
=0.571=57.1%

Esterification of soda lignin with 10-undecenoyl chloride and oleyl chloride

Starting materials: 40 g soda lignin (5.20 mmol OH per g lignin), and 62.59 g
oleyl chloride (208 mmol, 1.00 equiv.) or 42.17 g 10-undecenoyl chloride
(208 mmol, 1.00 equiv.).

Desired products:

Oleyl lignin: 95.0 g (theoretical yield, AMgrat = 264.453 g mol™")

10-Undecenoyl lignin: 74.58 g (theoretical yield, AMgraft = 166.264 g mol™")
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Desired Raw materials Raw Desired Esimple Esolvent
product (total weight materials product (%)
ing without (total (9)
solvent) weightin g
with
solvent)
Oleyl lignin  102.59 102.59 95.0 0.08 -
10-
Undecenoyl 82.17 82.17 74.58 0.10 -
lignin

E-factor of esterification seqguence

Reaction 1: A (10-undecenoic acid) + Reagents-> B (10-undecenoyl

chloride)

Reaction 2: B (10-undecenoyl chloride) + Reagents-> C (lignin ester)

kg waste

Reaction 1: E . 2.01
eactio complex 0 kg undecenoyl chloride

kg waste

Reaction 2: Ecomplex: 0.10

kg lignin ester’

kg undecenoyl chloride _ 42.17

= 0.57

kg lignin ester "~ 7458

k t .
Esequence: 0.10 —2-"~_ (Reaction 2)
kg lignin ester

kg waste kg undecenoyl chloride
+2.01 £ x 0.57 & Y

kg undecenoyl chloride kg lignin ester

=1.25

; Multiplier Reaction 1:

(Reaction 1)
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Laurichesse, S.; Huillet, C.; Avérous, L. “Original Polyols Based on Organosolv
Lignin and Fatty Acids: New Bio-based Building Blocks for Segmented
Polyurethane Synthesis”. Green Chem. 2014, 16, 3958-3970.

Chlorination of oleic acid

Starting materials: 40.0 g oleic acid (142 mmol), 35.95 g oxalyl chloride
(283 mmol, 2.00 equiv.), 270.6 g ethyl acetate (300 mL)

Desired product: 42.6 g (142 mmol, theoretical yield)

£ B Y. starting materials — desired product _7595—-42.6 078
simple = desired product B 42.6 o

Y. starting materials (+solvents) — desired product

E =
complex desired product
_34655-426
B 42.6 -
o weight of solvent 270.6
Solvent contribution = = = 0.890

¥ starting materials (+solvent) — desired product ~ 304.02
=89.0%

Thielemans, W.; Wool, R. P. “Lignin Esters for Use in Unsaturated Thermosets:
Lignin Modification and Solubility Modeling”. Biomacromolecules. 2005, 6, 1895-
1905.

Starting materials: 1 g kraft lignin, 50.0 mg 1-methylimidazole (609 ymol), and
2.00 g acetic anhydride (19.6 mmol) or 2.00 g propionic anhydride (15.4 mmol)
or 2.00 g butyric anhydride (12.6 mmol) or 6.31 g methacrylic anhydride
(40.9 mmol) and 4.14 g dioxane (4 mL).

Desired product: 1 g for all modifications (isolated yield)
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Desired Raw Raw Desired Esimple Ecomplex Esolvent

product materials materials product (%)

(total weight (total (9)

ing without weight ing

solvent) with

solvent)

Lignin 3.05 3.05 1 2.05 - -
acetate
Lignin 3.05 3.05 1 2.05 - -
propionate
Lignin 3.05 3.05 1 2.05 - -
butyrate
Lignin 7.36 11.5 1 6.36 10.5 39.4

methacrylate

Luo, S.; Cao, J.; McDonald, A.G. “Cross-linking of Technical Lignin via
Esterification and Thermally Initiated Free Radical Reaction”. Ind. Crops Prod.
2018, 121, 169-179.

Starting materials: 10 g kraft lignin (5.10 mmol OH per g lignin), 1.03 g 1-
methylimidazole (12.5 mmol, 25.0 mol%), and 26.0 g crotonic anhydride
(167 mmol, 3.31 equiv.) or 24.18 g butyric anhydride (153 mmol, 3.00 equiv.).

Desired products:

Lignin crotonate: 13.47 g (theoretical yield, AMgratt = 68.075 g mol™)

Lignin butyrate: 13.57 g (theoretical yield, AMgratt = 70.091 g mol™")
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Desired Raw Raw Desired Esimple Ecomplex Esolvent
product materials materials product (%)

(total weight (total (9)

in g without  weightin g

solvent) with

solvent)

Lignin 37.03 37.03 13.47 1.75 - -
crotonate
Lignin 35.21 35.21 13.57 1.59 - -
butyrate

Liu, L.-Y.; Cho, M.; Sathitsuksanoh, N.; Chowdhury, S.; Renneckar, S. “Uniform
Chemical Functionality of Technical Lignin Using Ethylene Carbonate
for Hydroxyethylation and Subsequent Greener Esterification”. ACS Sustainable
Chem. Eng. 2018, 6, 12251-12260.

Hydroxyethylation of organosolv lignin

Note: Calculation is performed from other reference of same authors to

allow sequence calculation®

Starting materials: 30 g organosolv lignin (6.36 mmol reactive sites per g lignin:
1.97 mmol AIOH per g lignin, 4.07 mmol ArOH per g lignin, 0.32 mmol COOH
per g lignin), 64.51 g ethylene carbonate (733 mmol, 6.00 equiv. of ArOH), 1.29 g
sodium carbonate (12.2 mmol, 0.100 equiv. of ArOH).

Desired product: 30 g (isolated yield; 4.30 mmol AIOH and 0.41 mmol ArOH
per g lignin, 0.02 mmol COOH per g lignin, 91% AIOH)
_ Y. starting materials — desired product _95.80-30.0

E; = = = 2.19
simple desired product 30.0
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Ecompiex = Esimpie D€Cause no additional solvents are used.

Esterification of hydroxyethylated lignin with propionic acid (no recycling)

Starting materials: 1 g hydroxyethylated lignin, 9.93 g propionic acid (10 mL).
Desired product: 1 g (isolated yield)

g _ Y. starting materials — desired product . 1093-1.0 9.93
simple = desired product - 1.0 -

Ecompiex = Esimpie b€Cause no additional solvents are used.

E-factor of sequence: hydroxyethylation and esterification with propionic

acid (no recycling)

Reaction 1: A (lignin) + Reagents—> B (hydroxyethylated lignin (HEL))

Reaction 2: B (HEL) + Reagents—> C (lignin ester)

kg waste
kg hEL

Reaction 1: Ecomplex: 2.19

. kg waste T . kg hEL 1
Reaction 2: Ecomplex: 9.93 —2——"__. Multiplier Reaction 1: —>—— =~ =
kg lignin ester kg lignin ester 1

1.0

kg waste
E I 9.93 ———
sequence kg lignin ester

(Reaction 2)

kg waste kg hEL
+2.19 BT g

kg hEL "~ kglignin ester (Reaction 1)

=12.12
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Liu, L.-Y.; Hua, Q.; Renneckar, S. “A simple Route to synthesize Esterified Lignin
Derivatives”. Green Chem. 2019, 21, 3682-3692.

Hydroxyethylation of organosolv lignin

Starting materials: 30 g organosolv lignin (6.36 mmol reactive sites per g lignin:
1.97 mmol AIOH per g lignin, 4.07 mmol ArOH per g lignin, 0.32 mmol CO:z2H
per g lignin), 64.51 g ethylene carbonate (733 mmol, 6.00 equiv. of ArOH), 1.29 g
sodium carbonate (12.2 mmol, 0.100 equiv. of ArOH).

Desired product: 30 g (isolated yield; 4.30 mmol AIOH and 0.41 mmol ArOH
per g lignin, 0.02 mmol CO2H per g lignin, 91% AIOH)

Y. starting materials — desired product _95.80—-30.0 219
desired product B 30.0 T

Esimple -

Ecompiex = Esimpie D€Cause no additional solvents are used.

Esterification of hydroxyethylated lignin with propionic acid (recycling)

Starting materials: 5 g hydroxyethylated lignin (4.71 mmol reactive sites per g
lignin: 4.30 mmol AIOH per g lignin, 0.41 mmol ArOH per g lignin, 0.02 mmol
COOH per g lignin), 49.65 g propionic acid (50 mL, 670 mmol, 28.5 equiv.).

Recycled starting materials: 44.69 g propionic acid (90%)
Desired product: 5 g (isolated yield)

E Y. starting materials — desired product — recycled propionic acid
simple =

desired product

54.65 — 5.00 — 44.69
Esimple = Z00 = 0.99
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Ecompiex = Esimpie D€Cause no additional solvents are used.

E-factor of sequence: hydroxyethylation and esterification with propionic

acid (recycling)

Reaction 1: A (lignin) + Reagents—> B (hydroxyethylated lignin (HEL))

Reaction 2: B (HEL) + Reagents—> C (lignin ester)

kg waste
kg hEL

Reaction 1: Ecomplex: 2.19

k ste . e . kg hEL 5
E . Multiplier Reaction 1: ———— =2 =

kg lignin ester s

Reaction 2: Ecomplex: 0.99

kg lignin ester

1.00

Esequence: 0.99 kg waste (Reaction 2)

"7 7 kglignin ester

kg waste kg hEL
+2.19-=E x 1 £

kg hEL "7 kglignin ester (Reaction 1)

=3.18

Esterification of hydroxyethylated lignin with valeric acid (recycling)

Starting materials: 5 g hydroxyethylated lignin (4.71 mmol reactive sites per g
lignin: 4.30 mmol AIOH per g lignin, 0.41 mmol ArOH per g lignin, 0.02 mmol
COOH per g lignin), 46.95 g valeric acid (50 mL, 460 mmol, 19.5 equiv.).

Recycled starting materials: 42.26 g valeric acid (90%)

Desired product: 5 g (isolated yield)

Y. starting materials — desired product — recycled valeric acid

Esimple -

desired product



7 Appendix

51.95—-5.00 —42.26
Esimple = Z00 = 0.94

Ecompiex = Esimpie D€Cause no additional solvents are used.

E-factor of sequence: hydroxyethylation and esterification with valeric acid

(recycling)

Reaction 1: A (lignin) + Reagents—> B (hydroxyethylated lignin (HEL))

Reaction 2: B (HEL) + Reagents-> C (lignin ester)

kg waste

Reaction 1: Ecomplex: 2.19 s

kg waste kg hEL 5

; Multiplier Reaction 1: ————=-=
kg lignin ester 5

Reaction 2: Ecompiex: 0.94

kg lignin ester

1.00

kg waste .
Esequence:  0.94 —E7%°_ (Reaction 2)
kg lignin ester

kg waste kg hEL .
+2.19 B2 « 1.00 —=— (Reaction 1)
kg hEL kg lignin ester

=3.13

Esterification of hydroxyethylated lignin with octanoic acid (recycling)

Starting materials: 5 g hydroxyethylated lignin (4.71 mmol reactive sites per g
lignin: 4.30 mmol AIOH per g lignin, 0.41 mmol ArOH per g lignin, 0.02 mmol
COOH per g lignin), 45.5 g octanoic acid (60 mL, 316 mmol, 13.4 equiv.).

Recycled starting materials: 40.95 g octanoic acid (90%)

Desired product: 5 g (isolated yield)
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Y. starting materials — desired product — recycled octanoic acid

E.. =
simple desired product
50.5 — 5.00 — 40.95
simple = 500 =091
Ecompiex = Esimpie D€Cause no additional solvents are used.

E-factor of sequence: hydroxyethylation and esterification with octanoic

acid (recycling)

Reaction 1: A (lignin) + Reagents—> B (hydroxyethylated lignin (HEL))

Reaction 2: B (HEL) + Reagents-> C (lignin ester)

kg waste
kg hEL

Reaction 1: Ecomplex: 2.19

k ste . e . kg hEL 5
g . Multiplier Reaction 1: ———— =2 =

Reaction 2: Ecomplex: 0.91 —— =
kg lignin ester 5

kg lignin ester

1.00

Esequence: 0.91 kg waste (Reaction 2)

"7 kglignin ester

kg waste kg hEL
+2.19 2 x 1.0 g

kg hEL "7 7 kglignin ester (Reaction 1)

=3.10
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Esterification of hydroxyethylated lignin with oleic acid (recycling)

Starting materials: 5 g hydroxyethylated lignin (4.71 mmol reactive sites per g
lignin: 4.30 mmol AIOH per g lignin, 0.41 mmol ArOH per g lignin, 0.02 COOH
per g lignin), 44.5 g oleic acid (50 mL, 158 mmol, 6.66 equiv.).

Recycled starting materials: 40.05 g oleic acid (90%)

Desired product: 3 g (isolated yield)

Y. starting materials — desired product — recycled oleic acid

E.. =
simple desired product
_ 49.5-3.0 —40.05
B 3.0
49.5 —3.00 — 40.05
Esimple = 3.00 =215

Ecompiex = Esimpie b€Cause no additional solvents are used.

E-factor of sequence: hydroxyethylation and esterification with oleic acid

(recycling)

Reaction 1: A (lignin) + Reagents—> B (hydroxyethylated lignin (HEL))

Reaction 2: B (HEL) + Reagents—> C (lignin ester)

kg waste

Reaction 1: Ecomplex: 2.19 kg BEL

k t s . kg hEL 5
g Wese ; Multiplier Reaction 1: — BT 2

Reaction 2: Ecomplex: 2.15 kglignin ester 3

kg lignin ester

1.667
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kg waste

Esequence: 2.15

) kg lignin ester

(Reaction 2)

+219 kg waste x 16 kg hEL

kg hEL ) kg lignin ester (ReaCtlon 1 )

=5.80

Adjaoud, A.; Dieden, R.; Verge, P. “Sustainable Esterification of a Soda Lignin
with Phloretic Acid”. Polymers. 2021, 13, 637.

Starting materials: 2 g soda lignin (2.00 mmol reactive sites per g lignin:
2.00 mmol AIOH per g lignin, 3.94 mmol ArOH per g lignin, 0.78 mmol CO:zH
per g lignin), 3.32 g phloretic acid (20.0 mmol, 5.00 equiv.), 500 mg para-toluene

sulfonic acid (2.90 mmol, 72.6 mol%).

Desired product: 2.66 g (theoretical yield)
. .. mol
me=m; (1 + AMgrq ¢ (reactwe sites in 7))

_ 9 —3 moly) _
my =20 g (1+165.168 - (2.00 x 10 ; )) = 2.66 g

E _ Y. starting materials — desired product _ 5.82-2.66 119
simple = desired product 266

Ecompiex = Esimpie D€Cause no additional solvents are used.
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7.6 E-Factor Calculations for Multiple Bond
Functionalized Lignin

Calculated E-factors for multiple bond insertion procedures are summarized in

Table 7.6.1, all calculations are listed to ensure reproducibility.

Table 7.6.1 - Calculated E-factors for multiple bond insertion.

Work Modification Functionalizing Esimple Ecompl Esequen
agent ex ce

Renneckar®®*  Hydroxyethylation Ethylene carbonate 4.80 - 7.76

Esterification Acrylic acid 3.07

Meier and Allylation Diallyl carbonate 542 - - -

Over*” 9.43

Meier et al.>*®  Allylation Diallylcarbonate 1.872 - -

Johansson*®  Allylation Diallyl carbonate 2.092 - -

Avérous3¥’ Vinylation Vinyl ethylene 6.01 - -
carbonate

a: no final weight of isolated product was reported, therefore final weight of the product was

calculated based on theoretical yield.

Qi Hua, Li-Yang Liu, Mijung Cho, Muzaffer A. Karaaslan, Huaiyu Zhang, Chang
Soo Kim, and Scott Renneckar “Functional Lignin Building Blocks: Reactive Vinyl
Esters with Acrylic Acid”. Biomacromolecules, 2023, 24, 2, 592—603.

Hydroxyethylation of softwood kraft lignin

10.0 g softwood kraft lignin (3.90 mmol ArOH per g lignin), 50 g ethylene
carbonate (568 mmol, 14.5 equiv. in respect of the total of ArOH), 0.8 g Na2COs
(7.55 mmol, 0.20 equiv.).

Desired product: 10.5 g (isolated yield)

330



. Y. starting materials step 1—desired product 1 60.8—10.5
Eg; hydroxyethylation = = = 4.8
simple LY Y Y desired product 1 10.5

Esterification of hydroxyethylated lignin with acrylic acid

1.00 g hydroxyethylated lignin (4.30 mmol AIOH per g lignin, 0.38 mmol ArOH
per g lignin, 0.11 mmol COOH per g lignin), 3.15 g acrylic acid (43.7 mmol, 3 mL,
d=1.05 g/mL)

Desired product: 1.02 g (isolated yield)

Y. starting materials step 2—desired product 2 _ 4.15-1.02 _

E; esterification =
simple f desired product 2 1.02

3.07

E-factor of whole sequence

Reaction 1: A (lignin) + Reagents—> B (hydroxyethylated lignin(HEL))

Reaction 2: B (hydroxyethylated lignin) + Reagents-> C (final product)

. . . kg waste
Reaction 1: Ecomplex: 4.8 —
. k t . s . kg hEL
Reaction 2: Ecomplex: 3.07 AL, Multiplier Reaction 1: — e —
kg final product kg final product
1
—=0.978
1.02

. kg waste .
Esequence. 3.07 kg final product (Reactlon 2)

kg waste kg hEL
+4.8-E x 0.978 — =1
kg final prouct

(Reaction 1)

=7 kg waste
) kg final product
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Over, L. C.; Meier, M. A. R. “Sustainable Allylation of Organosolv Lignin with
Diallyl Carbonate and Detailed Structural Characterization of Modified
Lignin”. Green Chem. 2016, 18 (1), 197-207.

Starting materials: 0.15 g organosolv lignin (6.10 mmol reactive sites perg
lignin), 1.30g diallyl carbonate (9.15 mmol DAC, 10.0 equiv.), 0.295¢g
tetrabutylammonium bromide (0.915 mmol TBAB, 1.00 equiv.)

Procedure for recovery of TBAB: obtained allylated lignin 0.140 g, recovered
TBAB: 0.285 g (97%)

Procedure for recovery of DAC: obtained allylated lignin 0.146 g, DAC
recovered: 0.807 g (62%)

Y. starting materials — desired product _146—-0.14 9.43

Esimpie(TBAB recov.) = desired product ~ 014

Y. starting materials — desired product _ 0.938 — 0.146
desired product B 0.146

Esimple (DAC recov.) =

= 542

Ecompiex = Esimpie D€Cause no additional solvents are used.
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Over, L. C.; Hergert, M.; Meier, M. A. R. “Metathesis Curing of Allylated Lignin
and Different Plant Qils for the Preparation of Thermosetting Polymer Films with
Tunable Mechanical Properties”. Macromol. Chem. Phys. 2017, 218 (16),
1700177.

Starting materials: 30.0 g organosolv lignin (6.1 mmol reactive sites perg
lignin), 76.0g diallyl carbonate (535 mmol DAC, 3.00equiv.), 11.9g
tetrabutylammonium bromide (37.0 mmol TBAB, 0.20 equiv.)

Recovery of TBAB: 10.9 g (92%)
Desired product: 37.3 g (theoretical yield)

9
mo

mp = m; <1 + AMgy oz, (reactive sites in %‘”)) =309 (1+40.032-2 (6.1 x

—z3mol) _
10732 )=373g

Y. starting materials — desired product _ 107 -37.3

Esimpie(TBAB recov.) = = 1.87

desired product 37.3

Ecompiex = Esimpie D€Cause no additional solvents are used.

Ribca, I.; Sochor, B.; Betker, M.; Roth, S. V.; Lawoko, M.; Sevastyanova, O.;
Meier, M. A. R.; Johansson, M. “Impact of Lignin Source on the Performance of
Thermoset Resins”. Eur. Polym. J. 2023, 194, 112141.

Starting materials: 1.00 g hardwood lignin (6.00 mmol g' reactive sites per g
lignin, 6.00 mmol per g lignin of various OH groups), 2.60 g diallyl carbonate

(18.3 mmol DAC, 3.00 equiv.), 1.90 g tetrabutylammonium bromide (5.90 mmol
TBAB, 1.00 equiv.)

Recovery of TBAB: 1.672 g (88%)

Desired product: 1.24 g (theoretical yield)
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g
mo

= m ive sites in ™24 | = -3 moly _
mg =m; <1 + AMgra5t (reactwe sites in p )) =1g(1+40.032 1(6 x 10 P ) =

124 ¢

Y. starting materials — desired product _3.828—-1.24
desired product B 1.24

Esimpie(TBAB recov.) =

= 2.09

Ecompiex = Esimpie b€Cause no additional solvents are used.

Duval, A.; Avérous, L. “Cyclic Carbonates as Safe and Versatile Etherifying
Reagents for the Functionalization of Lignins and Tannins”. ACS Sustain. Chem.
Eng. 2017, 5 (8), 7334-7343.

Starting materials: 10 g Soda lignin (5.8 mmol g™ reactive sites, 1.76 mmol
AIOH per g lignin, 4.04 mmol COOH groups per g lignin), 66.17 g vinyl ethylene
carbonate (580 mmol VEC, 10 equiv.), 0.8 g potassium carbonate (5.8 mmol
K2COs, 0.1 equiv.).

Desired product: 10.97 g (isolated yield, 78% of theoretical yield)

Theoretical yield:

9
mo

my =my <1 + AMgrqft (reactive sites in m701)> =10g(1+70 1(5.8 x 1073 mTOI) =

14.06 g
Isolated yield = 78%, 10.97 g

Y. starting materials — desired product 7697 -10.97 6.01
desired product B 10.97 -

Esimple -

Ecompiex = Esimpie D€Cause no additional solvents are used.
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7.7 E-Factor Calculations for Hydroxyl Group
Functionalized Lignin

*

Table 7.7.1 — Summary of E-factor for hydroxyalkylation procedures

Work Modification Functionalizing Esimple Esequence

agent

Ethylene carbonate 3.592

Lehnen et ] Propylene carbonate 3.892
Hydroxyalkylation -

al.?®¢ Butylene carbonate  4.162

Glycerol carbonate 4.192

Ethylene carbonate

4.94
. Propylene carbonate
Avérous et Hvd Kvlati Vinvl ethvl 6.17
roxyalkylation inyl ethylene -
al.»? y yaly yremy 6.02
carbonate
6.02
Glycerol carbonate
Avérous et ) Ethylene carbonate
Hydroxyalkylation 0 -
al.»? (PEG)
Lehnen et Hydroxyalkylation Glycerol carbonate 4192 9.06
al.?? Transesterification Dimethyl carbonate  5.042 '

* 1 no solvents have been used, therefore Ecompiex is Not reported. 2: no final weight of isolated
product was reported, therefore final weight of the product was calculated based on theoretical
yield.
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Klihnel, |.; Saake, B.; Lehnen, R. “Comparison of Different Cyclic Organic
Carbonates in the Oxyalkylation of Various Types of Lignin”. React. Funct. Polym.
2017, 120, 83-91.

Starting materials: 1.00 g organosolv lignin (5.17 mmol OH per g lignin), 4.55 g
ethylene carbonate (EC, 51.7 mmol, 10.0 equiv.), or 5.28 g propylene carbonate
(PC, 51.7 mmol, 10.0 equiv.), or 6.00 g butylene carbonate (BC, 51.7 mmol,
10.0 equiv.), or 6.10 g glycerol carbonate (GC, 51.7 mmol, 10.0 equiv.), 79 mg
DBU (0.517 mmol, 0.10 equiv.).

Desired product: (theoretical yield, calculated for 5.17 x 103 mol g*! reactive

sites)
my =m; (1 + AMgrq ¢ (reactive sites in m7ol>)
Functionalizing Raw Desired Esimple Ecomplex Esolvent
agent materials product (%)
(Total weight (Theoretical
in g) yield, g)
EC 5.63 1.23 3.59 - -
PC 6.36 1.30 3.89 - -
BC 7.08 1.37 4.16 - -
GC 7.18 1.38 419 - -

EC: m; =1.00 g (1+44.032gmol™* x 517 x 1073 molg™') = 1.23 g
PC: my =1.00 g (1 4+ 58.048 gmol™' x 5.17 x 107> molg™") = 1.30 g
BC: my = 1.00 g (1 4+ 72.064 g mol™! x5.17 x 1073 molg™") =137 g
GC: my =1.00 g (1 + 74.048 gmol~* x 5.17 x 103 mol g™') = 1.38 g

Ecompiex = Esimpie D€Cause no additional solvents are used.
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Duval, A.; Avérous, L. “Cyclic Carbonates as Safe and Versatile Etherifying
Reagents for the Functionalization of Lignins and Tannins”. ACS Sustain. Chem.
Eng. 2017, 5 (8), 7334-7343.

Starting materials: 10 g soda lignin (5.80 mmol OH per g lignin), 51.07 g
ethylene carbonate (58.0 mmol, 10.0 equiv.), or 59.21 g propylene carbonate
(58.0 mmol, 10.0 equiv.), or 66.18 g vinyl ethylene carbonate (VEC, 58.0 mmol,
10.0 equiv.), or 68.44 g glycerol carbonate (58.0 mmol, 10.0 equiv.), 0.8 g

potassium carbonate (5.8 mmol, 0.1 equiv.).

mol
my =m; (1 + AMgrq e (reactive sites in 7))

Functionalizing Raw Theoretical Desired Esimple Ecom Esolve
agent materials yield, (g)* product plex  nt (%)
(Total Yield (%.,g)
weight
in g)
EC 61.87 12.55 83%, 10.42 4.94 - -
PC 70.01 13.37 73%, 9.76 6.17 - -
VEC 76.98 14.06 78%, 10.97 6.02 - -
GC 79.24 14.30 79%, 11.29 6.02 - -

a: theoretical yield calculated for 5.8 x 10-3 mol g reactive sites

EC: m; = 10.00 g (1 +44.032gmol™! x 5.8 x 107> mol g™') = 12,55 g
PC: m; = 10.00 g (1 + 58.048 gmol™! x 5.8 x 107> mol g™') = 13.37 g
VEC: my = 10.00 g (14 70.056 g mol™! x 5.8 x 1073 mol g™*) = 14.06 g
GC: m; =10.00 g (1 + 74.048 gmol™* x 5.8 x 1073 molg™') =14.30g

Ecompiex = Esimpie b€Cause no additional solvents are used.
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Duval, A.; Vidal, D.; Sarbu, A.; René, W.; Avérous, L. “Scalable Single-Step
Synthesis of Lignin-Based Liquid Polyols with Ethylene Carbonate for
Polyurethane Foams”. Mater. Today Chem. 2022, 24, 100793.

Starting materials: 40-60 g organosolv lignin (1.89 AIOH, 3.58 ArOH, and 0.06
COOH groups, mmol per g lignin), 160 — 140 g PEG (of average molar mass 200,
300 and 400 g/mol; 3.62, 2.41, 1.81 equiv. with respect to total OH groups in
lignin, considering 40 g of lignin), EC 38.96 g (0.44 mol, 2 equiv. with respect to
total OH groups in lignin, considering 40 g of lignin), 6.114 g K2CO3 (0.044 mol,
0.1 equiv. to EC).

The obtained homogeneous liquid polyols were used without further purification

for the foam preparation, therefore no waste is generated.

Esimple =0

Kihnel, |.; Saake, B.; Lehnen, R. “A New Environmentally Friendly Approach to
Lignin-Based Cyclic Carbonates”. Macromol. Chem. Phys. 2018, 219 (7),
1700613.

Oxyalkylation of organosolv lignin with glycerol carbonate

1 g organosolv lignin (5.17 mmol OH per g lignin), 6.10 g glycerol carbonate
(51.7 mmol, 10 equiv. in respect of the total of OH in lignin), 79 mg DBU
(0.517 mmol, 0.1 equiv. in respect of the total of OH in lignin).

Desired product 1: 1.38 g (theoretical yield)

mol
ms; =1.00g (1 + 74.048 %(5.17 x 1073 7)) =138g

, Y. starting materials step 1—desired product 1 7.18—1.38
E; oxyalkylation = = = 4.19
simple OXY ALKy desired product 1 1.38
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Transesterification of organosolv lignin with dimethyl carbonate

0.2 g oxyalkylated lignin (5.05 mmol AIOH per g lignin), 0.455 g dimethyl
carbonate (5.05 mmol, 5 equiv. in respect of the total of OH in lignin), 0.55 g
DMSO (0.5 mL), 0.056 g K2COs (0.404 mmol, 0.4 equiv. in respect of the total of
OH in lignin).

Desired product 2: 0.209 g (98% theoretical yield)

my = 0.200 g (1 +25.984 g mol™' x 2.525 x 107> molg™') = 0.213 g

Y. starting materials step 2—desired product 2 _ 1.26-0.209 __

Esimple transesterification = desired product 2 5305 5.04
E-factor of whole sequence
Reaction 1: A (lignin) + Reagents—> B (oxyalkylated lignin(OL))
Reaction 2: B (oxyalkylated lignin) + Reagents-> C (final product)
. K
Reaction 1: Ecomplex: 4.19 i;’gite
. . . kg waste T . . kg OL _
Reaction 2: Ecomplex: 5.04 g Final product Multiplier Reaction 1: g Fimal product —
22 —0.958
0.2087

. kg waste .
Esequence. 5.04 kg final product (Reactlon 2)

+4.19 kiggfe x 0.958 —£9% __ (Reaction 1)

) kg final prouct

kg waste

=9.055 kg final product
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Publications are arranged in ascending chronological order. First authorship

applies to all entries.

1.Cellulose Functionalization with Methyl Ferulate in a Switchable Solvent
System, Celeste Libretti and Michael A. R. Meier. Macromolecules,
2023, 56, 18, 7532—-7542.
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Meier. Green Chemistry, 2024, 26, 4358 — 4386.

3.0Optimized Synthesis of a High Oleic Sunflower Oil Derived Polyamine and
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Cédric Le Coz, Etienne Grau, Henri Cramail and Michael A. R.
Meier. Green Chemistry, 2025, 27, 1440-1450.

4 .Biobased Epoxy Resins from Itaconic Anhydride—Functionalized Lignin:
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Johansson and Michael A. R. Meier. RSC Sustainability, accepted.
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9 Conference Contributions

APME (Advanced Polymers via Macromolecular Engineering) 2023, Paris,
France | 23rd-27th April 2023. Poster Contribution - Cellulose functionalization

with methyl ferulate in a switchable solvent system.

EWLP 2024, Turku, Finland | 26th - 30th August 2024. Poster Contribution -

Fully bio-based lignin containing non-isocyanate polyurethanes.

Makro 2024 Polymers for a Sustainable Future - Biennial Meeting of the
Macromolecular Division of the GDCh, Dresden, Germany | 16th-18th
September 2024. Poster Contribution - Fully bio-based lignin containing non-

isocyanate polyurethanes.

WWSC International Conference, Stockholm, Sweden | 15th-18th June 2025.
Oral contribution - Optimized synthesis of a high oleic sunflower oil derived

polyamine and its lignin-based NIPUs.
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Celeste
Libretti

Industrial and Polymer Chemist

Information
Date of birth ~ 31/08/1997

City Karlsruhe
Nationality Italian
Profile Professional Experience

Polymer chemist with a strong background in
natural polymers and biomaterials.
Experienced in analysing complex technical
information and critically comparing material
performance across different systems.
Skilled in interpreting scientific literature and
communicating technical findings in a clear,
structured and evidence-based manner.

Key skills

« Polymer processing & material
applications (fibers, biopolymers, pulp &
paper applications,)

o Sustainability assessments and green
metrics

« Supervision of thesis
students/Azubis/Practical courses

e Cross-functional collaboration (R&D,
packaging, suppliers)

o Data analysis (experience with GC, FTIR,
DSC, TGA, GPC/SEC, NMR, DMA, Rheology,
Tensile strength) & practical problem-
solving

« Communication, presentations &
knowledge transfer

AT O

BSACM O

Karlsruhe Institute of Technology (KIT), Karlsruhe, DE
Group of Prof. Dr. Michael A.R. Meier

PhD in Polymer Chemistry | 03/2023 - 05/2026

Chemical modification of lignin to enhance its compatibility in
advanced resin systems (such as NIPUs, epoxy resins, thiol-
ene thermosets).

KTH Royal Intitute of Technology, Stockholm, SE
" Group of Prof. Mats Johansson

Visiting PhD Researcher | 06/2025 - 09/2025

Completed a project involving different modified lignin

structures for fully biobased epoxy resins and compared
structure-property relationships.

Research Fellowship | 08/2022 - 02/2023

Investigated non-toxic cellulose derivatives with antioxidant
properties for skincare applications.

Sacmi Imola S.C., Imola, IT

Internship | 07/2021- 02/2022

Developed and scaled up a cellulose fiber hydrophobization
system as a sustainable alternative to HDPE caps for Tetra
Pak cartons, moving from lab-scale synthesis to industrial
prototype. Gained expertise in process additives and non-
toxic paper formulation (retention aids, strength agents,
sizing agents).

Achievements and Awards

Presented three posters and one oral
contribution at international conferences
around Europe. First author of four
publications.

Awarded scolarships: “Toso Montanari”
Fellowship for Research and Advanced
Studies Abroad (2022); KHYS (Karlsruhe
House of Young Scientists) Research Travel
grant(2025)
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Introduction to Python for Data Science, 2023
Effective Visual Communication, The Seyens
Method™ 2023
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M.Sc. Industrial Chemistry, 2019 - 2022
e Summa cum laude

Alma Mater Studiorum - University of Bologna

B.Sc. Environmental and material chemistry
and Technology, 2016 - 2019
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11 Abbreviation List

AAF
AE
BADGE / BPADGE
BOD
BPA
CA
CAHC
cEF
ClAn
CMR
CNSL
coD
DAC
DBU
DDT
DESs
DMA
DMAc
DMAP
DMC
DMPA
DMSO
DSC
b
EBC
ECH
EPA
ESBO
EtOH
GC
GHGs
GTE
GWP

Aldehyde-Assisted Fractionation
Atom Economy

Bisphenol-A diglycidyl ether
Biochemical Oxygen Demand
Bisphenol A

Citric Acid

Cysteamine hydrochloride salt
Complex E-factor

Citraconic anhydride

Carcinogenic, Mutagenic, Reprotoxic
Cashew Nutshell Liquid

Chemical Oxygen Demand

Diallyl carbonate
1,8-diazabicyclo(5.4.0)undec-7-ene
1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane
Deep Eutectic Solvents

Dynamic Mechanical Analysis
Dimethylacetamide
4-(Dimethylamino)pyridine
Dimethyl carbonate
2,2-Dimethoxy-2-phenylacetophenone
Dimethyl sulfoxide

Differential Scanning Calorimetry
Dispersity Index

Erythritol-bis cyclic carbonate
Epichlorohydrin

Environmental Protection Agency
Epoxidized Soybean Oil

Ethanol

Glycerol carbonate

Greenhouse Gases
Glycerol-to-epichlorohydrin

Global Warming Potential
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HAL
HOSO
HSQC
I1An
ILs
IPCC-AR6
iPrOH
LC
LCA
LD
LED
LI

LS
MCR
MeOH
M,

M.
MXDA
NaOH
NIPU
NMR
oL
PA

PF
PHU
PMI
PTEMP
PU /PUs
r.t.
SAn
sEF
SDGs
SEC
SFDR
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Hydroxyalkylated Lignin

High Oleic Sunflower Qil
Heteronuclear Single Quantum Correlation
Itaconic anhydride

lonic Liquids

Intergovernmental Panel on Climate Change, Sixth Assessment Report
Isopropanol

Lignin Carbonate

Life Cycle Assessment

Lethal Dose

Light-Emitting Diode

Lignin Itaconate

Lignin Succinate

Multicomponent Reaction
Methanol

Number-average molecular weight
Weight-average molecular weight
m-Xylylenediamine

Sodium hydroxide
Non-isocyanate Polyurethanes
Nuclear Magnetic Resonance
Organosolv Lignin

Polyamine

Phenol-formaldehyde resin
Polyhydroxyurethane

Process Mass Intensity
Pentaerythritol tetrakis(3-mercaptopropionate)
Polyurethane(s)

Room temperature

Succinic anhydride

Simple E-factor

Sustainable Development Goals
Size Exclusion Chromatography

Sustainable Finance Disclosure Regulation



TBAB
TBD
TCDD

TGA
THF
TMG
uv
WCA

Tetrabutylammonium bromide
1,5,7-Triazabicyclo(4.4.0)dec-5-ene
2,3,7,8-Tetrachlorodibenzo-p-dioxin

Glass transition temperature
Thermogravimetric Analysis
Tetrahydrofuran
1,1,3,3-Tetramethylguanidine
Ultraviolet

Water Contact Angle
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