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Abstract

In recent years, the contamination of drinking water sources by pharmaceuticals, dyes,
proteins, hormones, and heavy metals, among others, together with the ongoing
climate change and a further increase of human population, led to water shortages on
our planet. Nowadays, approximately 2.1 million people have only limited access to
fresh drinking water. Thus, the current thesis focuses on the synthesis of functional
(bio-based) materials for water decontamination via grafting-onto approaches. Herein,
to support the transformation of the chemical sector towards a more sustainable future
the Twelve principles of Green Chemistry acted as a guiding framework.

In a first project, a rapid and homogenous microwave assisted synthesis of high
molecular weight (59 kDa < Mh < 116 kDa) short chain (mixed) cellulose esters (CEs)
with variable acyl side chain length (2 < C < 8) by using a DMSO/TMG/CO:2 switchable
solvent system was introduced. After investigation of structure-property relationships
of the resulting materials, selected CEs were tested regarding their applicability in
water purification membranes. In a second project, biobased fatty acid cellulose esters
(FACEs) with different degrees of substitution (0.38 < DS < 0.62) were inversely
vulcanized to obtain high sulfur content composite materials (~95 wt% sulfur). Detailed
structural characterization of the crosslinked sections revealed an increased amount
of covalently incorporated sulfur (5.67 wt% < sulfur wt% < 56.2 wt%) with higher DS of
FACE. Further investigation of the structure-property relationships showed the
applicability of the synthesized composites in water treatment, i.e. mercury extraction,
and the dependence of the extraction efficiency on the structural constitution, i.e. DS,
of the FACE used (70 % < Hg?* removal < 95 %). In the third project an efficient one-step
synthesis route towards catechol containing polymers from liquid polybutadiene via a
simple post polymerization modification approach applying acid catalyzed Friedel-
Crafts alkylation (FCA) was developed. After model compound synthesis and structural
characterization of all synthesized compounds, metal ion removal tests revealed
excellent extraction efficiencies (86 % < M"removal < 100%) when using the catechol
containing polymer as heavy metal sorbent and thus emphasized the potential
application in water treatment. In a final project, a fully renewable catechol containing
high oleic sunflower oil-based polyol was synthesized via an acid catalyzed FCA. A

thermally induced catalyst and solvent-free crosslinking process using the polyol and
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a divinyl ether was applied to access fully bio-based covalent adaptable networks

which potentially find applications in water treatment in the future.
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Zusammenfassung

Zusammenfassung

In den letzten Jahren haben die Verunreinigung von Trinkwasserquellen durch
Arzneimittel, Farbstoffe, Proteine, Hormone und Schwermetalle sowie der
fortschreitende Klimawandel und eine weitere Zunahme der menschlichen
Bevolkerung zu Wasserknappheit auf unserer Erde gefuhrt. Heutzutage haben etwa
2,1 Millionen Menschen nur begrenzten Zugang zu frischem Trinkwasser. Die
vorliegende Arbeit befasst sich daher mit der Synthese von funktionellen (biobasierten)
Materialien zur Wasserdekontamination durch die Funktionalisierung durch
Polymeren. Um den Wandel des Chemiesektors hin zu einer nachhaltigeren Zukunft
zu unterstutzen, dienten die zwdlf Grundsatze der Grunen Chemie als
Orientierungsrahmen. In  einem ersten Projekt wurde eine schnelle
mikrowellenunterstutzte Synthese von kurzkettigen (gemischten) Celluloseestern (CE)
mit hohem Molekulargewicht (59 kDa < Mn < 116 kDa) und variabler
Acylseitenkettenlange (2 < C < 8) unter Verwendung eines schaltbaren
DMSO/TMG/CO2 Loésungsmittelsystems in homogener Losung entwickelt. Nach
eingehender Untersuchung von Struktur-Eigenschafts-Beziehungen der
resultierenden Materialien wurden ausgewahlte CEs auf ihre Anwendbarkeit in
Wasseraufbereitungsmembranen getestet. In einem zweiten Projekt wurden
biobasierte Fettsaurecelluloseester (FCE) mit unterschiedlichen Substitutionsgraden
(0.38 = DS = 0.62) invers vulkanisiert, um Verbundwerkstoffe mit hohem
Schwefelgehalt (~95 Gew.-% Schwefel) zu erhalten. Eine eingehende strukturelle
Charakterisierung der vernetzten Abschnitte ergab eine erhohte Menge an kovalent
eingebautem Schwefel (5,67 Gew.-% < Schwefelgew.-% < 56,2 Gew.-%) bei hdheren
Substitutionsgraden der FCE. Weitere Untersuchungen der Struktur-Eigenschafts-
Beziehungen zeigten die Anwendbarkeit der synthetisierten Verbundwerkstoffe bei der
Wasseraufbereitung, d.h. der Quecksilberextraktion, und die Abhangigkeit der
Extraktionseffizienz von der strukturellen Zusammensetzung, d.h. dem DS, des
verwendeten FCE (70 % < Hg?*-Entfernung < 95 %). Im dritten Projekt wurde ein
effizienter einstufiger Syntheseweg fur Brenzcatechin-haltige Polymere aus flissigem
Polybutadien uber einen einfachen Ansatz der nachtraglichen Polymermodifizierung
unter Verwendung einer saurekatalysierten Friedel-Crafts-Alkylierung (FCA)
entwickelt. Nach der Synthese von Modellverbindungen und der eingehenden

strukturellen Charakterisierung aller synthetisierten Verbindungen ergaben Tests zur
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Zusammenfassung

Entfernung von  Metallionen aus  wassriger LOosung  hervorragende
Extraktionseffizienzen (86 % < M"* Entfernung < 100 %), wenn das Brenzcatechin-
haltigen Polymer als Schwermetallsorptionsmittel verwendet wurde, und unterstrich
damit deren potenzielle Anwendung in der Wasseraufbereitung. In einem
abschliellenden Projekt wurde ein vollstandig erneuerbares, Brenzcatechin-haltiges
Polyol auf Basis von Sonnenblumenél mit einem hohen Olséureanteil mittels
saurekatalysierter FCA synthetisiert. Ein thermisch induzierter katalysator- und
I0sungsmittelfreier Vernetzungsprozess zwischen dem Polyol und einem Divinylether
wurde angewandt, um vollstandig biobasierte kovalent vernetzte, anpassungsfahige
Netzwerke zu erhalten, die zukunftig mdglicherweise in der Wasseraufbereitung

Anwendung finden kénnen.

A\



Table of Contents

Declaration of AUThOISRIP........cooo i Vi
D= 1] T=To U o T RO PP PP PPPPPPPPPPPPPP IX
ADSIIACT ... e Xl
ZUSAMMENTASSUNG ... e e e e e e e e et e e e e e e e e ee e e e e e e eeeeeeeannnnnanns XIII
T INrOAUCHION ... 1
2  Theoretical BaCKroUNd ............ooooiiiiiiiiiii e 3
21 Green Chemistry ... 3
211 Sustainable Chemistry - MetriCs............uuuuiiiiiiiiiiiiiiieeee 5
21.2 Renewable RESOUICES ...........iiii i 9

A O |11 o ] P 13
221 Raw Material Cellulose - Origin and Isolation................ccccccn. 15
2.2.2  Solubilization and Regeneration of Cellulose............cccccceeeiiriiiinnnnnnn... 19
2.2.3  Cellulose DerivatiVes...........couueiiiiiiiiiiiiiiiiiiiiieeeeee e 26

2.3 Inverse VUICANIZatioN ..........ooooiuiiiiiii e 35

2.3.1 Inverse Vulcanization of Renewable Resources and Their Application 38

2.4  Catechol Containing Polymers ... 47
2.4.1 Fundamental Synthetic Approaches...........cccoooviiiiiiiiiieeeeeeee 48
B [ o 59
4 ResUlts and DiSCUSSION ... .ccciiiiiieiiiitiieee e e e e e e e e e e e e eas 61
4.1 Structure-Property Relationships of Short Chain (Mixed) Cellulose Esters

Synthesized in a DMSO/TMG/CO2 Switchable Solvent System .................... 63
4.2 High Sulfur Content Composite Materials from Renewable Fatty Acid Cellulose
Esters (FACE) via Inverse Vulcanization..............ccccee i 77

4.3 Efficient One-Step Synthesis of Catechol Containing Polymers via Friedel-
Crafts Alkylation and Their Use for Water Decontamination........................... 89

4.4 Fully Renewable High Oleic Sunflower Oil (HOSO)-based Acetal Covalent
Adaptable Networks (CANS) ....cooiiiiiiiee et e e 101
5 Conclusion and OUHIOOK ........ccoooiiiii e 111
6 Experimental SECHON .......coovveiii e 113
6.1 1Y T = £ 113
6.2 INStrumentation........ ... 113
6.3  Short Chain (Mixed) Cellulose Esters — Chapter 4.1.........cccooeiiiiiiiiiinnnnnnn. 119
6.3.1 Synthesis of Short Chain Cellulose Esters.........cccoooviiiiiiiiiiiinenenee. 119
6.3.2  Synthesis of Short Chain Mixed Cellulose Esters ..............cccoeenenn. 131
6.3.3  Supporting FIQUIES.......ccoeeeeee e 138



6.4 High Sulfur Content Composite Materials from Renewable Fatty Acid Cellulose

Esters — Chapter 4.2........oo e 141
6.4.1 Synthesis of Fatty Acid Cellulose Esters (FACES)............ccuuviiiieennnes 141
6.4.2  Synthesis of High Sulfur Content Composite Materials (FACE-XS, X =

P72 o e 147

6.4.3  Mercury Sorption StUdies.........ccovviiiiiiiiiiiiiiii 147

6.4.4  SUPPOrting FIQUIES........coviiiiiiiiiiiiiiiiieeee et 148
6.5 Efficient One-Step Synthesis of Catechol Containing Polymers via Friedel-

Crafts Alkylation — Chapter 4.3........oooo e 151
6.5.1 Synthesis of Catechol Bearing Model Compounds..........cccccene... 151
6.5.2  Synthesis of Catechol Containing Polymer ............cccccooeiiiiiiriiiinnnnne. 155
6.5.3 Metal Sorption StUIES .......coiiieieeeee e 157
6.5.4  Supporting Tables and Figures............o.uuiiiiiieiiieiieicccee e 158

6.6 Fully Renewable High Oleic Sunflower Oil (HOSO)-based Acetal Covalent

Adaptable Networks (CANs) — Chapter 4.4..............uuuuvmiiiiieiiiiiiiiieiiiieiiiiinns 169
6.6.1 Synthesis of a Fully Renewable Polyol ..., 169
6.6.2  Synthesis of Fully Renewable Acetal Covalent Adaptable Networks

(072N ) V- RSP 171

6.6.3  General Procedure for Swelling and Gel Content Tests..................... 172
6.6.4  SUPPOrting FIQUIES........comiiiiiiiiiiiiiieiieeee et 173

A Y o] 1= o [ USSP 177
7.1 List of Abbreviations ... 177
7.2 Scientific ContribUtioNS............oooiiiiii 180

8 REIEIENCES.... 181

XVI



Introduction

1 Introduction

An important turning point for economic sustainability was in 1987, when the World

Commission on Environment and Development defined sustainable development as:

“‘Development that meets the needs of the present without compromising the ability of

future generations to meet their own needs.”

In accordance with this definition, the 17 Sustainable Development Goals (SDGs) were
adopted in 2015 by the General Assembly of the United Nations as part of the 2030
agenda (Table 1)."2 The SDGs can be considered as economic, environmental, or
social system goals representing guidelines for a more sustainable global
development.’® The overall aim of the SDGs is to combine the protection of the planet
(environmental sustainability) with the end of poverty (economic sustainability) and

prosperity for all (social sustainability).3

Table 1. 17 Global Goals of Sustainable Development (SDGs).3

Title of SDG Title of SDG

1 No Poverty 10 Reduce inequalities

2 Zero Hunger 11 Sustainable cities and communities

3 Good health and well-being |12 ~ Responsible consumption and
production

4 Quality education 13 Climate action

5 Gender equality 14 Life below water

6 Clean water and sanitation 15 Life on land

7 Affordable and clean energy 16 Peace, .Justllce.and strong
institutions

8 Decent work and economic growth | 17 Partnerships for the goals

9 Industry, innovation and

infrastructure

The chemical industry, and the polymer sector in particular, does not fulfill several of
these SDGs, as they are mainly dependent on depleting fossil resources, affect the
climate change, potentially contaminate the environment, and generate high amounts
of waste, among others. Thus, to ensure the same quality of life for future generations

the chemical sector must undergo a fundamental transformation in terms of economic,
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environmental and social sustainability. Key aspects for a sustainable development of
the chemical sector, according to Goal 12: “Ensure sustainable consumption and
production patterns.”, are the implementation of renewable resources as raw materials
and the optimization of existent processes. The incorporation of renewable feedstocks
is essential to replace (bulk) chemicals based on depleting fossil resources, to develop
inherently safer reactions, and to reduce the negative impact on humans and the
environment. Increasing the effectiveness of established approaches reduces the
amount of generated waste and minimizes the need for resources, i.e. energy and
chemicals. Nowadays, various concepts such as Green Chemistry,* Circular
Economy,’ or Green Engineering® have been developed to drive this transition forward.

Another main target of the 17 SDGs is the accessibility of drinking water, which is
summarized in Goal 6: “Ensure availability and sustainable management of water and
sanitation for all.” A person persuing normal activities needs at least 5L of fresh drinking
water per day to survive.” However, approximately 2.1 billion people on our planet have
only limited access to water with a safe drinking quality.” Contaminated drinking water
causes health risks and can be a platform for waterborne diseases.® The reason for
the contamination of drinking water in developed countries are mainly problems in
chemical disposal processes, whereas in underdeveloped countries agricultural
sources are often responsible.® Particularly the contamination of freshwater systems
with heavy metals, i.e. mercury, lead, cadmium, and chromium, among others, is a
major issue due to their adverse effects on human health, aquatic habitats, and
agriculture.® Heavy metal water pollution is often induced by industrial processes such
as coal/mineral mining, textile production, and electronic waste processing, among

others.®

In line with Goal 6: “Ensure availability and sustainable management of water and
sanitation for all.” and Goal 12: “Ensure sustainable consumption and production
patterns.”, the current thesis focuses on the synthesis of functional (bio-based)
materials for water decontamination to drive the transformation of the chemical sector

towards a more sustainable future and overcome global water shortages.
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2 Theoretical Backround

2.1 Green Chemistry

The start of a worldwide environmental movement is often ascribed to the books Silent
Spring by Rachel Carson (1962), in which she also outlined the devasting effects of
certain chemicals on the environment and its ecosystem.'® Within the following years
the importance of this issue was recognized, and the National Environmental Policy
Act was established to create and maintain conditions for the coexistence of humans
in productive harmony." Subsequently, in 1970, the U.S. Environmental Protection
Agency (EPA) was founded as a federal regulatory agency, which is responsible for
the protection of human health and environment.'? The first groundbreaking decision
based on this agency was the ban of man-made chemicals such as
dichlorodiphenyltrichloroethane (DDT) and other pesticides, as these show harmful
side-effects and pollute the environment during their manufacturing processes.'® With
the regulation and prohibition of hazardous chemicals the protection of human health
and the environment would increase, but simultaneously would raise drastic
challenges for the chemical industry. Thus, within the 1980s the concept of reducing
environmental pollution was focused more and more on waste prevention at source
and not on end-of-pipe solutions.' Herein, the US Pollution and Prevention Act,
established in 1990, was a key event, which strengthened the focus of government,
industry and public society to decrease the amount of pollution by applying cost-
effective changes in operating systems and raw materials use.'#% Additionally, it was
elaborated that the minimization of waste at source would increase the effectiveness
of the processes and decrease the costs for subsequent waste treatment,
strengthening the economic competitiveness.' Accordingly, the EPA underwent a

fundamental change in strategy to secure human health and environment.'

The term Green Chemistry, which is defined as the “design of chemical products and
processes to reduce or eliminate the use and generation of hazardous substances”,
was subsequently introduced in the early 1990s.'%'” However, the first formal
recognition Green Chemistry was received through the pioneering work of Anastas
and Warner, who presented the Twelve Principles of Green Chemistry in 1998 (Table

2).* These principles act as guidelines for chemists and chemical products taking all
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aspects, i.e. raw materials, reagents, efficiency, safety, toxicity, biodegradability, and

waste generation, of the process life-cycle into account.*'8

Table 2. The Twelve Principles of Green Chemistry.*

The Twelve Principles of Green Chemistry

1 Prevention: It is better to prevent waste than to treat or clean up waste after it
is formed.

2 Atom Economy: Synthetic methods should be designed to maximize the
incorporation of all materials used in the process into the final product.

3 Less Hazardous Chemical Syntheses: Wherever practical, synthetic
methodologies should be designed to use and generate substances that
possess little or no toxicity to human health and environment.

4 Designing Safer Chemicals: Chemical products should be designed to
preserve efficacy of function while reducing toxicity.

5 Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g.
solvents, separation agents, etc.) should be made unnecessary whenever
possible and, when used, innocuous.

6 Design for Energy Efficiency: Energy requirements should be recognized for
their environmental and economic impacts and should be minimized. Synthetic
methods should be conducted at ambient temperature and pressure.

7 Use of Renewable Feedstocks: A raw material or feedstock should be
renewable rather than depleting, wherever technically and economically
practicable.

8 Reduce Derivatives: Unnecessary derivatization should be minimized or
avoided, if possible, because such steps require additional reagents and can
generate waste.

9 Catalysis: Catalytic reagents are superior to stochiometric reagents.

10 Design for Degradation: Chemical products should be designed so that at the
end of their function they break down into innocuous degradation products and
do not persist in the environment.

11 Real-Time Analysis: Analytical methodologies need to be further developed
to allow for real-time, in-process monitoring and control prior to the formation
of hazardous substances.

12 Inherently Safer Chemistry: Substances and the form of a substance used in
a chemical process should be chosen to minimize the potential for chemical
accidents, including releases, explosions, and fires.
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Following these guidelines enables chemists to practice chemistry in the most
responsible and sustainable fashion possible. In recent years, the twelve principles
have been expressed using the mnemonic PRODUCTIVELY, which improves their
memorability and comprehensibility.’® Furthermore, in 2009 , Anastas and Eghbali
summarized the three main points of the Green Chemistry framework.'® Herein it was
concluded that Green Chemistry 1) designs across all stages of the chemical life-cycle,
2) seeks to design the inherent nature of the chemical products and processes to
reduce their intrinsic hazards, and 3) works as a cohesive system of principles or

design criteria.'®

2.1.1 Sustainable Chemistry - Metrics

An objective sustainability assessment of chemical processes remains very complex,
as many different factors must be considered. Hence, in order to enable a preliminary
evaluation and quantification of the sustainability aspects of chemical reactions certain
metrics have been introduced. Acommon example was defined by Trost in 1991, is the
so-called atom economy (AE).?° It describes “the ability of a chemical process to
incorporate as many as possible atoms” of the starting materials into the final
products.?"22 To clarify, AE represents the molecular weight ratio between the starting
materials and the desired product and thus indicates the amount of the total molecular
weight of the starting materials, which is incorporated into the targeted product.?'22

The calculation of the AE can be performed according to Eqn. 1.:

AE = Mproduct (1 )

ZnMn,starting materials

In an ideal reaction, an AE of 1 is achieved when every atom of the starting materials
is incorporated into the final product, whereas an AE of 0 is gained when the starting
materials are not implemented at all. The inverse number of the AE can be described
as the minimum amount of waste produced in a chemical reaction, making it valuable
as preliminary tool for an initial waste assessment of newly planned chemical
reactions.?32* However, the calculation of the AE takes only the reaction equation into
account, requires quantitative yields, stochiometric amounts of the reagents and does

not include other chemicals, i.e. solvents or auxiliary chemicals, leading to the fact that
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AE can be categorized as a purely theoretical value and the actual amount of
generated waste will be higher.

The most frequently reported metric to evaluate sustainability in chemical processes
was introduced by Sheldon in 1992 and is known as the environmental factor
(E factor).?325 In comparison to the AE, this metric takes the waste from auxiliary
chemicals, i.e. predominantly solvents used during the reaction or in purification steps,
as well as the yield of the reaction into consideration, thus describing more accurate
values in waste assessment.?® The E factor is defined as the mass ratio of waste to
the desired product generated during a chemical process expressed in kg/kg and
represents therefore its environmental footprint.2* The E factor can be calculated

according to Eqn. 2.:

E factor = Mwaste  _ XMstarting materials—Mproduct (2)

Mproduct Mproduct

Accordingly, a higher E factor indicates more waste generation and thus an increased
negative environmental impact. An ideal chemical reaction achieves an E factor of 0,

which means that no waste is produced during the process.

Generally, the major source of waste in most of the chemical reactions are solvent
losses.?8 Thus, the recyclability of solvents plays a key role in the calculation of reliable
E factors. However, often such parameters, i.e. solvent recovery, are not investigated
or stated in the literature. Hence, to ensure the determination of an E factor also in
such cases, it is then assumed that 90% of all employed solvents can be recycled.?®
Additionally, it is also worth to mention that water is often excluded from the calculation
of E factors, as the incorporation would yield exceptionally high values, which are
difficult to compare.?” In order to solve the problems arising from not available
experimental research data, the simple E factor (sEF) and complete E factor (cEF)
were established.?® Herein, the sEF does not include solvents and water and acts
therefore as valuable tool in the preliminary waste assessment of early stage
processes.?’ The cEF takes components such as solvents and water into account, but
does not assume their recyclability.?” Thus, it represents the maximum amount of
waste that can be generated in a chemical process. sEF and cEF can be calculated

according to Eqgn. 3. and 4., respectively:

6
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XMyaw materialstXMreagents—Mproduct
SEF = (3)
Mproduct
cEF = YXMraw materialst 2MreagentstXMsolventstMwater—Mproduct (4)
Mproduct

The so-called true E factor of a specific process can be found between the sEF and
the cEF.?" Interestingly, nowadays it is well known that the E factors of chemical
processes correlate with the manufacturing costs of the corresponding products.
Herein, it was shown that a decrease of the E factor also led to reduced manufacturing
costs, which resulted from a lower raw material input and output, reduced costs for
waste treatment, less energy consumption, and a more efficient utilization of
capacities.?® Hence, E factors not only play an important role in reducing waste to
protect human health and prevent environmental pollution, but they also appear to be
beneficial to the industry from an economic point of view. The E factor in industrial
processes differs a lot depending on the desired product. Table 3 depicts various
sectors of the chemical industry and their respective E factors.2® Herein, especially fine
chemicals and pharmaceuticals can be categorized as critical revealing E factors up to
50 and 100 (or higher), respectively. The high values can be explained by the complex
chemical structure of the targeted molecules within these classes, which are often only
achievable via synthetic multi-step strategies using stoichiometric amounts of

reagents.

Table 3. E factors of various sectors of the chemical industry.?3

E-factor
Industry segment Product tonnage
(kg waste/kg product)
Oil refining 108 - 108 <0.1
Bulk chemicals 104 - 106 <1-5
Fine chemicals 102 - 10* 5-50
Pharmaceuticals 10 - 103 25-100
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Hence, to reduce the amount of generated waste and increase the process efficiency,
especially in these sectors, i.e. fine chemicals and pharmaceuticals, it is necessary to

develop more economical multi-step syntheses.?°

In recent years additional metrics have been proposed to quantify the efficiency of
chemical reactions in a more precise manner. However, most of these metrics have
not attained the broad acceptance of the E factor as they do not provide significant
benefits in the early-stage development of chemical processes. A common example is
the actual atom economy (AAE), which corrects the theoretical AE described at the
beginning of the current chapter by the reaction yield (AAE = AE x yield).3° Another
mass-based metric, which was developed by Glaxo Smith Kline (GSK) and appears
nowadays in the literature is the reaction mass efficiency (RME).3' The RME can be
categorized as a supplemental correction of the AAE as it additionally includes the
experimental stoichiometry of the reaction. Accordingly, the RME can be calculated

according to Equation 5.:

RME = Mproduct x yield (5)

YnMn starting materials X molar ratio

Indeed, AAE and RME provide more accurate values than AE, but the determination
of both metrics suffers from the need for experimental data. An additional mass-based
metric introduced by the GSK group, which should be mentioned in the current chapter,
is the mass intensity (M/). The Ml is described as the total mass used in a process
divided by the mass of the targeted product and can accordingly also be expressed as:
E factor + 1.32 The process mass intensity (PM/) represents the M/ supplemented by

the consideration of solvents and water and can thus also be described as: cEF + 1.32

An additional methodology, which was specifically designed to assess the
environmental impact of products is Life Cycle Assessment (LCA).333435 Herein, the
absolute impact of a product on the environment is evaluated starting from raw material
separation to production, distribution, application, and disposal as a waste product.3®
The evaluation of the whole life cycle of a specific product is also known as cradle-to-
grave analysis and was originally established by the Coca Cola® company in 1969
together with the Midwest Research Institute.3%3¢ Unfortunately, LCA often remains

very time consuming due to the very difficult to obtain data, which are required.3” Thus,
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LCA is usually only applied to compare the environmental impact of already
commercialized products and less frequently employed in fundamental research.3”
Accordingly, mass-based metrics such as AE and E factor remain herein the most
important metrics to evaluate the efficiency and sustainability of processes and

products.

2.1.2 Renewable Resources

The world plastic production in 2023 was estimated to be more than 400 million tons.
An incredible high amount of more than 90% of the generated polymeric materials were
herein synthesized from fossil-based resources. Nowadays, it is well known that the
era of chemical sectors focusing exclusively on depleting resources, such as mineral
oil, gas, and coal, will end within the current century.®® Thus, to ensure a sustainable
existence of the chemical industry alternative non-depleting resources, which enable
the access to bulk chemicals and polymers must be implemented.

Herein, biomass with an annual production of approximately 170 billion tons appear as
a prominent candidate.?® Today, less than 10% of the total biomass is consumed,
predominantly as feed, food, or for energy generation.®® The main constituents of the
biomass on earth are carbohydrates (~75 wt%) and lignin (~20 wt%), supplemented

by various oils, fats, terpenes and other natural products (~5 wt%, Scheme 1).%°

Carbohydrates, i.e. cellulose, hemicelluloses, starch, pectin, inulin and saccharose,
among others, can be classified by mass as the most important renewable carbon
source for the chemical industry.*® Annually, 128 billion tons of carbohydrates are
generated, from which roughly 5% are industrially used in fermentative or enzymatic
processes to access various platform chemicals that can potentially replace their fossil-
based counterparts.®® Common carbohydrate-based candidates are herein
5-hydroxymethfurfural,  furfural, levulinic  acid, 3-hydroxypropionic  acid,
furandicarboxylic acid (FDCA), succinic acid, and fumaric acid.*"#243 Among these,
particularly FDCA gained a significant importance in recent years, as it can directly be
polymerized into poly(ethylene furanoate) (PEF), which is recognized as fully bio-
based alternative to poly(ethylene terephthalate) (PET).** Interestingly, due to the
suppressed ring-flipping in PEF, the respective bio-based alternative possesses even
better materials properties, i.e. higher glass transition temperature and less oxygen
permeability, than the fossil-derived PET.*® Thus, PEF is a prominent example that the

implementation of renewable resources into the chemical industry can efficiently yield
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valuable platform chemicals, which can subsequently be converted into high-

performance materials.

Carbohydrates
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Scheme 1. Schematic overview of renewable resources derived from biomass.

However, even though carbohydrates represent by mass the most important
renewable carbon feedstock on earth, plant oils remain the most relevant substance
class for the chemical industry.*® From an estimated global production of 208 million
tons per year approximately 25% are used in non-food applications such as
surfactants, cosmetics, pesticides, bio-lubricants, and to a small extent as raw material
in polymer synthesis.*” Plant oils are generally composed of a triglyceride structure
containing long saturated or unsaturated alkyl side chains (mainly C12 to C1g).4® The

length, composition, and degree of unsaturation influence the physical and chemical
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properties and depend predominantly on the plant source, but also on other
parameters such as growing conditions, season, and crop (Scheme 2).46

Fatty acids
o 5 o)
HOJ\/\/\/\/\/\/\/\ HOWN/\
Palmitic acid (C4g) Linoleic acid (Cg)
(o § (o
HOJ\/\/\/\/\/\/\/\/\ HO — =
Stearic acid (C4g) Linolenic acid (C4g)
o] § o] OH
HOJ\/\/\/\/:\/\/\/\/ HOJ\/\/\/\/:\/'\/\/\/
Oleic acid (C4g) : Ricinoleic acid (C4g)

Scheme 2. Chemical structure of selected naturally occurring fatty acids.

Saturated fatty acids find application in surfactants and lubricants, among others,
whereas derivatives with a higher degree of unsaturation are frequently used for the
synthesis of crosslinked polymeric materials. For example, linseed oil is a key
component in the preparation of linoleum, which is a crosslinked material employed for
floor covering.*® In fundamental research, the most frequently applied synthetic
strategy to access crosslinked materials from vegetable oils is their use as polyols.*®
However, since most of the naturally occurring plant oils (except for castor oil) do not
bear hydroxyl groups in their native chemical structure an initial functionalization is
therefore required. The most common synthetic approach towards polyols from plant
oils is an epoxidation of the double bonds and a subsequent reaction with e.g.
methanol affording the formation of the targeted hydroxyl groups.5%-5'52 |n the current
literature, such plant-based polyols are often employed for the synthesis of crosslinked

polyurethanes.5354

Lignin and terpenes also represent two important renewable feedstocks for the
potential synthesis of bio-based materials. Accordingly, up to the present day countless
approaches converting these feedstocks into valuable materials exist in the
literature.55-%6:57 However, since the current thesis mainly focuses on the synthesis of
carbohydrate- and plant oil-based materials, lignin and terpenes are not described

further within the current chapter.
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2.2 Cellulose

The development of bio-sourced, environmentally friendly, and biocompatible
polymeric materials is nowadays a main task of human society to fight against resource
depletion, environmental pollution, and climate change. Herein, cellulose, as the most
abundant biopolymer on earth with an annual production of 1.5 x 10'? tons, displays a
key role.%®% The term “cellulose” appeared the first time in a work from the French
scientist Anselme Payean obtained in 1839.%860 Already two years earlier in 1837,
Payean reported on a fibrous solid residue after treating plant tissues with acids and
ammonia and subsequent extraction steps using water, alcohol, and ether, which can
be considered the first successful isolation of cellulose reported in literature. 586
Nevertheless, cellulose was already employed thousands of years ago in the form of
wood and cotton as a source of energy, for clothing, and as building material.6?
Particularly, the implementation as a building material arose from the high strength of
the material, which is based on the unique structural characteristics of cellulose.®? It
was the pioneering work of Hermann Staudinger in 1920, who elucidated the actual
structure of the biopolymer.5884 More precisely, by acetylation and deacetylation he
elaborated that cellulose does not consist of aggregated D-glucose units and thus
confirmed the existence of covalently linked macromolecules.®®% Nowadays, the
structure is frequently described and well known (Scheme 3).58:6566 Cellulose consists
of D-glucopyranose units covalently linked by acetal moieties via (3-glycosidic bonds
between the hydroxyl groups located at the C4 and C1 position. The repeating unit
includes two -1,4 linked glucose units, which are formed via a condensation reaction
under water elimination, giving the name anhydroglucose unit (AGU). To ensure the
favored binding angles of the acetal oxygen participating in the B-glycosidic linkage,

every second AGU is rotated 180° in plane.

non-reducing chain end cellobiose
l OH
OH
Ho% HO o) OH
HO (o) o
OH
/ 2 o

R-1,4 linkage reducing chain end

anhydroglucose unit (AGU)

Scheme 3. Chemical structure of cellulose.
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If two AGU units are linked accordingly, the disaccharide is defined as cellobiose. The
chain ends of cellulose consist on the one hand of an unmodified C4 hydroxyl group
(non-reducing end) and on the other hand of a C1 hydroxyl group in an equilibrium with
the respective aldehyde structure in a ring opened form (reducing end). The unique
chemical structure of the biopolymer equips cellulose with various characteristic
material properties such as insolubility, chirality, and degradability.5867.686% The
presence of three hydroxyl groups per AGU additionally ensures a chemical variability
and an extensive hydrogen bond network, which is predominantly responsible for the
partially crystalline fiber structures and morphologies in cellulose.”®”! The chain length
of the macromolecules in cellulose, which is described by the number of sequentially
connected AGUs and known as degree of polymerization (DP), depends on the source

and treatment of the raw material (Table 4).58.7273

Table 4. Overview of different types of cellulose and the corresponding degrees of
polymerization (DP) adapted from Klemm et al.

Type of cellulose Degree of polymerization (DP)
Cotton and other plant fiber cellulose 800 - 10 000
Bacterial cellulose 800 — 10 000
Wood pulp cellulose 300-1700
Regenerated cellulose fibers 250 — 500
Microcrystalline cellulose 150 — 300

A decrease in DP can be achieved by basic and acidic treatment or by cellulase
catalyzed hydrolysis of cellulose, which degrade the -1,4 glycosidic bonds between
the AGUs.”#7576 Either a complete decomposition towards D-glucose units or a partial
degradation, yielding microcrystalline cellulose (MCC), can be targeted. Specifically for
cellulose, it was observed that the unique properties of the biopolymer exist for DP
values above 20 to 30.”” The synthesis of cellulose can nowadays be achieved in vivo
from different biosyntheses and in vitro using synthetic approaches (Scheme 4).58.78.79
The dominant pathway to access cellulose is currently the extraction from plants.8° A
high content of pure cellulose can for example be found in the seed hairs of cotton.?'-82

On the contrary, cellulose from wood must be isolated by chemical pulping and
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separated from other renewable biopolymers such as lignin and other polysaccharides
like hemicellulose.®3 Other species that can produce cellulose in vivo are certain
bacteria, algae, and fungi.8*8%86 The respective cellulose types provided by these
organisms were usually employed as model substrates for further investigations and
have been investigated in detail during the past decades. Thus, it was discovered that
the biosynthesis of cellulose from cyanobacteria has been taking place for more than
3.5 billion years.?” Common in vitro synthesis pathways are cellulase catalyzed
reactions based on cellobiosyl fluoride and ring-opening polymerization of substituted

D-glucose pivalate derivatives.88:89.90

in-vivo biosynthesis in-vitro synthesis

CO, + ;0 ﬁ&w

plants / separatlon ceIIuIase

of cellulose
0 &
o | HO
bacteria, algae, n-1 ring-opening polymerization /
fungl deprotection
OH anhydroglucose unit (AGU) BnO OBn

( 0O
HO oA OH oﬁo

Scheme 4. General pathways to access cellulose adapted from Klemm et al.%8

2.2.1 Raw Material Cellulose - Origin and Isolation

The most abundant and important raw material source to access cellulose nowadays
is lignocellulosic biomass (LCB).°' LCB can be obtained from agricultural residues,
cultivated non-food plants, wood or biomass waste, making it cheap and readily
available.*? Globally, approximately 1.3 billion tons of this bio-renewable feedstock are
generated every year.?> The ongoing climate change, petroleum resource depletion,
and the general demand for a more sustainable world moved LCB in the spotlight as a
valuable candidate to deliver renewable platform chemicals and polymers, such as
cellulose, for the synthesis of more sustainable materials.®' LCB consists of three main

components, which are i) cellulose (30 — 60 wt%), ii) hemicelluloses (20 — 40 wt%),
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and iii) lignin (10 — 30 wt%).4° As depicted in Table 5, the exact composition of LCB is

strongly dependent on the raw material source:*°

Table 5. Average composition of lignocellulosic biomass from different raw material
sources adapted by Peters.4°

Source Cellulose (%) Hemicelluloses (%) Lignin (%)
Hardwood 43 — 47 25-35 16 — 24
Softwood 40 — 44 25-29 25 - 31

Monocotyledon stems 25-40 25-50 10 -30
Wheat straw 30 50 15
Corn cobs 45 35 15
Corn stalks 35 25 35
Bagasse 40 30 20

Low or nonlignified fiber
70 - 95 5-25 0-6
plants

Next to cellulose (see chapter 2), the second class of carbohydrates appearing in LCB
are hemicelluloses, which are heteropolysaccharides with an amorphous, highly
branched structure.®'4% Depending on the constitution of the polymer backbone, i.e.
the presence pentoses and hexoses, hemicelluloses can be divided into pentosans
and hexosans, respectively.*® Xylans, arabinogalactans, and glucomannans are the
most important examples.*® The composition of hemicelluloses relies on the LCB
origin.*? For example, hemicelluloses obtained from hardwood exhibit more pentoses,
whereas higher amounts hexoses can be observed in hemicelluloses extracted from
softwood.®'4% Due to their branched polymeric structure, these heteropolysaccharides
are the least resistant component of LCB and thus undergo hydrolysis and enzymatic
degradation already at low temperatures.*% The third component of LCB is a three-
dimensional phenolic polymer named lignin.®*4% |t does not possess a typical defined
structure or repeating unit.®® The chemical structure is formed by the oxidative coupling
of monolignols, in particular p-cumaryl alcohol, coniferyl alcohol, and sinapyl alcohol.®"
Lignin acts in LCB as a “cellular glue”, which means that this component is mainly
responsible for the strength and the remarkable resistance against hydrolysis and
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other degradation pathways.®#° All components together form a complex three-
dimensional fiber network increasing the difficulty to separate them.%

Nevertheless, the separation of cellulose from hemicellulose and lignin can be
achieved by applying different pulping approaches. Pulping can be conducted in a
mechanical, chemical or enzymatic manner and targets predominantly the removal of
lignin, while keeping the fiber structure of cellulose intact.83% Mechanical pulping is
the oldest method using mechanical energy to break the bonds of LCB to convert them
into pulp (yield: 90 — 98%).%° This process retains cellulose and lignin and produces
therefore soft and bright pulp with smaller mechanical strength.®® Mechanical forces in
these approaches can exemplarily be induced by rotating metal discs or pressing wood

against a grindstone. %%

Nowadays, chemical pulping provides more than 77% of the globally produced pulp
and plays the most important role in separating carbohydrates, such as cellulose, from
LCB.% The efficient removal of lignin and hemicellulose via chemical pulping enables
the production of fibers with high flexibility and strength, due to extensive
intermolecular interactions appearing between the isolated cellulose chains.®® The
general concept behind chemical pulping includes the treatment of wood chips with
chemicals in (aqueous) solutions while applying high temperatures and pressures.%
The most established processes are Kraft (sulfate) and sulfite pulping, which provide
90% and 3.7% of the globally produced chemical pulp, respectively.®%1%0 Especially the
Kraft pulping possesses several advantages, such as the production of high strength
paper, possible energy recovery, and the utilization of different raw materials such as

hard- and softwood. 91

In the Kraft pulping process, LCB containing raw materials like wood are treated with
sodium hydroxide (NaOH) and sodium sulfide (Na2S) under alkaline conditions (pH
>12) at elevated temperatures, i.e. 155 to 180 °C, and a pressure of 800 kPa.'%? The
previously described conditions swell the wood fibers and lignin is subsequently
fragmentated mainly by the cleavage of the B-O-4" alkyl-aryl ether bonds via
sequentially occurring ionic reactions.'%1% Two different pathways for lignin
degradation in Kraft pulping are investigated. On the one hand, a sulfide independent
endo-depolymerization, which mainly proceeds slowly on non-phenolic moieties
(Scheme 5A), and on the other hand, a fast sulfide dependent eso-depolymerization,

which occurs at the phenolic end-units (Scheme 5B).1941051% |n the endo-
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depolymerization of lignin, a hydroxyl group located in a-position to an aromatic unit is
deprotonated and subsequent intramolecular nucleophilic substitutions lead to an
epoxide, which enables the cleavage of the alkyl-aryl ether connection.105106.107 The
mechanism for the eso-depolymerization, which is the main route to degrade lignin in
the Kraft process, starts with a phenolate followed by the formation of a quinone
methide under elimination of the hydroxyl group in a-position.’%” Particularly this step
is important, since this intermediate can afterwards be attacked by a highly nucleophilic
hydrosulfide. %7

A) endo-depolymerization

OH
" /EE o~ /EE 0 @
Yy N

o @OHIHS® O O

~N

eso-depolymerization

R = H or polysaccharide

~

o/

OH@ @ HO =
0 Y HS /g/
o GOH/HS@ o
0\
O/
(o)

%

Scheme 5. General mechanistic pathways for the degradation of lignin in the Kraft
pulping process adapted by Argyropoulos et al.’%”
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Subsequent intramolecular substitutions form an episulfide and break the 3-O-4"alkyl-
aryl ether bond.'%” Accordingly, after cooking the wood chips for an appropriate time,
i.e. 3 - 4 h, under the previously described alkaline conditions, lignin is solubilized in
the kraft liquor as polyphenolates.'%® After removing the black liquor (including lignin,
hemicelluloses, and extractives) under reduced pressure, the resulting pulp is washed
and bleached to obtain the desired cellulose fibers.1%®

2.2.2 Solubilization and Regeneration of Cellulose

The investigation of dissolution processes for cellulose has a remarkable history.
However, due to its unique structural characteristics (described in chapter 2) the
solubilization of this biopolymer still remains challenging. In other words, the extensive
hydrogen bond network and the presence of crystalline regions in the macrostructure
of cellulose are responsible for its insolubility in conventional organic solvents, making
it difficult to process.'%"10 Nevertheless, various approaches for cellulose dissolution
have nowadays been established."'''2 |In general, they can be classified in
i) derivatizing and ii) non-derivatizing solvent systems.'® The concept of derivative
solvents is based on the formation of cellulose derivatives, where functional moieties
are introduced to interrupt the intra- and intermolecular interactions between the
polymer chains.' In non-derivatizing solvents, cellulose does not undergo chemical
modification, which means that the dissolution results from the disruption of the intra-

and intermolecular interactions by the solvent itself.'®

Derivatizing Solvents

The first milestone regarding derivatizing solvents was reached in 1857, when the
Swiss chemist Matthias Eduard Schweizer discovered the solubility of cellulose in a
mixture of copper salt and ammonia, the so-called Schweizer’s reagent (Scheme 6)."°
On a molecular level, the Schweizer’'s reagent, i.e. [Cu(NHz3)4](OH)2, firstly swells
cellulose before the copper ions (Cu?*) start to form strong chelates with the OH groups
of the AGU."" The latter phenomenon destructs the intermolecular interactions of the
biopolymer and thus ensure its solubility."” According to the dissolution mechanism,
the Schweizer’s reagent can be classified as derivatizing dissolution approach. In the
current process, regeneration of cellulose, e.g. in the form of fibers, can be achieved
by wet spinning into a diluted H2SO4 bath followed by washing steps to remove residual
copper traces.’® The obtained regenerated cellulose fibers are also known as cupro
rayon.'® However, today only a few companies are still using this approach to produce
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cellulose fibers, as the process requires the usage of high-price cotton cellulose and
copper salts, which makes it uncompetitive against other industrially applied

processes.®

1857 - Schweizer’'s Reagent

B o [Cu(NH3)4](OH), B 5 H,S0, (diluted) B o
HO O.. [0} O._ HO Oo._

native cellulose

regenerated cellulose
(cupro rayon)

Scheme 6. Schematic overview of cellulose dissolution and regeneration using the
Schweizer’s Reagent.

From an industrial point of view, the most important process for cellulose dissolution
and regeneration was invented in 1891 and is known as the viscose process
(Scheme 7)."9120 Nowadays, it accounts for more than 93% of the regenerated
cellulose fibers produced worldwide every year.''® In the first step of the viscose
process cellulose is suspended in a sodium NaOH solution.'3 Herein, NaOH forms
hydrates with water molecules, which can interrupt the hydrogen bonds between the
cellulose macromolecules.'® The formed hydrates penetrate first the amorphous
regions, which leads to swelling of the cellulose.’'® The actual dissolution of cellulose
in form of alkali cellulose starts afterwards when the crystalline segments of the
macrostructure break up.''3 In the second part of the viscose process, alkali cellulose
reacts with carbon disulfide (CS2) vapor yielding cellulose xanthate, which solubilizes
homogenously in the NaOH solution at the end of the process.''® However, it has to be
mentioned that due to the harsh alkaline conditions depolymerization occurs during
the dissolution process lowering the DP of the final materials. Due to the introduction
of xanthate units and the corresponding dissolution mechanism, the viscose process
is again categorized as a derivatizing dissolution approach for cellulose. In a similar
fashion as described for the Schwarzer’s reagent, cellulose can be regenerated by an
acidic treatment of the biopolymer solution either as sheets (cellophane) or as fibers
(viscose rayon).'® Even though the viscose process is the most important deliverer for
regenerated cellulose fibers, it also possesses drawbacks in terms of sustainability and
environmental pollution. Unfortunately, only up to 45% of sulfur can be recovered

during the viscose process, which means that the remaining amount can cause
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environmental problems through pollution.'?" Moreover, the formation of harmful
byproducts, e.g. SO2, H2S, and zinc sulfate, during the dissolution process of cellulose
as well as the volatility and toxicity of the employed CS2 remain major issues in terms

of sustainability.122123
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Scheme 7. Schematic overview of cellulose dissolution and regeneration using the
viscose process.

An alternative derivatizing dissolution approach avoiding the usage of volatile and toxic
CS: was investigated by Kemira Oy Saeteri (Scheme 8).'>* Herein, CS2 was
substituted by the less toxic chemical urea yielding a cellulose carbamate, which was
easily soluble in a diluted NaOH solution.'?5126 Cellulose regeneration in the so-called
CarbaCell process is conducted under acidic conditions in the same manner as
described for the previous processes.'"" Due to remarkable similarity between the
CarbaCell and the viscose process, the regenerated materials possess similar

materials properties.'"
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Scheme 8. Schematic overview of cellulose dissolution and regeneration using the
CarbaCell process.
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Non-derivatizing Solvents

The second solvent class for cellulose dissolution are non-derivatizing solvents. Here,
organic solvent systems containing inorganic salt additives play an important role. The
most established combination is N,N-dimethylacetamide (DMAc) with lithium chloride
(LiCl) and was discovered in 1979.'%” As a dissolution mechanism, it is assumed that
LiCl forms complexes with DMAc, such as [Li(DMAc)]*, which can enter between the
cellulose chains and therefore decrease the intermolecular interactions between the
macromolecules of cellulose.''3114.128 DMACc/LiCI solvent systems are a powerful tool
for efficient and tailored functionalization of cellulose. However, high costs and a limited
recyclability of the employed components avoid the upscaling of this approach to an
industrial level.""" More recently, a novel non-derivatizing solvent system, which does
not contain expensive lithium, was developed. It consists of dimethyl sulfoxide (DMSQO)
and tetra-butyl-ammonium fluoride (TBAF) and dissolves cellulose samples efficient
up to a DP of 650 within 15 minutes.'?®

The most important, non-derivatizing solvent system has industrially been used since
the 1990s and is named Lyocell process.'319 It includes N-methylmorpholine-N-oxide
(NMMO) and water as components.'® The mechanism for the efficient cellulose
dissolution in NMMO/water mixtures is not fully elucidated today, but can probably be
explained by the active N-O moiety, which contains a strong dipole moment.13.130
Thus, every oxygen of this structural unit can undergo strong hydrogen bonding with
the OH groups of cellulose and therefore effectively weaken the intermolecular
interactions between the macromolecules enabling the efficient solubilization of
cellulose.’3%131 |n the Lyocell process, regeneration of cellulose can be achieved by
wet spinning into a water bath."® The resulting fibers are called Lyocell rayon and
account for 5% of the global production of regenerated cellulose fibers."® Impressive
99% of the employed solvents in the Lyocell process can be recycled, making it a more

environmentally friendly alternative compared to the previously introduced methods.'3?

In 1934, the first non-aqueous N-alkylpyridinium salt revealing the potential to dissolve
cellulose was described by Charles Greanacher.’3 In 2002, additional studies about
similar organic salt systems containing melting points below 100 °C were
published.34135 Nowadays, such compounds are well known as ionic liquids (ILs) and
play a key role in non-derivatizing cellulose dissolution and regeneration.!36:137.138
Thus, within the last years, the number of structurally different ILs has increased
dramatically.'3® However, at this point it must be clarified that not every IL is capable of
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dissolving polysaccharides such as cellulose. According to the current literature,
especially ILs containing ammonium, pyridinium, and imidazolium cations are suitable
candidates for cellulose dissolution (Scheme 9A).140.141,142,143,144,145 However, only if
the cations possess an unsymmetric structure enabling an efficient interaction with the
cellulose backbone dissolution is possible.’®” Regarding anions particularly ILs
including carboxylates and alkyl phosphates, showing a strong hydrogen bond basicity

and low viscosity, appear as suitable solvents for cellulose dissolution (Scheme 9B)."%’
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Scheme 9. Overview of the most important cations and anions forming together ionic
liquids (ILs) and their respective capability to dissolve cellulose.'’

A common class of ILs for the solubilization of cellulose are 1-alkyl-3-
methylimidazolium salts. Three important examples are 1-butyl-3-methylimidazolium
chloride (BMIMCI), 1-allyl-3-methylimidazolium chloride (AMIMCI), and 1-ethyl-3-
methylimidazolium acetate (EMIMOAC).'®” The performance of ILs in dissolving
cellulose is unique and remarkable at the same time. For example, the usage of ILs
such as BMIMCI or AMIMCI as non-derivative solvents for cellulose enable the access
to solutions containing a biopolymer content up to 25 and 30 wt%, respectively.'34.137
However, ILs also possess several drawbacks. Main limitations of ILs in terms of
sustainability and industrial applicability are their high costs, toxicity, biodegradability,
multi-step synthesis, and easy contamination supplemented by a difficult

Switchable Solvent System

In 2005, Jessop et al. introduced a reversible system in which two non-ILs, i.e. a
guanidine superbase and an alcohol, could be converted into an IL by applying a
carbon dioxide (CO2) atmosphere to the reaction mixture.'*® More specifically, they
employed an equimolar mixture of 1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU) and

hexanol as non-IL and applied CO2 at room temperature and ambient pressure.’4?
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These reaction conditions converted the alcohol into a carbonate species and DBU

into an amidinium ion, i.e. DBUH?, resulting in the respective IL (Scheme 10).14°

Switchable Solvent System
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Scheme 10. Switchable solvent system investigated by Jessop et al.’#°

After removing COz, the system returned to its initial state, which means the formation
of a non-IL."° Hence, it was possible to establish a reversible solvent system, which
can change its polarity drastically using an external stimulus. Initially, this system was
developed to avoid tedious solvent removal steps in organic multi-step syntheses by a
simple adjustment of the solvent properties, i.e. polarity.® In 2013, the switchable
solvent approach was simultaneously introduced by Xie et al. and Jerébme et al. as
valuable tool for cellulose dissolution.’®1%! Indeed, Xie et al. employed the same
concept as already presented by Jessop et al. in 2005 (Scheme 11A). In this work, a
superbase, e.g. DBU or 1,1,3,3-tetramethylguanidine (TMG), together with an
additional alcohol, e.g. ethylene alcohol, formed an IL, which was capable of dissolving
cellulose in the presence of the co-solvent DMSO."° Since no modification was
conducted at the chemical structure of cellulose this approach can be classified as a

non-derivatizing dissolution method.

A) Non-derivative Approach
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Scheme 11. General concepts for the non-derivative (A) and derivative approach (B)
of the switchable solvent system for cellulose dissolution.
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On the contrary, Jerbme et al. elaborated that the addition of an extra alcohol into the
switchable solvent system is not necessarily required to ensure the dissolution of
cellulose (Scheme 11B)."" In other words, it was shown that cellulose can directly be
solubilized by applying CO2zto a mixture consisting of biopolymer, superbase, i.e. DBU,
and co-solvent, i.e. DMSO.'' As a mechanism for the derivatizing approach, it was
postulated that the carbonate anions are now directly formed at the hydroxyl groups of
the cellulose backbone and thus interrupt the intra- and intermolecular interactions
enabling the dissolution of cellulose in the co-solvent DMSO."" The mechanistic
pathway was confirmed by Meier et al. by trapping the in-situ formed carbonate anions
with alkyl halides, i.e. benzyl bromide and methyl iodide, and by subsequent
characterization of the correspondingly formed cellulose carbonates via infrared (IR)
and nuclear magnetic resonance (NMR) spectroscopy.’? A direct proof of the
carbonate formation at the cellulose backbone was provided by Bialik et al. via in-situ
NMR measurements supplemented by electronic structure calculations and Meier et

al. via online IR spectroscopy.’%2153

In line with the earlier presented results investigated by Jessop et al. both approaches
for cellulose dissolution, i.e. non-derivatizing and derivatizing, show a reversible
behavior. Hence, cellulose precipitates from the solution as soon as CO2 is removed
from the system, e.g. by degassing the mixture with an inert gas such as argon or
nitrogen. 9151 The addition of a superbase to the switchable solvent system, such as
DBU, is crucial for the efficient solubilization of cellulose. Within recent years, a broad
variety of different guanidine based superbase have therefore been investigated.
Nowadays the literature reveal several alternatives to DBU, e.g. TBD, 7-methyl-1,5,7-
triazobicyclo[4.4.0]dec-5-ene (MTBD), 1,5-Diazabicyclo[4.3.0]non-5-ene (DBN), TMG,
or 1,4-diazabicyclo[2.2.2]octane (DABCO), which can be implemented into the
approaches.'®1.152.154, However, it is worth to add that the solubilization conditions, i.e.

temperature or CO2 pressure, must be adapted when using different superbases.

The derivatizing approach of the switchable solvent system shows a remarkable
similarity to the industrially employed viscose process. The most significant difference
is the replacement of volatile and toxic CS: by the abundant non-toxic CO2."%° Taking
additionally into account that DMSO is also categorized as non-toxic and possesses
only minor issues in terms of stability and reactivity, the switchable solvent system

utilizes fewer amounts of toxic components compared to the viscose process.'®® Even
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more, Meier et al. showed that the main components of the derivatizing system, i.e.
the co-solvent DMSO and the superbase DBU, can be recovered after solubilization
(or modification) of cellulose in high yields, i.e. 96% and 87% respectively, which is
better than in the viscose process.’®” Hence, it can be concluded that the switchable
solvent system is a promising candidate for a more sustainable alternative to the

viscose process in the future.

2.2.3 Cellulose Derivatives

Although native cellulose already possesses unique properties resulting from its
structural characteristics (see chapter 2) there is a high interest in upgrading them for
specific applications in our daily life. A valuable tool to access tailored mechanical
properties in cellulose-based materials is chemical modification.'® Thus, up to the
present day, various approaches have been investigated to introduce different
functional groups into the cellulose structure to deliver various cellulose derivatives
(Scheme 12).1%°

Substitution reactions: | Oxidations:

- Esterification ! - to carboxylic acid
- Etherification i -to aldehyde
- Deoxyhalogenation '
- Acetalization - Oxidation to carboxylic acid
- Reduction to alcohol/amine
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OH OH
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| I —
Substitution reactions: : Oxidation: e
. L. : Oxidative cleavage of
- Esterification i -to keton C,-C; glycol

- Etherification
- Deoxyhalogenation
- Acetalization

Scheme 12. General overview about potential reactions yielding different cellulose
derivatives adapted from Kamel et al.'®°

Generally, cellulose modification can be done in a heterogenous or homogenous
fashion. From a historical perspective the first approach for cellulose modification was

investigated in 1846 by Christian Friedrich Schoenbein. Herein, cellulose was treated
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with a mixture of nitric and sulfuric acid (H2SOa4) yielding cellulose nitrate (Scheme
13).160

1846 o°
O=N®
OH 0]
HNO3/H,SO
B o 3/H250, B O
HO O., o o._
OH @0~N‘® 0
O _O-N®
native cellulose 0 e) o

cellulose nitrate
Scheme 13. Schematic overview of the synthesis of cellulose nitrate.

The synthesis of cellulose nitrate in 1846 does not only present the first successful
modification process for cellulose, it was also the starting point for the first man made
plastic developed in 1865.1%" At this time, John Wesley Hyatt treated cellulose nitrate
with camphor as a plasticizer, which led to a plastic material introduced as celluloid.'®"
At the early stages, this thermoplastic polymer was applied in billiard balls, gun cotton
and film materials.’®"162 The two industrially most important classes of cellulose
derivatives are cellulose ethers and esters.'®® The etherification of cellulose can be
achieved by the usage of several reagents, e.g. epoxides, alpha halogenated
carboxylic acids, and alkyl halides, among others.'%* Carboxymethyl cellulose (CMC),
methyl cellulose, ethyl cellulose, and hydroxyethyl cellulose are herein the most
prominent examples.'® Among these cellulose ethers, CMC is the most relevant
derivative in industry.'® It is estimated that the CMC market will grow up to $2.23 billion
in 2028 ($1.67 billion in 2021), with a production of then 658kt worldwide per year.'6
CMC finds application in different fields such as in papers, textiles, surfactants,
pharmaceuticals, beauty products, packaging and others.'®® The current chapter,
however, focuses more on the class of cellulose esters, as these derivatives, plays a
crucial role in the chapters 4.1 and 4.2 as targeted products and starting materials,
respectively.

Cellulose Esters

Cellulose esters (CEs) are thermoplastic biopolymers derived from cellulose, which
have been known for two centuries.'®® Converting cellulose into the corresponding
esters yield a dramatic change in properties enabling for example the solubility in
common organic solvents and the meltability before decomposition.'®® Thus, CEs can
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be categorized, in comparison to native cellulose, as processable and reshapable

polymeric materials.

Nowadays, organic CEs can be synthesized in a heterogenous or homogenous
manner via a broad variety of different synthetic approaches. From an industrial point
of view, the most relevant CEs are cellulose acetate (CA), cellulose acetate propionate
(CAP), and cellulose acetate butyrate (CAB).166.167.168 These materials find applications
in textiles, membranes, coatings, drug delivery, and cigarette filters, among
others.66.167 Especially, CA, which is today produced in a multiton scale (980k tons by
2015), can be classified as the major player among these three derivatives.'%8.1%° The
most established approach for CA synthesis in industry is the acetic acid process.'%®
Herein, cellulose is heterogenously modified by a simple transesterification reaction
using acetic acid as solvent, acetic anhydride as transesterification agent, and sulfuric

acid as catalyst (Scheme 14).168
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Scheme 14. General concept of the acetic acid process for the synthesis of cellulose
acetate.

In the currently describe process, i.e. acetic acid process, high-quality cellulose pulp
from cotton or wood with a cellulose content higher than 95% is employed as starting
material.’®® During the modification, cellulose is firstly mechanically disintegrated and
swelled in acetic acid as a pretreatment to ensure an efficient accessibility of the
hydroxyl groups.'6® At the same time, the catalyst, i.e. sulfuric acid, can be added to
the reaction mixture.'®® After the addition of acetic anhydride, the exothermic reactions
occurs and cellulose triacetate (CTA) is formed, which appears as homogenously
solubilized at the end of the process.'®® The modification is subsequently quenched by
the addition of water or diluted acetic acid.’®® However, for many applications CTA is
often not suitable. For example, CTA cannot be employed for dry spinning and thus not

be manufactured into some of targeted materials such as cigarette filters.'®® To
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overcome these problems, an additional de-acetylation step is often necessary to
achieve CAs with lower DS.'%8 The de-functionalization of CTA is herein controlled by
the amount of added water (5 - 15 wt%), reaction temperature (60 °C <T < 80 °C), and
reaction time (3h < t < 10h)."®® Accordingly, so-called cellulose diacetate can be
synthesized with DS values between 2.4 and 2.7, making it processable and therefore
usable in many applications.’ CAP and CAB are industrially produced in a similar
manner, just by the variation of the starting materials, i.e. acid and anhydride.'%®
However, the acetic acid process also contains some limitations and critical
parameters. Firstly, an equal distribution of acetyl moieties along the cellulose
backbone as well as a direct adjustment of the DS remain challenging due to the
heterogeneity at the beginning of the modification process. Thus, a supplemental de-
acetylation step is implemented (as described before), which can be considered as
critical in terms of sustainability as it requires additional resources, i.e. chemicals and
energy, and produces supplemental waste. Moreover, the reaction temperature plays
a crucial role in this system.'®® Since the acetic acid process is an exothermic reaction,
it is important to control the temperature in the reaction by cooling or by the addition of
frozen acetic acid.'®® On the one hand, because of a competing side reaction, which
degrades the cellulose backbone and therefore deteriorate the materials properties of
the resulting CAs (Scheme 15).168
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Scheme 15. Schematic overview of cellulose backbone degradation occurring in the
acetic acid process.

On the other hand, from a security perspective, as the reaction set-up can fastly
overheat, the risk of a potential explosion must be considered. As already previously
elucidated, one of the major drawbacks appearing in the acetic acid process remain
the harsh acidic reaction conditions inducing an unavoidable backbone degradation of
the cellulose structure via hydrolysis. In other words, an acid catalyzed cleavage of the
1,4-3-glycosidic connections between the AGUs decrease the DP, i.e. the molecular
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weight, of the initially employed biopolymer and therefore yield CAs with poorer
mechanical properties.'®® Even though the main application of CA is nowadays in
cigarette filters, it can also replace cellulose nitrate in optical films from the 1920s to
the 1970s."62 In this regard, CAis also known as “safety film”, as it is much more stable
and not as highly flammable as the nitrate-based cellulose derivative, which was used
before.'62 Nevertheless, CAs films also suffer from an inherent degradation behavior,
which is known as “vinegar syndrome” and caused by the humidity of the ambient air
and remaining NaOH.'"® Here, a deacetylation occurs based on the reaction between
water and the acetyl groups attached to the cellulose backbone forming a hydroxyl unit
and acetic acid.’® The vinegar syndrome is an autocatalytic process, as the present

acetic acid can afterwards further catalyze the de-acetylation of the CA films.'"°

To overcome these challenges, i.e. backbone degradation, vinegar syndrome and
multi-step adjustment of DS, and to improve the sustainability of the established
industrial processes, many different approaches vyielding structurally different CEs
have nowadays been established.'”"172 Especially, the homogenous synthesis of CEs
using ionic liquids or the switchable solvent system reached a significant attention in

recent years (Scheme 16).171.172
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Scheme 16. Overview about recently published homogenous esterification
approaches of MCC using ionic liquids or the switchable solvent system.
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Both strategies reveal several advantages compared to the industrially applied
processes. Firstly, most homogenous approaches delivering CEs proceed under
neutral or basic conditions (pH = 7), resulting in less backbone degradation and thus
improved mechanical properties of the final materials.’® Secondly, due to the
solubilization of cellulose before the derivatization approach, a statistically even
distribution of the introduced functionalities as well as a direct adjustment of the DS by

varying the amount of reactants can be achieved.'57:172

However, since ionic liquids remain critical in terms of sustainability (see chapter 2.2.2),
the derivative approach of the switchable solvent system has become a major player
in the development of more sustainable homogenous syntheses of CE and other
cellulose derivatives.'”"172 The previous statement is underlined by the work of Meier
et al., who introduced a more sustainable synthetic pathway to access CA.'%” Herein,
MCC was solubilized and subsequently modified in a DMSO/DBU/CO2 switchable
solvent system by a DBU catalyzed transesterification reaction between the hydroxyl
groups located at the polymer backbone and vinyl acetate.'’ In this work, it was shown
that a direct DS adjustment was feasible, less backbone degradation occurred
compared to the industrially employed acetic acid process, and most importantly, that
all components used during the modification approach could be recovered in very high
yields (87% - 99%)."%" The calculated E-factor in this approach was presented as 1.92,
which is 3 to almost 10 times lower compared to other methods reported for CA
synthesis.'” Similar approaches were also used to access fully bio-based cellulosic
materials combining two different renewable feedstocks. It was again Meier et al.
directly reacting MCC with high oleic sunflower oil in a DMSO/DBU/CO2 switchable
solvent system, targeting so-called fatty acid cellulose esters.'”® FACEs appear as an
important class of 100% bio-based cellulose derivatives showing a better thermal
processability, film formation ability, and solubility in common organic solvents
compared to their counterparts bearing shorter side chains.'67.174.175 Nevertheless, the
most important structural characteristic of FACEs is the potential existence of an alkene
functionality in the side chain (depending on the introduced fatty acid derivative)

enabling an additional modification step.'%*

The bottle neck in the derivative approach of the switchable solvent regarding
sustainability is DBU, which is recognized as toxic. Nowadays, several (non-toxic)

alternatives for DBU in the switchable solvent system for cellulose dissolution are
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known (see chapter 2.2.2). However, most of them have not been investigated in their
dual role affording the solubilization of cellulose and acting as an organocatalyst in a
subsequent modification reaction. Hence, the current research is still focusing on the
investigation of other non-toxic superbases, which can efficiently replace DBU in the
switchable solvent system for the dissolution and modification of cellulose.

Cellulose Esters in Membranes

Membrane technologies are nowadays widely employed in gas separation, food
industry, energy generation, and water treatment.'”® The operating principle of
membranes is the separation of different mixtures by allowing certain species to pass
while others are hindered.'”® Particularly synthetic polymers, such as polysulfones,
polyvinylidene fluoride, polypropylene, polyethersulfones, and polyvinyl alcohol find
application in this separation technique, due to their easy handling, low costs, and high
performance.'”® Nevertheless, the previously mentioned polymers are classified as
critical in terms of sustainability. More precisely, these polymers require fossil based
starting materials, are not biodegradable, and can cause environmental pollution when
distributed in the ecosystem. Thus, within recent years the development of bio-
renewable and degradable alternatives to fabricate filtration membranes achieved a
significant importance. Indeed, CA showing good film forming properties supplemented
by a high chemical and mechanical stability, is a prominent candidate to replace
synthetic polymers in membrane applications.'”® Already in 1959, Breton et al. showed
that CA membranes reveal a high impermeability to salts, but not to water."”” Hence,
the synthesized membranes could be successfully used for seawater desalination.'””
Particularly since 2009, the focus on cellulose-based membranes increased

significantly due to the higher attention of human society for environmental aspects.”®

The main application of CA membranes is currently wastewater treatment. In the last
decades, the global demand accessing fresh drinking water increased dramatically.'”®
This can be explained by a higher population, more food production, ongoing
urbanization, and the climate change, among others.'® Thus, it is essential to
investigate more sustainable membranes for effective water decontamination.
Recently, CA membranes are implemented in reverse osmosis, ultrafiltration, and
nanofiltration.’”® Accordingly, pollutants such as heavy metal ions, textile dyes,
pharmaceuticals, polycyclic aromatic hydrocarbons, and pesticides can be removed
from aqueous solutions.'” For example, in 2020 Ahmed et al. showed that CA
membranes can remove chromium and selenium ions efficiently from an aqueous
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solution at different pH values revealing extraction efficiencies up to 89% and 85%,
respectively.'® Often, in order to tune the properties of the materials and prevent
fouling phenomena, other synthetic polymers or nanoparticles are blended with CA to
form membranes.'”® This remains critical in terms of sustainability as these additives
reduce the biodegradability of the composite materials. An example presents the work
of Abdelhameed et al., where the performance of a native CA membrane was
compared to a blend material consisting of CA and a metal organic framework
regarding the removal of paracetamol from wastewater.'®! Herein, it was found that the
introduction of additional functional groups, i.e. amines, dramatically increased the
extraction efficiency for paracetamol.'®' Amore sustainable approach to achieve higher
performances during the separation processes would be the direct functionalization of
CA with supplemental functional moieties. As a conclusion of the current chapter, it can
be elucidated that CA is already implemented as valuable material in membrane
science, particularly for water treatment applications. However, synthetic strategies
combining sustainability aspects and material performance must be further

investigated in future.
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2.3 Inverse Vulcanization

Elemental sulfur (Ss) is an abundant waste material with an annual production of more
than 80 million tons.’™® A major source of elemental sulfur in recent years were
desulfurization processes of natural gas and oil via the Claus process.'® Although
elemental sulfur finds application in the production of vulcanized rubber,'8* sulfuric
acid, '8 and fertilizers, '8 not all produced sulfur can be consumed by the industry and
therefore accumulates in large deposits.'®” The high flammability of sulfur, which can
lead to a potential release of toxic sulfur dioxide (SOz2), and the microbial oxidation into
sulfuric acid, which can pollute groundwater, render these storage places a serious
environmental risk.’®” However, as the oil industry will continue to be dependent on
sulfur containing resources in the coming decades, this problem can only be solved by
developing processes that convert large quantities of elemental sulfur into valuable
materials. Thus, in recent years, various research fields have evolved that aim at
implementing elemental sulfur as a valuable starting material for different applications.
Up to the present day, the most important synthetic strategy remains the vulcanization
of rubber, which was developed by Goodyear in 1841.'88 Herein, natural rubber is
heated with elemental sulfur yielding flexible materials containing network structures
with sulfur crosslinks. However, vulcanized materials possess a relatively low sulfur
content, i.e. ~2%, and can therefore not resolve the “excess sulfur problem” that has
evolved. A supplemental approach, which requires much higher amounts of elemental
sulfur and achieved a considerably high attention in recent years, is inverse

vulcanization.

Conventional Inverse Vulcanization

In general, inverse vulcanization is the reaction of elemental sulfur with unsaturated
organic compounds, which act as crosslinkers in the final materials. In comparison to
conventional vulcanization, inverse vulcanization uses much higher amounts of
elemental sulfur and can therefore deliver high sulfur content materials (= 50 wt% of
sulfur). It was the pioneering work of Pyun et al. in 2011, that introduced elemental
sulfur as abundant waste material for the synthesis of high sulfur content materials.8°
Herein, elemental sulfur was reacted with unsaturated organic comonomers such as
divinylbenzene at elevated temperatures (>180°C)."8 On a molecular level a homolytic
ring-opening of elemental sulfur occurs by applying specific conditions, i.e. high
temperature, light irradiation or catalyst addition, leading to the formation of polysulfur

chain containing thiyl radical end groups, which can subsequently react with the double
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bonds of the organic co-monomer (also described as crosslinker) delivering the final
material (Scheme 17A).1°0.191.192 |njtially, inverse vulcanization was investigated to
take place in a temperature range between 160 and 200 °C.'8.190 The high reaction
temperature was necessary to induce the ring-opening of elemental sulfur, which is
crucial for a successful reaction and does not proceed below 160 °C without
additives.'®0.193 Generally, the procedures to conduct inverse vulcanization are very
simple. Both components, i.e. elemental sulfur and a preferably liquid co-monomer, are
homogeneously mixed and heated above 160 °C. However, due to the high reaction
temperature, only co-monomers with boiling points far above 160 °C can be employed
in the system to avoid evaporation effects. Some common examples for crosslinkers,
which have been used for conventional inverse vulcanization at elevated
temperatures, are depicted in Scheme 17B. By far the most investigated derivatives
for inverse vulcanization are di-isopropenylbenzene and 1,2-divinylbenzene, which are

liquids with boiling points of 231 °C and 195 °C, respectively.'%
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Scheme 17. A) General concept of inverse vulcanization. B) Common co-monomers
in conventional inverse vulcanization.9?

Catalytic Inverse Vulcanization
In 2019, Hasell et al. optimized the conventional inverse vulcanization by including a
catalyst into the established polymerization approach.'®' Herein, a metal complex, i.e.

zinc diethyldithiocarbamate (Zn(DTC)z2, Scheme 18A), was introduced into the system
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to accelerate the reaction.'' Indeed, for already established unsaturated organic co-
monomers, which have previously been used in conventional inverse vulcanization,
the addition of Zn(DTC)2 increased the reaction rate and lowered the required reaction
temperature significantly (100 °C < T < 135 °C).'®" Moreover, the catalytic approach
enabled the polymerization of previously inactive co-monomers such as ethylene
glycol dimethacrylate (EGDMA) or glyoxal bis(diallylacetal) (GBDA) with elemental
sulfur, expanding the toolbox of potential crosslinkers (Scheme 18B)."®! Mechanistic
insights showed that in a first step Zn(DTC)2 forms a metal-sulfur bond with elemental
sulfur, which enables the ring opening of Ss at lower temperatures.'' Subsequently,
sulfur inserts between metal and DTC ligand, delivering the active species of the
catalyst.'®! Upon bringing sulfur into spatial proximity to the unsaturated co-monomers
and lowering the energy barrier for bond formation, the polymerization proceeds and
the catalyst is recovered in its initial form.'®' Up to the present day, it is not fully
elucidated whether the bond formation step appears in a radical or ionic fashion.™’ In
2021, Hasell et al. investigated the role and scope of different catalysts in inverse
vulcanization in a more detailed manner.'%® Herein, the performance of several types
of catalysts regarding the inverse vulcanization of 1,2-divinyl benzene (DVB) were
tested.’® The conventional heat induced catalyst-free process was used as control
experiment, whereas the systems including the most established catalysts Zn(DTC)2
and Na(DTC)2 acted as benchmarks.'® Initially, it was investigated whether the nature
of metal and the ligand structure in metal complexes have an influence on the catalyst
performance.' Subsequently, alternative types of catalysts, such as inorganic and
metal-free derivatives, were introduced as potential candidates.%® After comparison of
reaction rate, yield, and glass transition temperature (Tg) of the final material the
authors concluded that the most efficient catalyst for the inverse vulcanization of DVB
is Cu(DTC)2.'% Nevertheless, also other organic and organometallic species revealed
a catalytic effect and deserve recognition in future research (Scheme 18A)."% For
example, recently Kim et al. presented a strategy for the inverse vulcanization of
previously unreactive co-monomers such as 1,6-hexanediol dimethacrylate (HDDA)
and bisphenol A glycerolate dimethacrylate (BPAGMA), among others (Scheme 18B),
using low-cost trialkyl amines (TAAs) as nucleophilic sulfur activators and phase
transfer catalysts at low temperatures, i.e. 110 °C."% Herein, TAAs performed similarly
well or better than conventional catalysts, i.e. Zn(DTC)z, in terms of vitrification time,
Ty, and yield.%
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A) Catylsts for Inverse Vulcanization
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Scheme 18. A) Selected metal based and organic catalysts for inverse vulcanization.
B) Newly reported co-monomers polymerizable via catalytic inverse
vulcanization. 195,196

Photoinduced Inverse Vulcanization

The most recently developed method for inverse vulcanization is induced
photochemically and can thus be conducted at room temperature.'®? Hence, this
reaction system, which was established by Quan et al. in 2022, appears as a suitable
approach for the inverse vulcanization of thermally sensitive or volatile organic co-
monomers.'®? Especially the integration of inexpensive industrial gases such as
exemplarily ethylene, propylene, acetylene, and vinyl chloride, among others, into the
reaction approach enabled the access to various novel materials and enhanced the

prospects of inverse vulcanization for a commercial application.'®?

2.3.1 Inverse Vulcanization of Renewable Resources and Their Application

Inverse vulcanization is nowadays a well-established tool for accessing high sulfur
content polymeric materials. In terms of sustainability, this approach fulfils several
requirements of Green Chemistry.'®”-'® For instance, inverse vulcanization does not
require any solvent and no tedious purification steps must be performed, both aspects
preventing the formation of waste. Furthermore, the process exhibits a high atom
economy, and, also highly importantly, co-monomers from renewable feedstocks can

be used.' Thus, inverse vulcanization can potentially act as valuable approach to
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deliver more sustainable materials, which find possible application as heavy metal
sorbents, cathode materials in Li-S batteries, adhesives, fertilizers, and in oil spill
remediation.’®”.198 |ndeed, in line with the further increasing attention on sustainability
aspects, the inverse vulcanization of bio-based co-monomers instead of their fossil-
based counterparts has gained significant importance in recent years.'®® Today,
several approaches integrating crosslinkers derived from renewable resources such

as vegetable oils, terpenes, lignin, and cellulose, among others, are described in the
"terature_197,199,200,201,202

Triglycerides

The most extensively investigated renewable resource, which can be employed as co-
monomer in inverse vulcanization, are vegetable oils. Especially canola oil was used
frequently.?2%3 High sulfur content materials made from vegetable oils, such as canola
oil, find application as more sustainable materials particularly in water treatment,

energy storage devices, urban mining, and as fertilizers (Scheme 19).
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Scheme 19. General concept for the conventional inverse vulcanization of vegetable
oils and possible areas of application.
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For example, in 2017 Chalker et al. directly reacted canola oil with elemental sulfur at
180 °C yielding materials with sulfur contents up to 90 wt%.2% In this work, it was
elaborated that the respective sulfur materials could effectively remove Hg?* and Hg°
from aqueous solutions with an extraction efficiency up to 90%. Thus, these materials
were introduced to have a potential application in water decontamination.?®* In 2018,
the same group synthesized similar materials with slightly lower sulfur contents, i.e. up
to 70%, and expanded the toolbox of removable metal ions by showing the effective
extraction of Fe3* from water (95%).2°5 Within the following years, the scope of
implemented vegetable oils into inverse vulcanization gradually increased. Again
Chalker et al. reported the synthesis of high sulfur content materials (50 wt%) by using
structurally different vegetable oils, i.e. canola oil, rice bran oil, and castor oil, as co-
monomers (Scheme 20).26 Since it was already known that inverse vulcanized
materials can be employed for efficient mercury removal, it was investigated if the
structural nature of the introduced co-monomers reveal any influence on the final
extraction efficiency.?%® Indeed, a better performance could be observed for the

material containing castor oil (Scheme 20).206
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Scheme 20. Inverse vulcanization of three structurally different vegetable oils, i.e.
canola oil, rice bran oil, and castor oil, and their respective performance in mercury ion
removal from aqueous solutions after 1h treatment.2%
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The higher extraction efficiency can herein probably be explained by the presence of
additional hydroxyl groups, as they can also participate in mercury chelation.2% Due to
a continuously increasing population, urban mining of valuable and rare metals has
reached nowadays a particular attention. Especially the recovery of gold as a resource,
which finds application in military, medical fields, and of course as jewelry, remains
important. Accordingly, Yang et al. inversely vulcanized an edible oil blend consisting
of soybean oil (59%), canola oil (21%), sunflower oil (10%), corn oil (3%), peanut oil
(3%), rice oil (3%), sesame oil (0.6%), and linseed oil (0.4%) and investigated the
potential of recovering Au®* from aqueous solutions.?%” First, the performance of the
materials depending on their sulfur content was investigated.?’” Herein, it could be
observed that a higher extraction capacity (up to 20.7 mg g') were achieved by
increasing the amount of incorporated sulfur from 10 to 50 wt%.2°” However, a further
rise in sulfur content led to a brittle material, which revealed a lower capability to extract
Au®*.207 Furthermore, the influence of the surface area was examined. Introducing a
porogen, such as sodium chloride (NaCl), into the synthesis approach, which delivered
porous structures, increased the surface area and thus improved the Au®*
adsorption.??” The inverse vulcanization of vegetable oils not only provide access to
materials, which can be applied in water treatment. Another important field where high
sulfur content materials are frequently employed is energy storage.208:209.210.211
Accordingly, Théato et al. introduced sulfur composite materials based on linseed oil,
sunflower oil, and olive oil as more sustainable, low-cost, and considerably harmless
alternative cathode materials in Li-S batteries.?'? Herein, high specific capacities, good
capacity retention abilities, and high coulombic efficiencies were observed.?'? Sulfur
appears also as a vital nutrient in the biosynthesis of amino acids.?'® Thus, it is
immensely important for plant growth.?'3 However, it can be considered the most
neglected macronutrient and the deficiency in soils has become a major issue in recent
years.?'> The most common sulfur sources are sulfate salts and elemental sulfur.?'3
Nevertheless, they suffer from a low sulfur content and inefficient oxidation,
respectively.?’® Plants can only uptake sulfur, when it is biologically oxidized by
microorganisms.2'3 Herein, Ribeiro et al. presented that the inverse vulcanization of
soybean oil delivered high sulfur content materials (30 — 90 wt%), which can be more
easily oxidized and thus act as fertilizer by increasing the sulfur uptake in plants

significantly.2'® The more efficient sulfur oxidation in inversely vulcanized materials can
y y

41



Theoretical Backround

be explained by the improved accessibility of the linear and amorphous sulfur

chains.?'3

Carbohydrates

The most abundant class of biopolymers are carbohydrates.?'* Herein, starch and
cellulose play the most important role. Both components consist of AGUs, which are
connected via glycosidic linkages. In cellulose, exclusively 3-1,4 connections exist,
whereas in starch a-1,4 and a-1,6 glycosidic bonds occur.2'® It is not surprising that
this renewable feedstock has already been introduced into inverse vulcanization
approaches to access more sustainable high sulfur content materials.201.202.216.217
However, in comparison to the previously described implementation of triglycerides,
the pristine chemical structure of starch and cellulose does not contain alkene
functionalities. Hence, a modification to introduce these required moieties must be
conducted for both polymers. In 2021, Smith et al. modified starch with octenyl succinic
anhydride (DS = 0.08) and subsequently inverse vulcanized the obtained derivative at
180 °C.2'® The resulting materials contained sulfur contents of 90 and 95 wt% and were
investigated in terms of their materials properties.?'® The authors claimed in this work
that the pretreatment was conducted along the principles of green chemistry to follow
a pathway, which is as sustainable as possible.?'® However, the use of water as a
solvent, leading to contaminated and difficult to purify water, combined with the fact
that octenyl succinic anhydride must be synthesized from toxic maleic anhydride make
this statement questionable. An extension of the previously presented approaches was
established by the same research group. Herein, after reacting starch with octenyl
succinic anhydride to the respective ester, the formed carboxylic acid functionalities
were consumed in the presence of 1-leucine, yielding starch derivatives with an
increased density of alkene moieties in the side chains.?'” In a similar fashion as
described before, materials with sulfur contents of 90 and 95 wt%, which included the
newly synthesized starch derivative as co-monomer, were prepared.?'” It could be
shown that the introduction of additional cross-linking points, i.e. more alkene moieties,
into the starch derivative enhanced the thermal and mechanical properties of the final

composite materials due to a higher crosslinking density.2'”

Compared to starch, cellulose reveals much better mechanical properties due to its
fiber structure, higher crystallinity, and the extensive hydrogen bond network.2'8219

Nevertheless, these characteristics also increase the difficulty to modify cellulose in an
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effective fashion (see chapter 2.2.2 and 2.2.3). Thus, nowadays only two approaches
for the inverse vulcanization of cellulose derivatives appear in the literature.20.292 |n
order to convert cellulose in a valuable co-monomer for inverse vulcanization, Smith et
al. reacted cellulose with 3-bromo-2-methylpropene, enabling the introduction of
polymerizable alkene functionalities (Scheme 21).2°' The subsequently synthesized
composite materials (80 wt% < sulfur content < 99 wt%) were shown to possess similar

mechanical strength as commercial Portland cement.?%!

DS =0.04 80 wt% < sulfur < 99 wt%
BWF 58,
OH OR g g OR
/% H,0, NaOH, urea /% 'S-§ /%
HO 0. RO 0. RO O..
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Scheme 21. Pre-functionalization of MCC with 3-bromo-2-methylpropene and
subsequent inverse vulcanization.2%’

Furthermore, it was depicted that porous Portland cement filled with cellulose-based
high sulfur content composite materials does not degrade in acidic media.?°! However,
not only the toxicity of 3-bromo-2-methylpropene, but also the large amounts of waste
produced in form of corrosive hydrogen bromide (HBr) make this synthesis approach
critical from a sustainability point of view. A more sustainable method was introduced
by Smith et al. in 2020 (Scheme 22).2°2 Herein a three step synthesis approach with
an atom economy of 90% was employed delivering composite materials with sulfur
contents between 80 and 90 wt%.2%?2 More precisely, native cellulose was selectively
oxidized at the Cs-position using sodium hypochlorite, generating carboxylic acid
moieties, which were then esterified with a terpenoid, i.e. geraniol, and subsequently
inverse vulcanized.?%? The final materials were compared regarding their mechanical
properties, but no specific application for the carbohydrate-based sulfur materials was
shown in this work.2°2 Even though this approach can be classified as more sustainable
as the previously described approach for inverse vulcanization of cellulose derivatives,

the latter approach also reveals some drawbacks. Especially the reaction time, i.e. 14
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days, and the tedious work up of the Cs oxidation remain critical points regarding

energy efficiency and waste production in the current approach.
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Scheme 22. General concept for the modification of MCC with a terpenoid, i.e
geraniol, and subsequent inverse vulcanization of the corresponding terpenoid
cellulose ester.2%2

Other renewable resources

Next to vegetable oils and carbohydrates, terpenes are an additional class of
renewable compounds, which have frequently been used in inverse
vulcanization.?20:221.222.223 Terpenes are biosynthetically produced by different classes
of trees and plants.??* Hence, this product class represents an abundant and
inexpensive feedstock, which does not compete with food sources.??* Limonene is the
most important terpene with an approximated world production between 49 and 74
million kilograms per year.??®> R-(+)-Limonene constitutes more than 98% of orange

0il.??6 Thus, the peal of citrus fruits, such as oranges, are the main source for this

44



Theoretical Backround

specific terpene. In 2015, Chalker et al. inversely vulcanized limonene at 170 °C
without any additives, i.e. catalysts or solvents.??” The procedure was scalable up to
100 g and the respective materials were able to remove some transition metals, i.e.
Pd?* and Hg?*, form water and soil.??” Particularly the color change from dark red to
yellow, which occurred when the limonene based polysulfide encountered a HgCl2
solution, makes this material an effective sensor for mercury detection.??” Another
application for similar materials was introduced by Yu et al. using them in combination
with various carbon hosts as self-protectable cathode materials in Li-S batteries.??®
Additional work on the inverse vulcanization of other terpenes, such as myrcene,
farnesene, and squalene, have also been published.209.220.221.222 | jgnin as the second
major component in LCB is also recognized as one of the worldwide most abundant
renewable feedstocks next to carbohydrates, vegetable oils, and terpenes.?2°2%0
Hence, it is not surprising that this aromatic biopolymer has also been introduced as a
renewable co-monomer into inverse vulcanization.?°° However, lignin does not contain
alkene functionalities in its native chemical structure.?®' Thus, in order to inversely
vulcanize this aromatic biopolymer a pre-functionalization with polymerizable double
bonds must also be conducted. Tennyson et al. reacted lignin with allyl bromide under
basic conditions.?®®© The alkene decorated lignin was subsequently inversely
vulcanized at 180 °C, delivering materials with sulfur contents from 80 up to 99 wt%.2%°
In terms of sustainability, particularly the pre-functionalization step can be categorized
as very critical. Firstly, the herein employed allyl bromide is a highly toxic chemical,
which can cause significant environmental problems. Secondly, during the substitution

reaction corrosive hydrogen bromide is eliminated generating a high amount of waste.
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2.4 Catechol Containing Polymers

Catechol moieties, i.e. 1,2-dihydroxybenzene, appears as a common structural
element in nature and living organisms such as mussels, insects, and gecko’s, among
others.232:233.234.235 Dye to its unique chemical structure, i.e. an aromatic scaffold
bearing two neighboring (ortho-)hydroxyl groups, catechol shows various physico-
chemical interactions.?*6237 Herein, especially the occurrence of hydrogen bonding, -
1 stacking, and cation-11 interactions enable an enhanced adhesion to (un-)polar as
well as charged surfaces.?*%23 Furthermore, catechol can undergo reversible bond
formation with boronic acids,?3?24° oxide surfaces,?*42 and metal ions such as Fe®*,
Cu?*, and Zn?*.243244 Hence, the incorporation of catechol units into polymers (as
backbone, pendant or end group, Scheme 23) appears nowadays as a valuable tool
for the access to biomimetic functional materials. Potential areas of application for such
biomimetic catechol containing polymers include coatings,?*® adhesives,?46247 water
treatment,?*® and energy storage.?3® Even though the synthesis of catechol bearing
macromolecules remains up to the present day challenging and expensive, several

synthetic pathways have been established to incorporate catechol moieties into

R o
OH

Catechol

polymeric structures.

/\/\/\/\/O
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Main chain derivatives Side chain derivatives End chain derivatives

Scheme 23. Schematic representation of the main techniques for the synthesis of
catechol containing polymers.23

47



Theoretical Backround

2.41 Fundamental Synthetic Approaches

Main Chain Derivatives

Macromolecules containing catechol moieties in the polymer backbone are referred to
as main chain derivatives. This specific class of polymers is mainly synthesized by an
oxidative polymerization of catechol derivatives, i.e. catecholamines.?3¢ Interestingly,
the resulting polymers reveal a substrate independent tendency to form robust
coatings, making them valuable in applications such as surface coating, biotechnology,
biomedicine, and water purification.?*%2%0 |n particular, the pioneering work of
Messersmith et al. in 2007 strongly increased the attention towards catechol containing
main chain derivatives, as they discovered a universal approach for the preparation of
catecholamine based surface coatings.?*® Herein, a simple dip coating process was
used to oxidatively polymerize dopamine under basic conditions (pH = 8.5) on the
surface of different substrates, i.e. noble metals, metal oxides, semiconductors, and
synthetic polymers.?*® The obtained poly(dopamine) surface coatings revealed a
similar chemical structure as mussel foot proteins and appeared therefore as
biocompatible and highly adhesive.?*® The proposed mechanism was adapted from
biological melanins, which are predominantly constituted of tyrosine derived
catecholamines.?®' In the early 20" century, Raper and Mason observed that
tyrosinase can efficiently catalyze the oxidation and polymerization of tyrosine yielding
melanins.?%" Accordingly, Raper and Mason postulated a possible polymerization
mechanism depicted in Scheme 24.250.251

Raper-Mason Mechanism

/@/\/COZH Oxidation HOD/\(COZH Oxidation OD/\KCOZH
e NH, - NH, o NH,

J Cyclization
HO fo) N HO
R
mcozH earrangement mCOZH Oxidation mcozH
HO u HO =N HO u

\ Polymerization

Melanin(s)
Scheme 24. General concept of the Raper-Mason mechanism.250:251
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Herein, tyrosine is first oxidized to 3,4-dihydroxyphenyl-l-alanine (DOPA), followed by
a second oxidation step leading to dopaquinone, followed by a cyclization via a 1,4-
aza-Michael type addition delivering the cyclic indoline derivative leucodopachrome.?"
The final oxidation of leucodopachrome connected with a rearrangement step then
yields 5,6-dihydroxyindol, which can self-polymerize to the corresponding melanins.?%"
For the oxidative polymerization of dopamine Messersmith et al. proposed a similar
but slightly simplified version of the Raper-Mason mechanism.?%' Herein, dopamine is
directly oxidized to the respective quinone derivative, which also undergoes an
intramolecular 1,4-aza-Micheal type addition yielding cyclic 5,6-dihydroxyindoline.?%’
In the same manner as explained before, a final oxidation step and a subsequent
rearrangement result in the self-polymerizable 5,6-dihydroxyindol.?®" Even though
dopamine remains the most frequently employed monomer in oxidative polymerization
delivering catechol containing main chain derivatives, also other catecholamines, e.g.
norepinephrine, and dopamine derivatives e.g. with increased alkyl chain length
between the catechol and amine functionalities, have recently been successfully
introduced as additional polymerizable derivatives.?52253 Furthermore, the current
literature also reveals reports about the oxidative co-polymerization of catechol and
catecholamines, i.e. DOPA, with nucleophilic additives, i.e. amines and thiols. For
example, in 2017 Chai et al. reported the co-polymerization of N-Ac-3,4-
dihydroxyphenylalanine methyl ester (NADOPAMe) with several diamines, dithiols,
and cysteamine yielding potentially degradable DOPA based coatings.?** Going one
step further, Xu et al. polymerized catechol under basic conditions (pH = 8.5) with
various polyamines targeting a mussel inspired thermoset coating to change the
surface polarity of polypropylene separators in Li-ion batteries without breaking their

pore structure.25°

Side Chain Derivatives

Polymers bearing catechol moieties as pendant side groups can be categorized as
side chain derivatives. Compared to the previously introduced main chain derivatives,
this polymer class can nowadays be accessed via various synthetic strategies.236:237
Among these, the earliest approach for the synthesis of mussel-mimetic
macromolecules bearing catechol units as their side chains are solid- or solution-phase
polypeptide synthesis.?%6257 Ring opening polymerization (ROP) of catechol decorated
cyclic N-carboxyanhydride (NCA) monomers arose within the following years as an

alternative method for the synthesis of similar polymers.258.259.260 |n 1998, Deming et
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al. presented for example the preparation of homo- and copolymers via ROP using
protected DOPA and lysine based NCA monomers.?6' However, ROP approaches can
depict some cases disadvantages such as a limited monomer scope, the requirement
of inert conditions, the usage of toxic catalysts, and a low polymerization rate.?52 Thus,
ROP is nowadays less frequently employed for the synthesis of side chain catechol

derivatives.

Another synthesis approach that corresponds more to conventional polymerization
techniques is the direct polymerization of catechol-containing vinyl monomers. Herein,
especially anionic or radical polymerization processes have been implemented.?3¢
However, this synthetic strategy suffers from the fact that catechol is known to act as
a radical inhibitor and can undergo side or chain transfer reactions.?632%4 Thus, to avoid
unfavorable branching and crosslinking phenomena during the polymerization, the
respective monomers are usually protected by introducing methoxy,?*¢ diphenyl-
dioxole,?%® borax,?6¢ triethylsilyl (TES),267?68 or tert-butyldimethylsilyl (TBDMS)?269:270
protecting groups, among others. An example for the anionic polymerization of
protected catechol containing monomers was presented by Wilker et al. in 2023
(Scheme 25).246 In this work, 3,4-dimethoxystyrene was synthesized via a two-step
procedure and subsequently copolymerized with styrene using n-butyl lithium (n-BuLi)
as initiator.246 Upon deprotection with boron tribromide (BBrs), the targeted catechol
polymers were obtained with M values of up to 56 kDa.?*®

n- BuL| n m BBr; n m
toluene, -78 °C OO DCM, 0 °C to r.t. O O
OMe OH
OMe OH

Styrene 3,4-Dimethoxystyrene

Scheme 25. General concept for the anionic copolymerization of styrene with 3,4-
dimethoxy styrene and subsequent deprotection.?46

Since anionic polymerization remain synthetically demanding, i.e. requiring strictly inert
conditions as it is highly sensitive to impurities, also a high interest to introduce radical
based approaches for the polymerization of protected catechol monomers evolved.
Accordingly, Li et al. reported the synthesis of side chain derivatives obtained via a
diphenyl-dioxole protected catechol monomer by free radical polymerization using
azobisisobutyronitrile (AIBN) as an initiator.?6> The deprotection step was performed
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by an acidic treatment, i.e. using a mixture of trifluoroacetic acid, hydrobromic acid,
and acetic acid, at room temperature.?®® In order to access structurally well-defined
side chain derivatives using radical pathways Wilker et al. and Topham et al.
implemented nitroxide mediated polymerization (NMP) and reversible addition
fragmentation transfer (RAFT) polymerization, respectively, as valuable synthetic tools
for the synthesis of catechol containing polymers.?’1272 Indeed, Wilke et al.
copolymerized TBDMS protected 3,4-dihydroxystyrene with styrene and 4-vinylbenzyl
chloride via NMP targeting biomimetic adhesives with different compositions.?”" The
deprotection in this work was conducted in a similar manner as described above by
treating the protected parent polymer with hydrochloric acid.?”' The final polymers
featuring catechol pendant groups were subsequently obtained with narrow
dispersities (1.1 < B < 1.3) and molecular weights of up to 15 kDa.?’”' RAFT
polymerization, as a well-established controlled radical polymerization technique in
synthetic polymer chemistry, was employed in a similar manner by Topham et al. to
polymerize methoxy protected 3,4-dihydroxystyrene.?’?2 Upon deprotection with BBrs3,
the targeted catechol containing polymers were obtained with narrow dispersities

(D < 1.3) as it was expected for a controlled radical polymerization.?72

As highlighted above, a direct polymerization of protected catechol-containing vinyl
monomers appears frequently in the literature and can be considered as a well-
established approach to access side chain derivatives of catechol polymers. However,
this synthetic strategy does not appear as very practicable as it requires a high number
of resources, i.e. chemicals, time, and money, particularly due to tedious protection
and deprotection steps. Thus, it is not surprising that additional examinations regarding
the polymerization of unprotected catechol-containing vinyl monomers have been
conducted. Indeed, the current literature includes reports about the polymerization of
unprotected catechol derivatives.?’3274275 However, it must be stated that only the
synthesis of copolymers was reported up to the present day. Herein, particularly
dopamine methacrylamide (DMA) plays a major role, as it can directly be
copolymerized with numerous different synthetic monomers such as acrylamides,?’®
methacrylamides,?’* or methacrylates,?”” among others. An example for the
copolymerization of DMA with methacrylates was published by Li et al. in 2014.278 In
order to synthesize materials, with potential application in multifunctional filtration
membranes, DMA was directly copolymerized with 2-hydroxy-3-cardanylpropyl

methacrylate (HCPM) via free radical polymerization (Scheme 26).278
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Scheme 26. General synthetic strategy for the direct copolymerization of 2-hydroxy-3-

cardanylpropyl methacrylate (HCPM) with dopamine methacrylamide (DMA) via free
radical polymerization.?’8

In a similar fashion Wilker et al. reported the copolymerization DMA with methyl
methacrylate and poly(ethylene glycol) methyl ether methacrylate targeting biomimetic
adhesives with tailored material properties.?’® Noteworthy, controlled radical
polymerization approaches such RAFT can be applied for the direct copolymerization
of DMA with other vinyl monomers.?8° However, the incorporation of other unprotected
catechol-based vinylic monomers in addition to DMA remain difficult and rarely

reported.

In general, the straightforward polymer synthesis from unprotected vinyl monomers
benefits from the absence of protection and deprotection steps and requires therefore
less resources. Nevertheless, the scope of integrable monomers remains limited and
the occurrence of side reactions, which influence the final polymer architecture, is
inevitable until now.23621 More precisely, the unavoidable side reactions, i.e. branching
and crosslinking, can indeed be explained by the presence of unprotected catechol
moieties in the polymerization approach.?'282 |t is expected that catechol units can
react with carbon-centered propagation radicals forming aryloxy radicals, which can
subsequently be scavenged by other carbon-entered radicals yielding intermolecular
C-C or C-O bonds or simply oxidize to the respective ortho-quinone derivative by a
loss of a hydrogen atom (Scheme 27).25 The latter can then undergo again bond
formation with other carbon centered radicals in the system (Scheme 27).264
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Scheme 27. Potential side and chain transfer reactions occurring during the radical
(co)polymerization of unprotected catechol containing vinyl monomers.236

To confirm this hypotheses Kamperman et al. copolymerized DMA with 2-methoxyethyl
acrylate (MEA) via free radical polymerization.?®? In this work it was investigated
whether the final polymer structure is influenced by the amount of DMA, i.e.
unprotected catechol units, incorporated in the polymer structure.?®? Indeed, it was
observed that the dispersity, which is related to the amount of branching, of the
synthesized copolymers increased with increasing DMA content.?82 Accordingly, a
dependence between free catechol moieties and the occurring branching could be
confirmed. Even more, when only DMA was homopolymerized, an insoluble product
was obtained indicating that the formed polymers crosslinked within the polymerization
process.?? The latter result thus also explain why the synthesis of homopolymers from

unprotected catechol-containing vinyl monomers remains challenging.

Nowadays, the most recognized method for the synthesis of polymers containing
catechol moieties in their side chains remains post polymerization modification
(PPM).236 Herein, particularly (bio)polymers decorated with functional groups such as
-NH2, -COOH, -OH, and -CHO, among others, can be employed.?3¢ PPM can again be
divided into grafting-from and grafting-onto approaches. Grafting-from approaches
describe modification processes, where side chains are formed by the polymerization

of monomers directly from the polymer backbone.?®? Grafting-onto approaches on the
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other hand describe the attachment of side chains to a polymer backbone using
specific organic reactions.?®® Biopolymers such as alginate,?®* gelatin,?® hyaluronic
acid,?86 and chitosan,?8” among others, but also synthetic polymers containing pendant
functional units are frequently implemented in grafting-onto approaches to deliver side
chain derivatives of catechol polymers.288.289 Herein, amidation plays a key role and is
readily applied.?®® In 2016, Kang et al. for example reported the direct attachment of
dopamine onto alginate using carbodiimide coupling chemistry.?84 A follow up physical
crosslinking using Fe®* ions enabled the preparation of multilayered antibacterial
alginate films.?®* However, due to the use of toxic and phosgene derived chemicals as
activators the direct attachment of catecholamines via amidation onto (bio)polymers
can be categorized as critical regarding sustainability aspects. Thus, to overcome the
need for activators in amidation, another strategy involving the incorporation of
activated linkages such as pentafluorophenyl,?® nitrophenyl,?®' or N-hydroxy
succinimide ester groups?®? into the polymer structure have been established. A recent
example was presented by Seferos et al. polymerizing various vinyl monomers
containing a pentafluorophenyl ester group, i.e. pentafluorophenyl acrylate,
pentafluorophenyl methacrylate, and pentafluorophenyl 4-vinylbenzoate, via RAFT
polymerization and subsequently attached a catecholamine, i.e. dopamine, by

conducting an amidation (Scheme 28A and B).%*3
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Scheme 28. A) Schematic overview for the polymerization of vinyl monomers and
subsequent post polymerization modification (PPM). B) General concept for the RAFT
polymerization of pentafluorophenyl ester monomers and subsequent post
polymerization modification (PPM) via amidation with dopamine.??3
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However, the required synthesis of the respective monomers including activated
functional units, their subsequent polymerization, and the actual PPM render this
approach a multi-step strategy, consuming a high number of resources, i.e. chemicals,

time, and money, and produce therefore also a correspondingly high amount of waste.

In addition to the most frequently employed amidation, supplemental well-established
organic reactions such as thiol-ene,?®* diacetal formation,?%® epoxide opening,?®® and
cross-metathesis,?®” among others, have been implemented into grafting-onto
approaches to access side chain derivatives of catechol polymers. On the contrary, up
to the present day only two approaches for the attachment of catechol derivatives onto
polybutadiene exist in the current literature (Scheme 29).2% In 2016, Bermesheva et
al. synthesized catechol containing side chain derivatives by connecting TES protected

eugenol onto the polymer backbone of polybutadiene via cross metathesis.?%”
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Scheme 29. General synthetic pathways for the attachment of catechol containing side
chains onto polybutadiene.?%”
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In this approach tedious protection and deprotection steps were necessary as the
ruthenium based Grubbs catalyst form stable complexes with the free hydroxyl groups
of catechol moieties and would therefore be inactivated.?®® In a second synthetic
strategy, which was also described in the same manuscript, 1,2-ethane dithiol was
modified monofunctionally with TES protected eugenol and subsequently attached to
polybutadiene.?®” Both reaction steps were herein performed via thiol-ene chemistry.

The targeted catechol polymer was later obtained after a final deprotection step.??”

End Chain Derivatives

Another class of catechol polymers bearing its catechol unit(s) at the chain-end(s) are
named end chain derivatives. With the development of controlled radical
polymerization techniques, i.e. atom transfer radical polymerization, ring-opening
metathesis polymerization, or RAFT, among others, these macromolecules achieved
a high interest in the synthesis of polymer brush-modified substrates using grafting-
from and grafting-onto approaches.299:300.301 |n grafting-from approaches the surface
of the substrates is functionalized with a catechol or ply(dopamine)-based initiator or
controlling agent, which enables the subsequent controlled polymerization yielding the
targeted polymer brushes. Generally, a broad variety of different surfaces and
substrates including carbon materials, living surfaces, low surface energy polymers
and others can be used.2%9:392.303 Common initiators, which are employed for different

polymerization techniques in grafting-from approaches, are depicted in Scheme 30.
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Scheme 30. Exemplary catechol containing initiators and chain transfer agents
applicable in controlled radical polymerization.

The inverse way, i.e. the functionalization of substrates with polymer brushes via
grafting-onto approaches, also appear as frequently employed tool.304.305.306 Herein,

catechol-based initiators or chain transfer agents are first employed to synthesize the

56



Theoretical Backround

end-chain functionalized polymers, which are then attached to the surface of the
desired substrate. For example, Haddleton et al. decorated magnetic nanoparticles
with several catechol-end functionalized polymers and copolymers via this strategy.3%’
Herein, especially the attachment of copolymers containing pendant mannose and
rhodamine B units was highlighted as these side groups improve the cellular uptake
and act as fluorophore, respectively, making the modified nanoparticles suitable in

biomedical imaging.30”
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3 Aim

In 2015, the 17 Sustainable Development Goals (SDGs) were adopted by the General
Assembly of the United Nations (UN). These goals were established to combine
economic, social, and environmental interests and act as guidelines for a more
sustainable global development. In this context, the SDGs target no poverty, zero
hunger, affordable and clean energy, action against climate change, and the protection
of biodiversity, among others, but also a decent economic growth and industrial
innovation. An additional aim of the SDGs is to “ensure the availability and sustainable
management of water and sanitation for all” (Goal 6). Nowadays, approximately 2.1
billion people have limited access to fresh drinking water, often caused by
contaminated water sources. In particular, the presence of heavy metal ions, such as
mercury or lead, in freshwater systems is still an occurring issue, which is generated
by mineral mining or electronic waste processing, among others. Water pollution by
heavy metals can especially be considered as critical due to their well-known adverse

effects against aquatic habitats, agriculture, and human health.

Thus, in line with Goal 6 of the 17 SDGs, the current thesis targets the synthesis of
functional (bio-based) materials for water decontamination via grafting-onto
approaches. The polymeric materials herein designed were developed using the

Twelve Principles of Green Chemistry as guiding framework.

Accordingly, the first chapter introduces a fast, microwave mediated modification
approach for the synthesis of structurally different short-chain (mixed) cellulose esters,
which found application as water purification membranes. The second chapter reveals
the inverse vulcanization of fully renewable fatty acid cellulose esters, yielding high
sulfur content composite materials, which were applicable for mercury removal from
aqueous solutions. The third chapter presents an efficient and straightforward synthetic
strategy to decorate unsaturated polymers, i.e. polybutadiene, with catechol units,
delivering promising materials for water decontamination showing a high affinity for
various heavy metals. The last chapter displays the synthesis of covalent adaptable
networks bearing promising structural units for potential water treatment, i.e. catechol

groups.
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4 Results and Discussion

In this chapter, the results obtained within the current thesis are presented and
discussed in detail. It is divided into four subchapters, targeting the synthesis of
functional (bio-based) materials for water treatment via grafting-onto approaches.
Chapter 4.1 introduces a rapid, microwave assisted approach for the modification of
cellulose using a DMSO/TMG/CO:2 switchable solvent system that delivers short-chain
(mixed) cellulose esters with variable side chain length for water purification
membranes. In chapter 4.2, the inverse vulcanization of fully renewable fatty acid
cellulose esters is presented, yielding high sulfur content composite materials showing
an effective mercury extraction from aqueous solutions. Chapter 4.3 describes an
efficient and straightforward synthetic strategy for the decoration of polybutadiene with
catechol moieties and the use of the corresponding polymer in water decontamination.
The final chapter 4.4 presents a synthetic approach providing a fully renewable polyol
by attaching catechol moieties onto high oleic sunflower oil. A subsequent catalyst-free
and solvent-free crosslinking process with a bifunctional divinyl ether yielded 100%

bio-based covalent adaptable networks with potential applicability in water purification.
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4.1 Structure-Property Relationships of Short Chain (Mixed)
Cellulose Esters Synthesized in a DMSO/TMG/CO. Switchable

Solvent System

The results of the current chapter and the corresponding data in the experimental
section have been published before:

T. Sehn, M. A. R. Meier, Biomacromolecules 2023, 24, 5255-5264.308

Text, figures, and data are reproduced from this article and were partially edited and
extended with permission from the American Chemical Society, copyright 2023.

All results related to the membrane part were performed by Jonas Dorr and
Sebastian Pusse in the frame of a collaboration between the research groups of Prof.
Michael A. R. Meier at Karlsruhe Institute of Technology (KIT) and Prof. Dr.-Ing.
Markus Gallei at the University of Saarland.

Abstract

Increasing environmental pollution and petroleum resource depletion are important
indicators for the inevitable replacement of fossil-based polymeric materials with more
sustainable counterparts. Hence, the development of bio-based materials from
renewable resources, such as cellulose, is of great importance. Herein, we introduce
a rapid and homogenous microwave assisted synthesis of high molecular weight
(59 kDa < Mh < 116 kDa) short chain (mixed) cellulose esters with variable acyl side
chain length (2 < C < 8) by using a DMSO/TMG/CO2 switchable solvent system.
Accordingly, (mixed) CEs were synthesized by implementing
1,1,3,3-tetramethylguanidine into a switchable solvent system (DMSO/TMG/CO2) and
simple variation of reaction parameters, followed by in-depth structural characterization
via IR, '"H NMR, 3C NMR and SEC. Examination of the structure-property relationships
revealed a decrease in the glass transition temperature (177 °C < Tg< 204 °C), an
increase in surface hydrophobicity, i.e. water contact angle (65° < WCA < 98°) and a
decrease of young’s modulus (0.751 GPa < E < 1.36 GPa), with longer alkyl side

chains. Selected examples, i.e. cellulose acetate, cellulose octanoate, cellulose
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acetate propionate, and cellulose acetate octanoate, were additionally be used for the

preparation of membranes that potentially find application in water treatment.

+CO,
DMSO,TMG
g
-Co,
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Solubilization and Derivatization of Cellulose in a DMSO/TMG/CO2 Switchable
Solvent System

CO2 based switchable solvent systems evolved to a versatile tool for homogenous
cellulose modifications.?52:309.310.311 These systems are typically based on superbases
such as 1,8-diazabicyclo-[5.4.0]-undec-7-ene (DBU) or 1,5,7-triazabicyclo-[4.4.0]-dec-
5-en (TBD) and a polar aprotic co-solvent like dimethyl sulfoxide (DMSO).'50.151
Although the derivative approach (see above for details) is currently established as
one of the most sustainable possibilities for homogenous cellulose modification,
toxicity and expensiveness of the mainly employed superbases, i.e. DBU and TBD,
remain as critical points.’®” Thus, the current chapter focuses on the investigation of a
cheaper and nontoxic alternative, i.e. 1,1,3,3-tetramethylguanidine (TMG), for cellulose
dissolution and subsequent acylation in a CO2 based switchable solvent system
(Scheme 31).
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Scheme 31. Cellulose dissolution in DMSO/TMG/CO:2 switchable solvent system and
subsequent transesterification reaction towards short chain (mixed) CEs. Top: CEs of
different chain lengths are obtained; bottom: mixed CEs containing acetate moieties
and one more, different ester, are obtained.

As a first result, we observed that microcrystalline cellulose (MCC, 3 wt%) can be
quantitatively dissolved within 30 minutes in the presence of TMG and DMSO when
applying a CO2 atmosphere of 15 bars. Having this information in hand, the subsequent
transesterification reaction of cellulose with vinyl acetate (VA) to yield cellulose acetate
(CA) was exemplarily studied. Based on previously reported systems for homogenous
CA synthesis,'®” the first acylation reactions were conducted in a DMSO/TMG/CO:2
system under traditional heating conditions for 4 hours at 60 °C. In order to optimize
the reaction conditions, different parameters, i.e. VA equivalents, TMG equivalents,
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heating method and reaction temperature, were investigated. Accordingly, the
modification was monitored by following the characteristic carbonyl vibration band at
1740 cm™' in attenuated total reflection infrared (ATR-IR) spectra and additional DS1H
determination via 'H nuclear magnetic resonance (NMR) spectroscopy. It is important
to mention that, in order to afford comparability of all recorded IR spectra, a
normalization to the unreacted C-O vibration band of the anhydroglucose unit (~ 1040
cm™') was essential. Thus, first, the effect of VA and TMG equivalents were
investigated, observing that the most promising results were obtained when VA and
TMG were used in an equimolar ratio. Hence, the synthesis of CA-1, CA-2, and CA-3
were performed with 4.50/4.50, 6.00/6.00 and 9.00/9.00 equivalents of VA and TMG,
respectively. Figure 1 reveals a gradual increase of the characteristic carbonyl
vibration band around 1740 cm™' for CA-1, CA-2 and CA-3, respectively, indicating a
more efficient cellulose modification when using increased VA and TMG equivalents
(9.00/9.00 equiv.).
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Figure 1. Expanded view of the C=0 stretching vibration band for CA1 — 7 during the

optimization process.

The aforementioned trend is additionally underlined by an increase of the degree of
substitution (DS1H) from 0.80 (CA-1, Figure S1 and Table S1) to 1.51 (CA-3, Figure
S3 and Table S1). Just recently, Zhu et. al. published a rapid microwave assisted

acylation approach for cellulose by using anhydrides in a CO2 switchable solvent
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system.?'2 Thus, as a second parameter, a different heating method, i.e. microwave
heating, was applied. To our delight, CA-4 could be successfully synthesized within 10
minutes at 60 °C under microwave conditions, i.e. 300 W power input. Despite the
short reaction time, CA-4 showed a more efficient modification (increased carbonyl
vibration band at 1740 cm™' and DS1H, Figure 1 and Table S1, respectively) compared
to the former synthesized CAs, i.e. CA-1 to CA-3, under otherwise the same
conditions. The latter phenomenon, i.e. higher DS at shorter reaction time, results from
the improved heat transfer efficiency during microwave irradiation.3'? Subsequently,
the effect of different reaction temperatures (60 °C, 100 °C, and 140 °C) was examined.
As shown in Figure 1, a higher reaction temperature led to a significant increase of the
carbonyl vibration band at around 1740 cm'. Hence, it was not surprising that CA-6
(140 °C) possessed the highest DS1+ (2.06, Table S1), compared to CA-4 (60 °C) and
CA-5 (100°C). In order to finalize the optimization process, VA and TMG equivalents
were further increased (to 12.0/12.0 equiv.), as the influence of this parameter was not
yet investigated under microwave conditions. At this point, a further increase of
functionalization (DS11 = 2.34) could be detected and confirmed by ATR-IR and NMR
spectroscopy (Figure 1 and Figure S8). Since the latter optimization step resulted in
a minor improvement of DSin (from 2.06 to 2.34, Table S1) and considering
sustainability aspects, the investigated reaction conditions (Scheme 31) were applied

for the subsequent synthesis of polymer libraries (Scheme 32).
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Scheme 32. Libraries of synthesized short chain (mixed) CEs in a DMSO/TMG/CO:
switchable solvent system.
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In the current work, two different polymer libraries of short chain CEs were synthesized
by applying the previously described optimized reaction conditions (Scheme 32).
Particularly, on the one hand, short chain CEs containing side chains with an equal
length (using one specific vinyl ester as esterification reagent, Scheme 32A) and on
the other hand, short chain mixed CEs including side chains with two different lengths
(using VA and a second vinyl ester component as esterification reagent simultaneously,
Scheme 32B). Initially, the structural characterization of all short chain (mixed) CEs
shown in Scheme 32 was performed via ATR-IR and '"H NMR spectroscopy (Figure 2
and Figure 3, respectively). For the synthesized short chain CEs, i.e. cellulose acetate
(CA), cellulose propionate (CP), cellulose butyrate (CB), cellulose valerate (CV),
cellulose hexanoate (CH) and cellulose octanoate (CO), characteristic stretching
vibration bands appearing at ~1740 cm" (C=0, Figure 2A) and 1160 - 1230 cm™ (C-
Oester, Figure 2A) in the corresponding ATR-IR spectra confirmed the successful CE
formation. Additionally, a stretching vibration band arising at 2800 — 3020 cm-', which
can be assigned to the CHs and CH2 groups of the aliphatic side chains, underlines the
success of the modification process. Furthermore, it was observed, that the intensity
of the C-H stretching vibration bands (2800 — 3020 cm™') increased with the increase

of the aliphatic side chain length (Figure 2A).
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Figure 2. A) ATR-IR spectra of short chain CEs, i.e. CA (black line), CP (red line), CB
(blue line), CV (green line), CH (violet line) and CO (yellow line). B) ATR-IR spectra of
short chain mixed CEs, i.e. CAP (black line), CAB (red line), CAV (blue line), CAH
(green line) and CAO (violet line).

The aforementioned characterization procedure via IR spectroscopy including
characteristic vibration bands at 1740 cm™ (C=0), 1160 — 1230 cm™" (C-Oester) and
2800 — 3020 cm™' (C-H) is also applicable for short chain mixed CEs (Figure 2B), i.e.

68



Results and Discussion

cellulose acetate propionate (CAP), cellulose acetate butyrate (CAB), cellulose
acetate valerate (CAV), cellulose acetate hexanoate (CAH) and cellulose acetate
octanoate (CAO). However, as shown in Figure 2B, an additional vibration band arose
at 1155 - 1160 cm-', which can be associated with the C-O vibration of a supplemental
structurally different ester moiety. Hence, the formation of short chain mixed cellulose
esters containing ester side chains with two different chain lengths is confirmed by IR
spectroscopy. In a complementary way, '"H NMR analysis was conducted for all
synthesized short chain and mixed CEs. Figure 3 shows that all recorded NMR spectra
display a similarity by revealing the unaffected anhydroglucose unit (AGU) protons
from 2.91 to 5.20 ppm. Additional magnetic resonances at 1.80 — 2.13 ppm for CA and
2.04 — 2.42 ppm for CP, CB, CV, CH and CO can be associated to the protons in a-
position next to the ester moiety and thus show further evidence of successful CE
formation. In the NMR spectra of mixed CEs containing two structurally different side
chains (acetyl and a longer one), magnetic resonances at 1.80-2.13 ppm (-O-C(CO)-
CHs) and 2.04 — 2.42 ppm (-O-C(CO)-CH2-) could be observed simultaneously. Hence,
the formation of short chain mixed CEs including acetyl and longer side chains (3 <C
< 8) is evidenced as well. As shown in Figure 3A and B, '"H NMR spectra of CEs and
mixed CEs reveal additional magnetic resonances in the high field region (0.62 — 1.65

ppm) depending on the chain length of the employed vinyl esters.
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Figure 3. A) "H NMR (400 MHz) of short chain CEs, i.e. CA (black line), CP (red line),
CB (blue line), CV (green line), CH (violet line) and CO (yellow line), in DMSO-ds (*) +
TFA at ambient temperature. B) "H NMR (400 MHz) of short chain mixed CEs, i.e. CAP
(black line), CAB (red line), CAV (blue line), CAH (green line) and CAO (violet line), in
DMSO-ds (*) + TFA at ambient temperature.
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In a complementary way, *C NMR of CA and CAP were recorded as representative
examples of all synthesized CEs and mixed CEs, respectively. In particular,
characteristic magnetic resonances in the low-field region at 170, 169, and 168 ppm,
which can be assigned to the quaternary carbon atom of the acyl groups at C6, C3,
and C2 position, respectively, confirm the successful formation of CA (Figure 4A). As
shown in Figure 4B, additional magnetic resonances at 173, 172 and 171 ppm
attributable to the -O-C(O)- moiety of propyl ester side chains provide supplemental

proof for the formation of mixed CEs, i.e. CAP.
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Figure 4. '3C NMR (126 MHz) of CA (A) and CAP (B) in DMO-de (*) at ambient
temperature.

After this structural characterization, the DS of (mixed) CEs was determined according
to literature known methodology via '"H NMR in order to quantify the efficiency of the
cellulose acylation approach in a DMSO/TMG/CO2 switchable solvent system.'s’
Although the current literature postulates that the maximal DS of cellulose derivatives
decrease with increasing bulkiness of the attached side chains'®* this phenomenon
could not be observed in the existing system. Interestingly, CEs and mixed CEs were
all obtained with DS in a similar range, i.e. from 2.05 to 2.16 and 1.99 to 2.16,
respectively, as shown in Table 6, Figure S31 and Figure S32. It is also worth to
mention that the incorporation ratio of VA and vinyl esters with increased chain length,
i.e. vinyl propionate, vinyl butyrate, vinyl valerate, vinyl hexanoate and vinyl octanoate,
in mixed CEs were determined via '"H NMR according to Equation S3 in chapter 6.3.2.
Accordingly, it was observed that the incorporation of VA increased when an additional
sterically hindered vinyl ester derivative was used. In other words, the relative content
of VA in the corresponding mixed CEs increased from 53% for CAP to 61% for CAO
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(Figure S32). Compared to CO2-based switchable solvent systems containing
superbases like DBU and TBD, the DS of acylation seems to be limited when using
TMG, likely a result of two main reasons. On the one hand, TMG can undergo an
amidation reaction with vinyl esters, due to its increased nucleophilicity at the N atom
of the imine functionality (confirmed by '"H NMR and GC-MS, Figure S33 and Figure
S34, respectively).®'® On the other hand, the active H atom (-C=NH) of TMG enables
hydrogen bond formation among the TMG molecules, which lowers the deprotonation
efficiency towards MCC drastically compared to DBU and TBD.3'® Nevertheless,
comparable and high DS could efficiently obtained, enabling the investigation of
structure property relationships.

Table 6. Molecular and thermal characterization data of short chain (mixed) CEs.

Sample DS14? Yield (%)® M (kDa)® be Ta,5% (°C)
CA 2.34 73 59 2.3 264
CcpP 215 47 65 2.2 299
CB 217 58 116 2.2 292
cv 2.05 46 53 21 325
CH 217 46 102 2.2 333
co 2.16 52 77 24 291

CAP 2.11 61 97 2.1 309
CAB 213 47 104 21 284
CAV 1.99 39 82 2.0 300
CAH 2.16 58 80 2.2 308
CAO 2.09 41 100 2.1 305

aDetermined for CEs and mixed CEs via 'H NMR according to Eqn. S1 and S2 in SI, respectively; ®
determined gravimetrically; ¢ obtained by HFIP SEC

Homogenous cellulose modification in CO2-based switchable solvent systems is
known for the mild reaction conditions compared to the industrially employed
heterogenous counterparts.’ Hence, less of cellulose backbone degradation was
indeed observed for homogenous modification approaches.'® Size exclusion
chromatography (SEC) confirmed high molecular weights for all synthesized CEs, i.e.
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53 kDa < Mh < 102 kDa (Table 6 and Figure 5A), and mixed CEs, i.e., 82 kDa < Mh <
104 kDa (Table 6 and Figure 5B). For the mixed short chain CEs, multimodal SEC
traces were observed, most likely due to inhomogeneous distribution of the two

different acyl side chains.
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Figure 5. A) SEC traces of short chain CEs, i.e., CA (black line), CP (red line), CB
(blue line), CV (green line), CH (violet line) and CO (yellow line) in HFIP + 0.1% w/v
KTFA. B) SEC traces of short chain mixed CEs, i.e., CAP (black line), CAB (red line),
CAV (blue line), CAH (green line) and CAO (violet line) in HFIP + 0.1% w/v KTFA.

Investigations of Structure-Property Relationships

In addition to the so far presented structural characterization, materials properties play
an important role in polymer materials in terms of potential industrial applicability. First,
the decomposition temperatures, defined as the temperatures at which 5% weight loss
occurs were determined by thermogravimetric analysis (TGA) measurements. All
synthesized (mixed) CEs revealed a single major degradation step in the range of 200
to 400 °C, which can be assigned to the pyrolytic decomposition of the polymer chain
skeleton. As shown in Figure S35, CA reveals a lower degradation temperature (7d4,5%
= 264 °C) compared to native cellulose (Tq,5% = 316 °C), due to decreased intra- and
intermolecular interactions. An increase of the side chain length from C=2 (CA) to C=6
(CH) resulted in a rise of Ta,5% up to 333 °C (Figure S35). However, the aforementioned
trend was not continued by CO, which showed a lower degradation temperature (7d4,5%
= 291 °C). Mixed CEs showed degradation temperatures in a similar range from 300
°C (CAV) to 308 °C (CAP) except for CAB, which possesses a lower one (Td,5% = 284
°C, Figure S36). Complementary to TGA, differential scanning calorimetry (DSC)
measurements were conducted for all CEs and mixed CEs. An amorphous state for all
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synthesized CEs in a temperature range of -20 to 250 °C by only revealing glass
transitions (Figure 6A and B) was observed. Thus, thermal characteristics are stated
by the corresponding glass transition temperatures (Tg). According to the internal
plasticizer effect already known from literature,3'# it was found that Ty decreased with
increasing side chain length from 203 °C (CA) to 172 °C (CB) for CEs and from 204
°C (CAP) to 177 °C (CAO) for mixed CEs. An increased molecular size of n-alkyl side
groups increasingly limits the formation of inter- and intramolecular interactions (here
hydrogen bonding of the cellulose backbone) and hence promotes backbone
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Figure 6. A) DSC studies (second heating run) of short chain CEs, i.e., CA (yellow
line), CP (violet line), CB (green line), CV blue line), CH (red line) and CO (black line)
from -20°C to 220 °C with a heating rate of 20 °C min-' under a nitrogen flow. B) DSC
studies (second heating run) of short chain mixed CEs, i.e., CAP (black line), CAB (red
line), CAV (blue line), CAH (green line) and CAO (violet line) from -20°C to 220 °C with
a heating rate of 20 °C min-' under a nitrogen flow. C) Static WCA measurements of
short chain CEs at ambient conditions. D) Static WCA measurements of short chain
mixed CEs at ambient conditions.
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For CV, CH, and CO, no thermal transitions were observed, which can be attributed to
the poor cellulose backbone interactions. More precisely, due to the limited inter- and
intramolecular interactions, i.e. hydrogen bonding, in CV, CH, and CO, a T4 was not
detectable for these polymers. In addition to thermal characterization, the wettability
properties of the synthesized materials were investigated by static water contact angle
(WCA) measurements. Current literature postulates that particularly the introduction of
long alkyl side chains, such as fatty acids, as well as the DS results in a significant
influence regarding the hydrophobicity of CEs. Nevertheless, as to our knowledge, the
dependence of WCA on the side chain length is only reported for long chain cellulose
esters (C 2= 6) containing low DS.3'” Therefore, the structure-property relationship of
side chain length and hydrophobicity was studied separately for short chain CEs (2 =
C = 8) and short chain mixed CEs (2 = C = 8). The incorporation of longer alky side
chains resulted in a linear increase of WCA, i.e. in hydrophobicity, for short chain CEs
and short chain mixed CEs (Figure 6C and D, respectively). More specifically, the WCA
of short chain CEs increased from 65° for CA to 98° for CO (AWCA = 33°, Figure 6C)
and of short chain mixed CEs from 72° for CAP to 92° for CAO (AWCA = 20°, Figure
6D). Subsequently, tensile strength measurements of mixed short chain cellulose

esters, i.e. CAP to CAO, have been performed (Figure 7).
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Figure 7. Young’s moduli of mixed short chain cellulose esters at ambient conditions.
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According to the previously described internal plasticizer effect, it was observed that
the Young’'s moduli of the respective materials decreased with increasing length of the
second incorporated ester side chain from 1.36 GPa for CAP to 0.751 GPa for CAO
(Figure 7). On a molecular level, the incorporation of longer side chains decreases
intra- and intermolecular interactions between the cellulose backbones, i.e. mainly

hydrogen bonding, and thus leads to a loss in the Young’s modulus.

Membrane Preparation

The 32 billion USD membrane market is nowadays dominated by synthetic fossil-
based polymers such as PVDF, due to their outstanding performance.3'® However, in
recent years particularly CA as a more sustainable alternative has gained an increased
attention as valuable material for membranes (see chapter 2.2.3). Thus, as a
continuation of the previously conducted work, in collaboration with partners from the
University of Saarbricken, we investigated if selected CEs would be suitable materials
for membrane preparation. Accordingly, structurally different (mixed) CEs containing
short and long alkyl side chains, i.e. CA, CO, CAP, and CAO, were implemented as
starting materials into the so-called nonsolvent induced phase separation (NIPS)
method, targeting cellulose-based membranes. Herein, the polymers were solubilized
in an appropriate solvent, i.e. DMSO or DMAc, the solution was added onto a solid
support and subsequently the entire system was put into a coagulation bath containing
an antisolvent, i.e. water. Preliminary results revealed that the NIPS method delivered
membranes for all employed CEs. Herein, scanning electron microscopy (SEM)
revealed the most promising results for CA and CAO, as these CE yielded porous
structures revealing the fewest number of defects and a narrow pore size distribution.
Frist successful permeance measurements of the CA- and CAO-derived membranes
also underlined their potential applicability in water purification processes. Accordingly,
the ongoing research focuses now on the search for potential adsorbents, i.e.
hormones, proteins, pharmaceuticals, and dyes, among others, which could be

removed from water streams by using these membranes.

Conclusion

In the first chapter, a rapid homogeneous microwave assisted synthesis of short chain
(mixed) cellulose esters (CEs) with high molecular weight (59 kDa < Mh < 116 kDa) and
variable acyl side chain length (2 < C < 8) was developed in a DMSO/TMG/CO:
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switchable solvent system. Thus, 1,1,3,3-tetramethylguanidine was first implemented
into the switchable solvent concept for cellulose esterification as a cheap and nontoxic
alternative superbase. Upon the quantitative dissolution of cellulose and the
optimization of the subsequent transesterification reaction with vinyl acetate, two
polymer libraries including short chain CEs and short chain mixed CEs were
synthesized. In-depth structural characterization of (mixed) CEs via IR, '"H NMR,
3C NMR and SEC confirmed the successful formation within 10 minutes. The
homogenous modification approach yielded (mixed) CEs with similar DS, i.e.
2.05 < DS = 2.34 (CEs) and 1.99 < DS =< 2.16 (mixed CEs), which affords a
comparability of materials properties. Thus, in order to understand structure property
relationships, all synthesized CEs were investigated regarding their thermal
characteristics (via DSC and TGA) and wettability (via WCA). For mixed short chain
cellulose esters, mechanical properties (tensile strength) have also been investigated.
After detailed characterization of the structure-property relationships, membranes of
CA, CO, CAP and CAO were synthesized using the NIPS method and subsequently
characterized by SEM and permeation measurements.
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4.2 High Sulfur Content Composite Materials from Renewable Fatty

Acid Cellulose Esters (FACE) via Inverse Vulcanization

The results of the current chapter and the corresponding data in the experimental
section have been published before:

T. Sehn, J. Fanelli, L. Wahl, M. A. R. Meier, RSC Sustainability 2025, 3, 291-299.31°

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

The author was responsible for the conceptualization of the project, investigation,
formal analysis, and writing of the original draft.

J. Fanelli (“wissenschaftliche Hilfskraft’) and L. Wahl (Bachelor thesis supervised by
the author) contributed to the synthetic part of the work, i.e. synthesis of the starting
materials and high sulfur content composite materials.

Abstract

Herein, we introduce an efficient inverse vulcanization of fully renewable cellulose-
based monomers. Therefore, biobased fatty acid cellulose esters with different degrees
of substitution (0.38 < DS < 0.62) were inversely vulcanized to obtain high sulfur
content composite materials (~95 wt% sulfur). In-depth structural characterization of
the crosslinked sections via differential scanning calorimetry, thermogravimetric
analysis, energy dispersive X-ray spectroscopy, and scanning electron microscopy
revealed an increased amount of covalently incorporated  sulfur
(5.67 wt% < sulfur wt% < 56.2 wt%) with a higher degree of substitution of fatty acid
cellulose ester. Investigating structure-property relationships further revealed an
increase in thermal stability (227 °C < Tq5% < 247 °C) accompanied by a decreased
wettability (87° < © < 99°) with higher degree of substitution. The obtained materials
showed application possibilities for water purification, i.e. for mercury extraction
(70 % < Hg?*removal < 95 %).
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Results and Discussion

Synthesis and Characterization of Fatty Acid Cellulose Esters (FACEs)

Using the so-called derivative approach for cellulose modification in a DMSO/TBD/COz2
switchable solvent system, cellulose (microcrystalline, dried at 100 °C at 10 mbar
overnight) was esterified with biobased methyl-10-undecenoate (Scheme 33A). By
applying different amounts of methyl-10-undecenoate (i.e. 0.66, 1.16, and 3.00
equivalents), FACE-1, FACE-2 and FACE-3, respectively, were obtained.
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Scheme 33. (A) General concept for cellulose dissolution in a DMSO/TBD/CO:2
switchable solvent system with subsequent transesterification using methyl-10-
undecenoate to fatty acid cellulose esters (FACE). (B) Synthetic approach for the
inverse vulcanization of FACE towards high sulfur content composite materials.

The structural characterization of these FACEs was performed by attenuated total
reflection infrared (ATR-IR) spectroscopy supplemented by 'H and 3'P nuclear
magnetic resonance (NMR) spectroscopy. ATR-IR spectra of all synthesized FACEs
(Figure 8) revealed characteristic stretching vibration bands at ~1641 cm™' (C=C) and
~1730 cm™ (C=0), indicating the successful incorporation of ester and alkene
functional groups into cellulose. In "H NMR (Figure S37,Figure S39 and Figure S41),
magnetic resonances appearing from 2.95 to 5.64 ppm, assigned to the unmodified
protons of the anhydroglucose unit (AGU), and magnetic resonances at 4.97 ppm and
5.80 ppm, attributed to the introduced double bond protons, additionally confirmed the
success of the synthetic approach. The following degree of substitution (DS)
determination of the synthesized FACE materials was conducted according to an
established 3'P NMR spectroscopy method.3?° Thus, the free hydroxyl groups of the

respective FACE were converted into phosphite esters by reaction with the
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phosphitylation agent 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (2-Cl-
TMDP).

A) —— FACE-1 —— FACE-2—— FACE-3|B) —— FACE-1
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Figure 8. (A) ATR-IR spectra of FACE-1 (green line), FACE-2 (black line), and FACE-
3 (blue line). (B) Expanded view of the C=0 and C=C stretching vibration bands for
FACE-1 (green line), FACE-2 (black line), and FACE-3 (blue line).

A subsequent quantitative determination of the corresponding phosphite esters via 3'P
NMR spectroscopy using an internal standard (endo-N-hydroxy-5-norbornene-2,3-
dicarboximide) allowed the calculation of the average DS as previously reported by
Kilpeldinen et al. (Figure S38, Figure S40, Figure S42, Eqn. S7, and S$8).3%°
Unsurprisingly, the DS of the synthesized FACE correlated with the amount of
employed transesterification agent, i.e. methyl-10-undecenoate. Thus, FACE-1
appeared as the material with the lowest DS, i.e. 0.38, followed by FACE-2 (DS = 0.42)
and FACE-3 (DS = 0.62), respectively. Conventional inverse vulcanization is usually
conducted at elevated temperatures above 160 °C. Therefore, to evaluate if the
synthesized FACEs can potentially be employed as comonomers for inverse
vulcanization, the thermal properties of the respective materials were investigated via
thermogravimetric analysis (TGA, Figure S43) and differential scanning calorimetry
(DSC, Figure S44). As shown in Figure S43 in chapter 6.4.4, TGA curves revealed a
higher thermal stability for FACE with lower DS. The higher degradation temperatures,
which are defined as the temperature of 5% weight loss (T4,5%), can be explained by
the inherently existing strong intra- and intermolecular interactions (predominantly
hydrogen bonding) between the hydroxyl groups of the cellulose backbones. An
increased amount of incorporated bulky alkyl side chains, i.e. a higher DS, affords a
partial interruption of the intra- and intermolecular interactions between the cellulose
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backbones and therefore explains the slightly lower thermal stability of FACE-3 (T4,5%
= 221 °C). DSC measurements of all synthesized FACEs did not show any thermal
transition. Size exclusion chromatography (SEC) was performed to determine the
molecular weight of the FACEs. Unfortunately, FACE-1 was not soluble in the available
SEC eluent, i.e. hexafluoro isopropanol (HFIP), and therefore no measurement could
be conducted. SEC traces of FACE-2 and FACE-3 (Figure S45) revealed high
molecular weights (53 kDa < Mh< 64 kDa; 1.85 < H < 1.99), a result of the mild reaction
conditions during the modification approach using the switchable solvent system,'%’
i.e. less backbone degradation, which is also beneficial for the materials properties.
The thermal and structural characterization of the FACEs revealed that they are
potential fully renewable comonomers for inverse vulcanization, which was an aim of
this study (Scheme 33B).

Network Structure Investigations

The corresponding FACEs (5 wt%) were mixed with elemental sulfur (95 wt%) and
reacted for 24 h at 180 °C. The optical appearance of the final composite materials,
i.e. FACE-1S, FACE-2S and FACE-3S (Figure 9) was brown to black. At this point it
is worth mentioning that the synthesis of the cellulose-based high sulfur content
composite materials was achieved without the employment of any solvent, toxic
chemicals, purification steps, and most importantly without the production of any
waste, thus an E-Factor of 0 is the result of this synthesis procedure.

& eat eS|

Elemental Sulfur FACE-1S FACE-2S FACE-3S
DS =0.38 DS =0.42 DS =0.62

Figure 9. Optical appearance of the synthesized high sulfur content composite
materials FACE-1S, FACE-2S, and FACE-3S.

First, the thermal properties of the obtained inverse vulcanizates were investigated by
conducting DSC measurements (Figure 10). Herein, the synthesized composite
materials revealed a thermal transition, i.e. a significant melting peak, at 120 °C,
indicating the presence of unreacted crystalline elemental sulfur. Accordingly, DSC
measurements did not confirm if the expected reaction between the FACE

comonomers and elemental sulfur proceeded successfully.
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Figure 10. DSC studies of FACE-1S (green line), FACE-2S (black line), and FACE-3S
(blue line) before and after the washing step with CS..

For a more detailed understanding of the networks structure, unreacted elemental
sulfur was thus removed from the synthesized materials to obtain and characterize the
formed crosslinked networks. Hence, a washing procedure implementing carbon
disulfide (CSz2), which is known to dissolve elemental sulfur at room temperature, was
applied to the obtained inverse vulcanizates. Subsequent DSC measurements of the
potentially crosslinked residual materials, i.e. FACE-1S-washed, FACE-2S-washed,
and FACE-3S-washed, did not show any melting peak at 120 °C (Figure 10),
indicating that no crystalline elemental sulfur remained after the washing procedure.
However, potentially covalent incorporation of sulfur could not be confirmed via DSC.
Interestingly, a two-step degradation behavior was observed by TGA after sulfur

extraction (Figure 11A).
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Figure 11. A) TGA curves of FACE-1S-washed (green line), FACE-2S-washed (black
line), and FACE-3S-washed (blue line) from 25 to 600 °C with a heating rate of 10 K
min~" under a nitrogen flow. B) Correlation between covalently incorporated sulfur and
DS of the starting materials, i.e. FACE-1, FACE-2, and FACE-3.
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It can be assumed that the first degradation step corresponds to the degradation of
covalently incorporated S-S moieties, whereas the second one is attributed to the
degradation of the FACE backbone. Correspondingly, with increasing DS of the
FACEs, the intensity of the first degradation step (corresponding to the decomposition
of S-S bonds) also increased from 5.64 wt% in FACE-1S-washed to 56.2 wt% for
FACE-3S-washed. In other words, the amount of covalently incorporated sulfur related
to the DS of the employed FACE comonomer and increased with increasing DS
(Figure 11B). The previously investigated phenomenon might be explained by the
more hydrophobic character of the FACE containing higher DS, which enabled an
improved solubility in molten sulfur and thus a more efficient reaction, i.e. covalent
implementation of sulfur. In order to verify the presence of covalently incorporated
sulfur in the residue materials, FACE-XS-washed (X = 1, 2 or 3) were investigated by
energy-dispersive X-ray (EDX) spectroscopy. EDX spectra of the FACE comonomers
before inverse vulcanization revealed characteristic bands for the elements carbon and
oxygen (Figure 12A), which was expected according to their chemical structure
(depicted in Scheme 33A). Additional bands for FACE-XS-washed particularly
appeared between 2.0 and 2.5 keV (Figure 12A), confirming the existence of sulfur in
the washed materials. The absence of sulfur crystals in supplemental SEM images of
the previously mentioned residue materials combined with smooth surface areas
confirmed that the sulfur species, which were detected by EDX, were covalently

incorporated (Figure 12B).
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Figure 12. A) EDX spectra of the starting materials, i.e. FACE-1, FACE-2, and FACE-
3, and washed high sulfur content composite materials, i.e. FACE-1S-washed (top),
FACE-2S-washed (middle), and FACE-3S-washed (bottom). B) SEM images of high
content composite materials after washing with CSa.
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Investigations of Structure-Property Relationships

After understanding the formed network structure and confirming that cross-linked
composite materials were formed, structure property-relationships were examined. An
increased degradation temperature (temperature at which 5% weight loss occurred)
was observed by TGA if FACEs with higher DS were incorporated as comonomers
(Figure 13A). More precisely, FACE-1S (DSrace-1 = 0.38) revealed the lowest
degradation temperature (Ta4,5% = 227 °C) followed by FACE-2S (T45% = 233 °C) and
FACE-3S (Tas5% = 247 °C), respectively. The improved thermal stability of the
composite materials including FACEs with higher DS resulted from the increased
amount of covalently bonded sulfur (5.67, 12.2 and 56.2 wt% for FACE-1S, FACE-2S,
and FACE-3S, respectively) and thus more extensive crosslinking. Interestingly, the
composite materials show a one- step degradation behaviour, resulting from the high

sulfur content that prevents the observation of the FACE degradation step.
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Figure 13. (A) TGA curves of FACE-1S (green line), FACE-2S (black line), and FACE-
3S (blue line). (B) Static WCA measurements of FACE-1S, FACE-2S, and FACE-3S.
(C) Mercury removal efficiency of FACE-1S, FACE-2S, and FACE-3S from an aqueous
HgCl2 solution (1.00 mg L") after 24 h at ambient temperature. (C) Backscattered
electron image of FACE-1S after mercury uptake via SEM.
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The hydrophobic character of FACE-1S, FACE-2S, and FACE-3S was investigated by
conducting static WCA measurements (Figure 13B). In the current literature,3?' it has
been frequently described that an increased DS leads to a higher hydrophobicity for
CEs. Hence, it was not surprising that the static contact angels increased from 87° for
FACE-1S (DSrace-1 = 0.38) to 99° for FACE-3S (DSrace-2 = 0.62).

Application for Water Treatment

Inverse vulcanized materials are known as excellent heavy metal sorbents and can
therefore be applied in water purification processes.?27:221,204.191,322.323 Thyg, to
emphasize a potential application for the synthesized high sulfur content composite
materials, their potential for mercury uptake from an aqueous HgClz2 solution (Ci = 1.00
mg L") was investigated. The chemical structure, i.e. the DS of the incorporated FACE
comonomers, revealed a significant impact on the extraction efficiency and capacity of
the materials. As shown in Figure 13C, FACE-1S synthesized from FACE-1 occurred
as the most efficient mercury sorbent with an extraction efficiency up to 95%, followed
by FACE-2S (78%) and FACE-3S (70%), respectively. The equilibrium mercury
concentrations were subsequently employed for the calculation of the distribution
coefficient (Ka), which assess the affinity of the synthesized sorbents for Hg?* ions. K4

values can generally be calculated according to Eqn. 6:

_ (Ci—Cy) X

K, c;

- (6)

Here, Ci is the initial mercury concentration (mg L), Ct is the final mercury
concentration (mg L"), V is the volume of mercury solution (mL), and m is the mass of
polymer (g). In line with the investigated extraction efficiencies, FACE-1S possessed
the highest calculated Kq of 1.13 x 10* mL g, followed by FACES-2S (1.87 x 103 mL
g') and FACE-3S (1.22 x 10°® mL g), respectively. Excellent and commercially
available mercury sorbents usually exhibit Kq values > 10% mL g'. Thus, particularly
FACE-1S (Ka=1.13 x 10* mL g™') can be categorized as a promising mercury sorbent.

The equilibrium extraction capacities (ge) of all synthesized composite materials can

be calculated according to Eqn. 7:

ge = (C;—Cp) x % (7)
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Unsurprisingly, FACE-1S showed the highest ge (0.48 mg g™') compared to FACE-2S
(0.39 mg g') and FACE-3S (0.35 mg g™"). As a final proof for the adsorption of mercury
at the surfaces of the sorbent materials, i.e. FACE-1S, FACE-2S, and FACE-3S,
backscattered electron (BSE) images after mercury uptake were recorded via SEM
(Figure 13D, Figure S47A and Figure S47B, respectively). Figure 13D exemplarily
reveals bright and dark surface areas, where the dark spots correspond to the initial
composite material and the bright spots represent areas with adsorbed mercury.

Table 7. Summary of mercury sorption studies of cellulose-based high sulfur content
composite materials.

Material Extraction Distribution Extraction
efficiency / %? coefficient/ mL g'  capacity / mg g
FACE-1S 95 1.13 x 104 0.48
FACE-2S 78 1.87 x 108 0.39
FACE-3S 70 1.22 x 103 0.35

afrom an aqueous HgCl2 solution (Ci = 1.00 mg L") after 24 h at ambient temperature.

Conclusion

In the current chapter of the thesis, microcrystalline cellulose was solubilized in a
DMSO/TBD/COz2 switchable solvent system and subsequently transesterified by using
the biobased transesterification agent methyl-10-undecenoate by adopting a literature
known procedure.'® Upon the synthesis of renewable fatty acid cellulose esters
(FACEs) containing three different DS (0.38 < DS < 0.62), an in-depth structural
characterization, i.e. '"H NMR, 3'P NMR, ATR-IR, DSC and TGA, was conducted. The
subsequent inverse vulcanization of the synthesized FACEs resulted in high sulfur
content composite materials (~95 wt% sulfur). A detailed investigation of the structural
composition of the crosslinked sections via DSC, TGA, EDX, and SEM showed an
increased amount of covalently implemented sulfur (5.67 wt% < wt% sulfur < 56.2
wt%), depending on the degree of substitution (DS) of the employed FACE.
Additionally, it was also shown that the structural composition of the FACEs, i.e. their
DS, also influence the material properties of the synthesized high sulfur content
composite materials. More precisely, a higher DS of the used FACEs afforded a higher
thermal stability (227 °C < Tas% < 247 °C), an elevated surface hydrophobicity
(87° < ©<99°) and a lower mercury extraction efficiency (70 % < Hg%*removal < 95 %).
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4.3 Efficient One-Step Synthesis of Catechol Containing Polymers
via Friedel-Crafts Alkylation and Their Use for Water

Decontamination

The results of the current chapter and the corresponding data in the experimental
section have been published before:

T. Sehn, N. Kolb, A. Azzawi, M. A. R. Meier, Macromolecules 2024, 57,
10802-10811.324

Text, figures, and data are reproduced from this article and were partially edited and
extended with permission from the American Chemical Society, copyright 2023.

Parts of the project were conducted in collaboration with Evonik Operation GmbH as
an industrial partner.

The author was responsible for the investigation, formal analysis, and writing of the
original draft.

N. Kolb (Evonik Operation GmbH) and A. Azzawi (Evonik Operation GmbH)
contributed to the conceptualization of the work.

Abstract

We herein present an efficient one-step synthesis route towards catechol containing
polymers from liquid polybutadiene via a simple post polymerization modification
approach applying acid catalyzed Friedel-Crafts alkylation. Accordingly, 100%
modification of polybutadiene was achieved within 30 minutes in bulk at 120 °C. The
final structure of the polymer was analyzed by '"H NMR, 3C NMR, 2D NMR, ART-IR,
DOSY, and SEC. Material properties were investigated via TGA and DSC. Subsequent
metal ion removal tests revealed excellent extraction efficiencies (86 % < M™removal <
100%) when using the catechol containing polymer as heavy metal sorbent and thus

emphasize a potential application for water purification processes.
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v' One-step
v' Cost-effective
v" Solvent-free

v' 100% modification
v" Processable polymer
v' Water purification
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Investigation of Reaction conditions and Model Compound Synthesis
First, to find suitable and generally applicable conditions for Friedel-Crafts alkylation
(FCA) with catechol, limonene was used as a model compound, offering different types

of double bonds with different reactivities.
A) OH

©/o|-|

(4.00 equiv.) isomers

Y

H,S0, (57%)
(0.80 equiv.)
(1.00 equiv.) THF, a.t.

o (4.00 equiv.)
Wo/ >
H,80, (57%)
(1.00 equiv.) (0.40 equiv.)

THF, a.t.

isomers

M2 (9 %)

Scheme 34. General reaction conditions for the synthesis of A) M1 and B) M2.

In the current literature, catechol modification approaches of organic compounds via
FCA are rarely described.325326.327 Frequently, the reactions proceed in bulk at a
temperature above the melting point of catechol (mp = 105°C) around 120 °C.32532%
The most common side reaction in acid catalyzed FCA s cationic polymerization, which
can trigger crosslinking for substrates containing more than one double bond.3?8 Thus,
to investigate if cationic oligomerization occurs, limonene was first stirred in the
presence of three different concentrated Bronsted acids, i.e. perchloric acid (HCIOa4),
sulfuric acid (H2S04), and phosphoric acid (H3POa4). Size exclusion chromatography
(SEC) revealed additional signals at higher retention times for all systems, indicating
the previously mentioned oligomerization (Figure S54). Nevertheless, using the
respective acids more diluted (57%) suppressed the oligomerization (Figure S55) and

diluted acids were therefore applied for the following FCA modifications.
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Subsequently, a gas chromatography (GC) screening of the conversion of limonene at
different reaction conditions, i.e. catalyst, temperature, and solvent, was performed
(Table S3). It was observed that the conversion of imonene in the presence of catechol
and acid catalyst, i.e. HCIO4 (57%), H2SO4 (57%), and H3POa4 (57%), were quantitative
within 10 minutes at 120 °C in bulk (Table S3). Adding a solvent, i.e. tetrahydrofuran
(THF), resulted in a less efficient modification when using HaPO4 (57%) as catalyst,
whereas HCIO4 (57%) and H2SO4 (57%) still provided almost quantitative conversion
(Table S3). A decrease of reaction temperature to 60 °C lowered the efficiency of the
reaction, i.e. full conversion could only be achieved for HCIO4 (57%) and H2SOa4 (57%)
within 120 minutes (Table S3). On the contrary, H3PO4 (57%) showed no conversion
after 120 minutes reaction time (Table S3). Since HCIO4 (57%) and H2SO4 (57%)
appeared equally efficient and due to cost effectiveness, H2SO4 (57%) was chosen as
catalyst for all subsequent reactions reported herein. An additional GC screening
showed that a decrease in catalyst (down to 0.10 equiv. H2SO4 (57%)) yielded a slower
reaction rate and thus high conversions (= 99%) could only be achieved after 24 hours.
At ambient temperature the modification process proceeded again less efficiently, i.e.
conversions from 24.2% up to 80.6% could be reached within one day dependent on
the catalyst loading (Table S4). After these GC screenings, reaction 13 of Table S4
(also shown in Scheme 34A) was purified to confirm that the targeted catechol
modified products were successfully synthesized. Hence, 'H nuclear magnetic
resonance (NMR) spectroscopy of model compound M1 was performed (Figure 14A).

(T

L n

1x10™*

A)
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DOSY spectrum of M1 in CDCIs at ambient temperature.
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The spectrum revealed characteristic magnetic resonances (0.24 — 2.75 ppm) in the
upfield region, which can be assigned to the terpene scaffold of the product. Additional
signals in the range from 4.86 to 5.35 and 6.47 to 6.96 ppm correspond to the hydroxyl
and aromatic protons, respectively, introduced by the catechol moieties (Figure 14A).
At this point it must be mentioned that a direct assignment of every peak in the
spectrum of M1 was not feasible, due to isomer formation (Figure 14A). Thus, diffusion
ordered spectroscopy (DOSY) and size exclusion chromatography (SEC) were
performed to investigate the structure of the synthesized products. As shown in Figure
14B, DOSY revealed the same diffusion coefficient for all magnetic resonances
appearing in "H NMR, indicating that all compounds are of similar molecular weight.

This is further confirmed by SEC of M1, showing only one peak with a dispersity of
1.00 (Figure S56). Supplemental structural characterization of M1 was performed via
13C NMR, gradient selected correlation (COSY), and heteronuclear single quantum
coherence (HSQC) spectroscopy, showing all expected signals and correlations
(Figure S49, Figure S57, and Figure S58, respectively). The disappearance of the
C=C vibration band around 1645 cm-! and the arising OH vibration band (~3337 cm")
in the ATR-IR spectrum of M1 (Figure S59) combined with the observed mass of the
sodium adduct of M1 in electrospray ionization mass spectrometry (ESI-MS, Figure
S$60) further confirmed the formation of the targeted products. Subsequently, a
structurally more similar substrate to polybutadiene, i.e. methyl oleate, was introduced
to further investigate catechol addition onto cis double bonds via acid catalyzed FCA
(Scheme 34B). For the synthesis of model compound M2, again a GC screening was
conducted to investigate if the reaction appears as efficient as for M1. Generally, the
FCA using methyl oleate as starting material worked less efficiently when using THF
as solvent (1M) and H2SO4 (57%, 0.40 equiv. per DB) as catalyst (compare R9 in Table
S$4 with R10 in Table S5). Interestingly, the reaction however still proceeded also with
low catalyst loading (0.05 equiv. per DB) and at ambient temperature, but slower. This
indicates that the isolated double bond of methyl oleate is somewhat less reactive than
the geminal disubstituted or the trisubstituted double bonds of limonene, as can be
expected for FCA. The structural characterization of M2 was performed in a similar
manner as described for M1. Most importantly, '"H NMR revealed magnetic resonance
from 4.79 to 5.63 ppm and from 6.52 to 6.81 ppm, corresponding to the attached
hydroxyl and aromatic protons of the catechol unit (Figure 15A). An additional signal

appearing from 2.77 to 2.98 ppm underlined the attachment of catechol groups onto
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methyl oleate, as this signal can be assigned to the tertiary proton formed during the
reaction (Figure 15B). DOSY, 13C NMR, SEC, 2D NMR, IR, and ESI-MS additionally
confirmed the structure of M2, as explained before for M1 (Figure 15B, Figure S51
and Figure S61 to Figure S65, respectively).
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Figure 15. (A) "H NMR (400 MHz) of M2 in CDCls (*) at ambient temperature. (B) DOSY
spectrum of M2 in CDCls at ambient temperature.

Polymer Modification and Characterization

After the previously described initial investigations, the post polymerization
modification (PPM) of polybutadiene with catechol was investigated, revealing that the
modification had to be conducted at harsher reaction conditions, i.e. in bulk and at 120

°C (Scheme 35).

OH
OH

(8.00 equiv.)

—‘—\_/—h - o + isomers

H,S0, (295 %)
(1.00 equiv.) (0.40 equiv.) OH

120 °C, 30 min P1 (42 %)
OH

Scheme 35. General conditions for the post polymerization modification of
polybutadiene via Friedel-Crafts alkylation.

The harsher reaction conditions for PPM were likely required due to the increased
steric hindrance of the double bonds within the polymer backbone. Nevertheless, FCA
in bulk at 120 °C yielded a degree of modification of 100% within 30 minutes. Reducing

the equivalents of catechol to 6.00 and the catalyst loading to 2.5% still resulted in full
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functionalization, however then a much longer reaction time, i.e. 6h, was required.
Further reduction of either catechol or catalyst led to incomplete conversion and
possibly side reactions such as cross-linking. After simple purification, i.e. washing and
distillation of excess catechol, structural characterization of the modified polybutadiene
(P1) was conducted. First, 'TH NMR of P1 was recorded, revealing broad magnetic
resonances from 0.27 to 2.23, 6.04 to 6.91, and 8.14 to 8.79 ppm, which can be
assigned to the aliphatic polymer backbone, the aromatic hydroxyl groups and the
aromatic protons of the introduced catechol moieties, respectively (Figure 16A). An
additional DOSY experiment, showing a similar diffusion coefficient for all appearing
magnetic resonances observed by 'H NMR, confirmed the attachment of catechol
groups onto the polymer backbone (Figure 16B). Supplemental proof for the success
of the PPM was provided by the appearance of characteristic magnetic resonances in
13C NMR from 111 to 121 and 141 to 148 ppm, which can be attributed to the aromatic

carbon atoms of the pendant catechol side groups (Figure S53).
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Figure 16. (A) '"H NMR (400 MHz) of P1 in DMSO-ds (*) at ambient temperature. (B)
DOSY spectrum of P1 in DMSO-ds at ambient temperature.

Expected correlations in 2D NMR, i.e. COSY and HSQC spectroscopy (Figure S66
and Figure S67, respectively), combined with the presence of a characteristic hydroxyl
vibration band (~3381 cm-', Figure S68) in the IR spectrum of P1 underline again the
success of the modification approach. SEC of the starting polybutadiene and P1 were
conducted, showing a decrease in hydrodynamic volume for P1 after modification,
probably due to an increased number of intramolecular interactions, i.e. hydrogen

bonding and -1 stacking (Figure 17A). Thermal properties of P1 were investigated
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via thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).
Thermal degradation, which is defined as the temperature at which 5% mass loss
occurs (Td4,5%), of P1 was observed at 377 °C (Figure S69) and thus started in the
same temperature range as for polybutadiene (Tda,5% = 373 °C, Figure S69). DSC of
P1 revealed one thermal transition, i.e. a glass transition (Tg) at 143 °C, which is 242
°C higher than the Tg of the parent polybutadiene (Figure 17B). The significant
increase of Tgresulted from the introduction of bulky side groups, i.e. catechol moieties,
onto the polymer supplemented by additional inter- and intramolecular interaction, i.e.
mainly hydrogen bonding and -1 stacking, which limits the chain flexibility of P1
dramatically compared to the starting polymer. Noteworthy, similarly efficient
modifications were also observed for other polybutadiene samples, i.e. for hydroxyl

terminated polybutadiene.
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Figure 17. (A) SEC traces of polybutadiene (black, Mn = 1.6 kDa) and P1 (green, Mn
= 1.8 kDa) in THF + 0.025% w/v BHT. (B) DSC thermograms (second heating run) of
polybutadiene (black) and P1 (green) from -130 to 160 °C with a heating rate of 10 °C
min-' under a nitrogen flow.

Application of P1 as Heavy Metal lon Sorbent in Water Decontamination

After the synthetic part of the current chapter, i.e. synthesis of two model compounds
to develop suitable reaction conditions and a fully catechol modified polymer via PPM,
a potential application for P1 was targeted. It is well known that catechol forms stable
complexes with metal ions. Therefore, the applicability of P1 in water treatment was
investigated to further improve the availability and sustainable management of clean
water, as envisaged by UN Sustainable Development Goal 6. Particularly the fact that

P1 is a thermoplastic material enables an easy processability and hence affords a
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broad versatility in sample preparation. In the current work, the polymer was coated
onto the surface of silica particles by a simple technique (5 wt%, Scheme 36), i.e. P1
was dissolved in THF, silica particles were added, and the solvent was afterwards
evaporated under reduced pressure. The polymer coated silica particles provided a

large surface area, which was beneficial for subsequent metal ion removal tests.

li.: coated silica;
re.: pure silica

Scheme 36. General concept of the loading technique for polymer coating onto silica
particles (top) and schematic overview of the metal ion removal tests (bottom).

The polymer coated silica particles provided a large surface area, which was beneficial
for subsequent metal ion removal tests. The coating of P1 onto the silica particles was
observed by a color change from white to beige (Scheme 36) and confirmed by an
additional carbon signal around 0.28 keV in energy dispersive X-ray (EDX)
spectroscopy (Figure 18A).
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Figure 18. A) EDX spectra of uncoated and polymer coated silica particles. B)
Extraction efficiencies of P1 coated silica particles from aqueous metal ion solution
(Ci=1.00 mg L") for different cations.
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For metal ion removal tests, 200 mg of the polymer coated silica particles were stirred
in aqueous solutions containing different metal ions (ci = 1.00 mg L), i.e. Pb?*, AI3*,
Cu?*, Fe3®*, Zn?*, or Hg?*, for 24 h at ambient conditions and subsequently filtered off
(Scheme 36). Interestingly, P1 coated silica particles revealed a high affinity towards
all tested metal ions. In other words, extraction efficiencies from 86% for Zn?* up to
>99% for Pb?* were achieved during the experiments (Figure 18B and Table 8). To
quantify the affinity of the synthesized sorbent to the respective metal ion, the
equilibrium metal ion concentrations were employed to calculate the corresponding
distribution coefficient (Kd). Ka values can be calculated, as already introduced in

chapter 4.2, according to Eqn. (8):

Ko= Tl x ®
In Eqn. 8, Ci is the initial metal ion concentration (mg L"), Cs is the final metal ion
concentration (mg L"), V the volume aqueous metal ion solution (mL), and m is the
mass of coated silica particles (g). Accordingly, two different K4 values were calculated.
One referred to the employed mass of coated silica particles, i.e. 200 mg, and the other
referred to the actual polymer mass coated onto the silica particles, i.e. 10 mg (Table
8). According to the current literature, Kq values of 1 x 10* mL g are considered as
good for extractions, whereas values above 1 x 10° mL g are recognized as excellent
for commercially available metal ion sorbents.329:330.331 Thys, especially the K¢ values
referred to the actual polymer mass (6.14 x 10*mL g’ < K4<9.90 x 10°mL g”', Table1)
reveal that P1 can be recognized as a good to excellent metal ion sorbent for each
tested metal. Especially the removal of Pb?* from an aqueous solution (Ci = 1.00 mg
L-') appears as very efficient, resulting in a final concentration < 0.01 mg L, fulfilling
the criteria for drinking water according to the World Health Organization (WHO) and
thus underlining the potential of the developed scavenger.33? Furthermore, the
equilibrium extraction capacities (ge), which describe the amount of adsorbed metal
ions referred to the employed polymer mass, were calculated again according to

Eqgn. 9., which was previously introduced in chapter 4.2:

ge = (C;—Cp) x % (9)
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As shown in Table 8, ge values were also calculated referring to the coated particle
and actual polymer mass. Generally, the ge values correlate with the extraction
efficiencies, thus the highest values were obtained for Pb?* and Hg?* removal, i.e. 9.90

mg g and 9.98 mg g, respectively.

Table 8. Overview of metal ion sorption studies of P1 coated silica particles.

Extraction Distribution Extraction Distribution Extraction

Metal efficiency/ coefficient capacity / coefficient capacity /

% (Ka) / mL g™ mgg! (Kdg)/mLg'@ mgg'®@
Pb >99 4.95 x 10* 0.49 9.90 x 10° 9.90
Al 98 2.45 x 104 0.49 4.90 x 10° 9.80
Cu 91 5.05 x 103 0.46 1.01 x 10° 9.20
Fe 97 1.62 x 104 0.49 3.24 x 10° 9.80
Zn 86 3.07 x 103 0.43 6.14 x 104 8.60
Hg 98 2.50 x 104 0.49 5.00 x 10° 9.80

areferred to the actual coated polymer mass of P1.

Conclusion

In the current chapter, an efficient and straightforward synthetic pathway to attach
catechol moieties directly onto polybutadiene via post polymerization modification
using Friedel-Crafts alkylation (FCA) was introduced. First, to achieve a detailed
understanding of the reaction and screen reaction parameters, two model compounds,
i.e. M1 and M2, were synthesized from two organic molecules including at least one
double bond, i.e. limonene and methyl oleate, respectively. Upon synthesis, an in-
depth structural characterization of M1 and M2 via '"H NMR, '3C NMR, 2D NMR, DOSY,
SEC, IR, and ESI-MS was conducted. The targeted polymer bearing catechol moieties
as pendant side groups, derived from polybutadiene, was subsequently synthesized
via H2S04 (295%) catalyzed FCA in bulk within 30 minutes at 120 °C, resulting in a
final degree of modification of 100%. The success of the modification approach was
confirmed via "H NMR, 3C NMR, 2D NMR, DOSY, SEC, IR, TGA, and DSC. Additional
metal ion removal tests revealed the excellent performance of the synthesized polymer
(86 % < M"removal < 100 %) and hence emphasize a potential application in water

purification. Further application possibilities of catechol functionalized polymers, as
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discussed in the introduction, can potentially also be realized in the future using the

introduced direct functionalization approach.
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4.4 Fully Renewable High Oleic Sunflower Oil (HOSO)-based Acetal
Covalent Adaptable Networks (CANSs)

Context

Chapter 4.3 introduced an efficient one-step strategy for the attachment of catechol
units onto polybutadiene via Friedel-Crafts alkylation (FCA). Within this chapter, the
same chemistry was applied to a renewable substrate, i.e. high oleic sunflower oil
(HOSO), targeting a fully bio-based polyol for the synthesis of 100% renewable
covalent adaptable networks (CANs). CANs are classified as dynamically crosslinked
materials, which combine the advantages of thermoplastic and permanently
crosslinked materials.33333* More specifically, CANs possess material properties
similar to thermosets, but can be reprocessed and reshaped like thermoplastics by
applying certain external stimuli such as temperature or pressure.33® This behavior can
be explained by the occurrence of exchange reactions that can either proceed in an
associative or in a dissociative fashion under specific conditions (Scheme 37).3%
Associative CANs, also named vitrimers, undergo this rearrangement process without
reduced time-averaged crosslinking density, whereas dissociative CANs show a
temperature dependent equilibrium between bond breaking and formation, leading to
fluidization of the initial material at a certain temperature, the so-called sol-gel

transition.336

A) Dissociative exchange

Loss of network integrity

Fixed crosslinking density

Scheme 37. lllustrative representation of potential bond exchange mechanisms.
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Common functional groups that can undergo reversible exchange reactions and
therefore often find application in CANs are for instance disulfides,33” esters,33
ureas,?3 and imines,**° among others. Less frequently employed dynamic functional
groups are acetal units, which can efficiently be formed via a catalyst-free click-reaction
between alcohol and vinyl ether groups.®*'342 According to the current literature,
dynamic acetal linkages follow a dissociative mechanism that involves their cleavage
into hydroxyl and vinyl ether groups that can react back, thus re-forming acetal units
and thus the crosslinked network.3#'342 CANs are frequently investigated, as these
materials possess improved material properties and overcome limitations regarding
reprocessing. Thus, CANs reveal a high potential for the development of reusable and

therefore more sustainable crosslinked materials.

Synthesis of a Fully Renewable Polyol

Inspired by the chemistry presented in chapter 4.3, i.e. attachment of catechol
functionalities onto double bonds via acid catalyzed FCA, a fully renewable polyol
based on HOSO was targeted. Catechol is accessible from the renewable resource
lignin via demethylation and subsequent hydrogenation.343 HOSO was reacted with an
excess of catechol in the presence of H2SOs4 (>95%) at 120 °C (Scheme 38).
Quantitative conversion of the alkene moieties was achieved within 30 minutes, similar

to the results using polybutadiene in chapter 4.3.
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Scheme 38. Synthesis of a fully renewable polyol from high oleic sunflower oil (HOSO)
via acid catalyzed Friedel-Crafts alkylation (FCA).

102



Results and Discussion

Structural characterization of the synthesized polyol, i.e. via nuclear magnetic
resonance (NMR) and attenuated total reflection infrared (ATR-IR) spectroscopy, was
performed. As shown in Figure 19A, '"H NMR confirmed the attachment of catechol
moieties onto the triglyceride structure of HOSO by revealing characteristic magnetic
resonances from 5.30 ppm to 5.77 ppm and from 6.35 ppm and 7.10 ppm, which can
be assigned to the introduced hydroxyl and aromatic protons, respectively. Two
additional characteristic magnetic resonances (arising at 2.57 ppm and 2.92 ppm),
corresponding to the methine protons formed during the modification process,
appeared in the spectrum and provided supplemental proof for the successful
implementation of catechol units. The presence of more than one magnetic resonance
associated with the tertiary proton can be explained by carbocation shifts and
rearrangements occurring after protonation of the double bonds.3** In other words,
depending on the formed carbocation and the actual position of the attached catechol

unit, various magnetic resonances can appear at different ppm values.
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Figure 19. A) '"H NMR (400 MHz) of HOSO-catechol in CDCIz (*) at ambient
temperature. B) ATR-IR spectra of catechol (blue), HOSO (red), and HOSO-catechol
(black).

Furthermore, "*C NMR showed the expected magnetic resonances for catechol
moieties in the aromatic region (112 ppm to 122 ppm and 132 ppm to 144 ppm), which
was complemented by 2D NMR experiments, i.e. gradient selected correlation
(COSY), and heteronuclear single quantum coherence (HSQC) spectroscopy,
revealing the predicted correlations (Figure S72). For additional indication of the
attachment of catechol groups onto HOSO, ATR-IR spectroscopy was conducted.

Herein, especially the appearance of two stretching vibration bands at 3418 cm (O-
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H) and 1597 cm™ (C=Caromatic) supplemented by the disappearance of the C=C
stretching vibration band at 3007 cm™' confirmed the formation of the polyol (Figure
19B). Subsequently, thermal properties of HOSO and the corresponding polyol were
investigated via differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). DSC measurement of HOSO revealed a melting point at -7°C, which
occurred due to the crystallization of the aliphatic chains of the triglyceride structure
(Figure S75). After the introduction of bulky catechol moieties into the HOSO structure,
crystallization was suppressed and thus no melting point could be observed. Instead,
the newly formed polyol still displayed a thermal transition, i.e. glass transition, at -9
°C (Figure S75). Investigations regarding the thermal stability of the unmodified and
catechol decorated HOSO revealed that the modified derivative degraded at lower
temperatures than the pristine vegetable oil. Accordingly, a weight loss of 5% was
observed at 356 °C for HOSO and at 296 °C for HOSO-catechol (Figure S76).

Crosslinking Process

After structural characterization of the synthesized polyol, the preparation of fully
renewable HOSO-based acetal CANs was targeted. To access such kind of materials,
a thermally initiated, catalyst and solvent-free click reaction between a bifunctional
vinyl ether (VE) and hydroxyl groups was chosen for crosslinking. The polyol was
therefore reacted with 1,4-cyclohexanedimethanol divinyl ether (CVDE), which can be
obtained from terpenes such as limonene and is therefore recognized as bio-based

(Scheme 39).345.346
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Scheme 39. Preparation of fully renewable high oleic sunflower oil (HOSO)-based
acetal CANs.

Based on already described approaches to prepare acetal based CANs using a click
reaction between vinyl ether and hydroxyl groups, the crosslinking in the current
system was first investigated.341:342.347 Thus, the polyol and CVDE were mixed (OH
1:0.5 VE) without any additional solvent and a non-isothermal DSC measurement was
conducted. Herein, a broad exothermic peak was observed, indicating that the
crosslinking reaction between vinyl ether and hydroxyl groups started slowly at around

100 °C and reached its maximum at 147 °C (Figure S77). Thus, the reaction was
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expected to proceed efficiently at 147 °C and higher temperatures. However, in order
to reach a high amount of crosslinking, i.e. high gel contents, it is recommended to
start the curing at a lower temperature to provide enough time and flexibility for the
starting materials to react quantitatively. Thus, it was decided to cure the final materials
for 1h at 120 °C and subsequently for 3h at 150 °C to ensure an efficient crosslinking.
By applying these curing conditions, three materials, i.e. P1-0.5, P2-0.7, and P3-0.9,
with different compositions, i.e. OH 1:0.5 VE, OH 1:0.7 VE, and OH 1:0.9, were
synthesized, respectively. As depicted in Figure 20, the materials were obtained as

dark red to black materials.

_ \

P1-0.5 P2-0.7 P3-0.9

Figure 20. Optical appearance of the fully renewable acetal CANs P1-0.5 (left), P2-0.7
(middle), and P3-0.9 (right).

The structural characterization after the curing process was mainly performed by IR
spectroscopy. The absorption ATR-IR spectra of the polyol and the potential CANSs, i.e.
P1-0.5, P2-0.7, and P3-0.9, were first normalized to the C=0 stretching vibration band
(1740 cm™"), which was expected not to undergo any changes as the carbonyl moieties
are not affected during the crosslinking process. The groups that are expected to
undergo changes are the hydroxyl groups provided by the polyol and the formed
C-O-C groups of the targeted acetal groups. Accordingly, ATR-IR spectra of P1-0.5,
P2-0.7, and P3-0.9 revealed a decrease of the O-H stretching vibration band (3418
cm™') and an increase of the C-O-C stretching vibration band (1101 cm"), depending
on the amount of introduced crosslinker (Figure 21). More precisely, P3-0.9, with the
highest amount of crosslinker, correspondingly revealed the most significant change in
signal intensity of the O-H and C-O-C stretching vibration bands. These observations
can be explained by a successful acetal formation reaction. The decrease of the O-H
vibration band indicated the consumption of hydroxyl groups provided by the polyol,
whereas the increase of the C-O-C vibration band illustrated the formation of the
targeted acetal groups. Additionally, no characteristic stretching vibration band
corresponding to residual vinyl ether groups (1608 cm') could be observed in the
ATR-IR spectra of the materials, suggesting an efficient and quantitative crosslinking.
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Figure 21. ATR-IR spectra of HOSO-catechol (black), P1-0.5 (red), P2-0.7 (green),
and P3-0.9 (blue).

Nevertheless, to quantify the degree of crosslinking in the synthesized materials, the
gel contents of P1-0.5, P2-0.7, and P3-0.9 were evaluated in tetrahydrofuran (THF).
THF was chosen as the solvent for gel content tests, as both the polyol and the
crosslinker, were completely soluble in the respective organic solvent. Accordingly, all
materials (~60 mg) were stored in 1.5 mL of THF for 24h at ambient temperature, dried
under reduced pressure, and weighed. The corresponding gel contents were

subsequently calculated according to Eqn. 10:
Gel content (%) = % x 100 (10)

Herein, m1 is the dried sample mass after storing the respective material in THF
whereas mo is recognized as the initial sample mass before the gel content tests. As
shown in Figure 22A, P2-0.7 and P3-0.7 revealed a high gel content of 99%, which
confirmed the already assumed efficient crosslinking. However, P1-0.5 possessed a
gel content of 72%, indicating that an appropriate amount of crosslinker, i.e. more than
0.50 equivalents of VE groups related to OH groups, is crucial to achieve solvent
resistance in the material. Moreover, swelling tests in THF were conducted revealing
higher swelling ratios for the materials showing less crosslinking. Thus, P1-0.5 showed
the highest swelling ratio with 604% followed by P2-0.7 (374%) and P3-0.9 (338%).
Additional to gel content and swelling tests, thermal properties were investigated. DSC
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measurements of the crosslinked materials revealed that the glass transition
temperatures of the polymer networks (-5 °C < Tg< -3 °C) were higher than the one of
the polyol (Tg=-9 °C), which can be explained by the reduced flexibility of the polymer
chains after crosslinking (Figure 22B and Figure S75). The obtained T4 values were
in accordance with the current literature for crosslinked triglycerides. For instance,
Meier et al. reported HOSO-based thermosets using the Passerini three-component
reaction revealing Ty's between -18 and 9 °C.348
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Figure 22. A) Swelling and gel content tests of P1-0.5, P2-0.7, and P3-0.9. B) DSC
traces of P1-0.5 (black), P2-0.7 (blue), and P3-0.9 (red) from -40 to 200 °C with a
heating rate of 10 °C min-' under a nitrogen flow.

P1-0.5, which included the least amount of crosslinker and possessed therefore also
the smallest crosslinking density, revealed the lowest glass transition temperature (Tg
= -5 °C, Figure 22B). The implementation of more crosslinker into the materials in P2-
0.7 and P3-0.9 resulted in a more rigid polymer network and led to a slight increase of
Tg to -4 °C and -3 °C (Figure 22B), respectively. The thermal stability of P1-0.5, P2-
0.7, and P3-0.9 was subsequently investigated via TGA. Thermal degradation of the
materials, which is defined as the temperature at which 5% weight loss occurs, was
observed at 258 °C, 274 °C, and 248 °C for P1-0.5, P2-0.7, and P3-0.9, respectively,
which is in line with the literature on acetal based covalent adaptable networks (Figure
$78).342

Investigation of Dynamic Properties
The introduction of acetal moieties into P1-0.5, P2-0.7, and P3-0.9 enabled a potential
dynamic behavior, i.e. the crosslinked materials could potentially be reprocessed and

reshaped by applying specific external stimuli such as temperature and pressure. On

108



Results and Discussion

a molecular level, acetal groups can undergo exchange reactions like acetal
metathesis and transacetalization, enabling the previously described dynamic
character. A conventional characterization method to estimate the dynamic nature of
materials are stress relaxation experiments. In these measurements, a specific strain
is applied to the materials and the occurring stress in the samples is measured over
time. Stress relaxation was measured for two out of three materials at different
temperatures. The stress applied to the materials was found to decrease exponentially
for P1-0.5 and P3-0.9, which already indicated the dynamic behavior of the materials.
The relaxation time (1*), which is defined as the time required to reach 1/e of the initially
applied stress, enabled a comparison of stress relaxation rates. As shown in Figure
23A and B, the relaxation of the materials occurred faster at higher temperatures and

with higher free hydroxyl group content.
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Figure 23. A) Stress relaxation measurements of P1-0.5 at different temperatures with
an applied strain of 1%. B) Stress relaxation measurements of P3-0.9 at different
temperatures with an applied strain of 1%. C) Arrhenius plot of the characteristic
relaxation time ™ versus 1000 T-' for P1-0.5.

More specifically, the stress relaxation time 1 decreased from 161 to 24 s for P1-0.5
when increasing the temperature from 100 to 130 °C. Unfortunately, due to the slow
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relaxation behavior of P3-0.9, the respective 1/e values of this material could only be
reached at 150 °C (1 = 480 s). As depicted in Figure 23A and B, the previous
measurements at lower temperatures, i.e. 100 to 140 ° C, already clearly indicated that
the stress relaxation in P3-0.9 proceeded much slower than in P1-0.5. The occurrence
of a comparatively slow relaxation in P3-0.9 led to the assumption that free hydroxyl
groups, which enable transacetalization reactions, were crucial for a fast relaxation and
are therefore mainly responsible for the dynamic behavior of the materials. Having
determined 1* values of P1-0.5 at four different temperatures, i.e. 100 °C, 110 °C, 120
°C, and 130 °C, the characteristic activation energy of the occurring exchange
reactions in this specific material was calculated according to the Arrhenius equation
(Eqgqn. 11):
T = Toxe% <=> ln(i)= Fay 1 (11)
o RT T

Here, T represents the characteristic stress relaxation time, 10 is the Arrhenius factor,
R the universal gas constant, and T the temperature. Correspondingly, when plotting
In(t*) against 1000 T-! an activation energy of 80.8 + 5.49 kJ mol-! could be calculated
for P1-0.5 (Figure 23C). This value is lower than the activation energy in other systems
containing acetals as dynamic linkages.34? Thus, the relaxation in P1-0.5 can occur
significantly faster and further supposably at lower temperatures, due to the low Tg4 of

the material enabling a high flexibility of the polymer chains.

Conclusion

In the current chapter, a fully renewable catechol containing high oleic sunflower oil-
based polyol was accessed within 30 minutes at 120 °C via a H2S04 (295%) catalyzed
FCA. The structural characterization of the resulting product was conducted via 'H
NMR, 3C NMR, 2D NMR, DOSY, ATR-IR, TGA, and DSC. Subsequently, a thermally
induced catalyst and solvent-free reaction between hydroxyl groups of the polyol and
a bifunctional vinyl ether, i.e. 1,4-cyclohexanedimethanol divinyl ether, was employed
to synthesize fully renewable covalent adaptable networks (CANs) with different
compositions. The successful crosslinking and the chemical composition of the CANs
was herein confirmed by ATR-IR, swelling and gel content tests. Additionally, thermal
properties of the obtained CANs were examined via DSC and TGA, as well as their

potential dynamic behavior via stress relaxation measurements.
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5 Conclusion and Outlook

The current thesis targeted the synthesis of functional (bio-based) materials for water
decontamination via grafting-onto approaches. Herein, the Twelve Principles of

Green Chemistry acted as a guiding framework.

In the first project, a cheap and comparably nontoxic superbase, i.e. 1,1,3,3-
tetramethylguanidine, was implemented into the switchable solvent concept for
cellulose dissolution. Upon investigation of the optimal solubilization conditions for
cellulose in a DMSO/TMG/CO2 switchable solvent system, a rapid homogenous
microwave assisted modification approach, delivering short chain (mixed) cellulose
esters with high molecular weights (59 kDa < Mn < 116 kDa) and variable side chain
length (2 < C < 8) was developed. Therefore, cellulose was first transesterified with
vinyl acetate to investigate the optimal reaction conditions. Subsequently, two polymer
libraries including short chain cellulose esters and short chain mixed cellulose esters
were synthesized. The structural characterization of all synthesized materials was
subsequently performed via IR, '"H NMR, 3C NMR and SEC and confirmed the
successful modification of cellulose within 10 minutes. The obtained DS values were
determined using '"H NMR and appeared for all synthesized (mixed) cellulose esters in
the same range, i.e. 1.99 < DS < 2.34. In the second part of the chapter, structure-
property relationships were examined via TGA, DSC, WCA, and tensile strength
measurements. It was observed that the glass transition temperature and the Young's
modulus decreased, whereas the hydrophobicity increased with longer alkyl side
chains. In order to show a potential application for the synthesized materials, selected
cellulose esters were further used in collaboration with another research group for the

preparation of water purification membranes.

In a second project, a literature known procedure using a DMSO/TBD/CO:2 switchable
solvent system was employed to synthesize fully renewable fatty acid cellulose esters
with different degrees of substitution (0.38 < DS < 0.62). These cellulose derivatives
were inversely vulcanized delivering high sulfur content composite materials (~95 wt%
sulfur). Upon successful inverse vulcanization, the structural composition of the
crosslinked sections in the synthesized materials was investigated in detail via DSC,
TGA, EDX, and SEM. Herein, it was shown that the content of covalently incorporated
sulfur increased with higher degree of substitution, i.e. from 5.67 to 56.2 wt% and was

therefore dependent on the structural constitution of the starting materials.
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Furthermore, it was elaborated that the degree of substitution also influences the
material properties of the pristine high sulfur content composites. More precisely, an
increased functionalization in the starting materials, i.e. higher DS, led to a higher
thermal stability (227 °C < Ta5% < 247 °C), an elevated surface hydrophobicity (87° <
© < 99°), and a lower mercury extraction efficiency (70 % < Hg%*removal < 95 %).

In the third project, an efficient and straightforward synthetic strategy for the decoration
of polybutadiene with catechol units via post polymerization modification using a
Friedel Crafts alkylation was established. Therefore, two model compounds based on
organic substrates with at least one alkene functionality, i.e. limonene and methyl
oleate, were synthesized to understand and screen reaction parameters. The structural
characterization for the successful synthesis of these model compounds was
conducted via '"H NMR, ®C NMR, 2D NMR, DOSY, SEC, IR, and ESI-MS. The final
decoration of polybutadiene with catechol was subsequently performed in bulk within
30 minutes at 120 °C using a sulfuric acid (295%) catalyzed Friedel Crafts alkylation.
Herein, a degree of modification of 100% could be achieved. Upon synthesis, the final
catechol containing polymer was characterized using '"H NMR, 3C NMR, 2D NMR,
DOSY, SEC, IR, TGA, and DSC. Furthermore, it was shown that the respective
polymer revealed excellent performance in metal ion removal tests
(86 % < M™emoval < 100 %) which emphasized a potential application in water

treatment.

In the final project, a sulfuric acid catalyzed Friedel Crafts alkylation was presented as
a valuable tool to access a fully renewable catechol containing high oleic sunflower oil-
based polyol. The modification was conducted in bulk within 30 minutes at 120 °C and
the respective polyol was characterized via '"H NMR, 3C NMR, 2D NMR, DOSY, SEC,
IR, TGA, and DSC. Subsequently, fully renewable covalent adaptable networks with
different compositions were synthesized via a thermally induced solvent and catalyst-
free click reaction between the polyol and a bifunctional vinyl ether. The structural
characterization of the crosslinked materials was performed by IR, swelling and gel
content tests. Material properties were examined by performing DSC and TGA and
were supplemented by stress relaxation measurements that confirmed the dynamic

behavior of selected materials.
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6 Experimental Section

6.1 Materials

Microcrystalline cellulose (MCC, Sigma Aldrich) was dried under reduced pressure at
100 °C for 24 hours prior to use. Dimethyl sulfoxide (DMSO, dried and stored over
molecular sieve, Acros Organics, >99.7%), carbon dioxide (COz2, 999.995%, Air
Liquide), vinyl acetate (Sigma Aldrich, >99%), vinyl propionate (TCI, >98%), vinyl
butyrate (TCI, >98%), vinyl valerate (Sigma Aldrich, 97%), vinyl hexanoate (TCI, 99%),
vinyl octanoate (TCl, >99%), tetramethylguanidine (TMG, TClI, >99%), pyridine (Sigma
Aldrich, 99.8%), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TCIl, 298%), methanol (VWR,
=299.8%), methyl-10-undecenoate (Sigma Aldrich, 96%), endo-N-hydroxy-5-
norbornene-2,3-dicarboximide (Alfa Aesar, 97%), catechol (Thermo Scientific, 99%),
(+)-limonene (Acros Organics, 96%), liquid polybutadiene (Polyvest 110®, Evonik
Operations GmbH, Mn = 2.6 kDa), sulfuric acid (Fisher Scientific, 295%), phosphoric
acid (Fisher Scientific, 85%), perchloric acid (TCl, 70%), sodium sulfate (Thermo
Scientific, 99%), tetrahydrofuran (Honeywell, 299.9%), mercury(ll) chloride (Fisher
Scientific, 99.5+%), copper(ll)sulfate (Sigma Aldrich, 299.9%), iron(lll) chloride (Fluka,
>97%), zinc(Il) chloride (Alfa Aesar, 98+%), aluminum(lll) chloride (Thermo Scientific,
98.5%), lead(ll) nitrate (Sigma Aldrich, 99%), silica gel (Sigma Aldrich, pore size 60 A,
mesh size of 230-240, particle size of 40-63 pm), high oleic sunflower oil (Lesieur),
1,4-cyclohexanedithenal divinyl ether (mixture of isomers, Sigma Aldrich, 98%),
DMSO-ds (Eurisotop, 99.8%), and CDCls (Eurisotop, 99.8%) were used without further

purification. Elemental sulfur and all other solvents were employed in technical grade.

6.2 Instrumentation

Infrared Spectroscopy (IR)

Infrared spectra of all samples were recorded using a Bruker Alpha-p instrument with
ATR technology in a range of v = 500—4000 cm™" with 24 scans per measurement and

a resolution of 4 cm™.

Nuclear magnetic resonance (NMR) spectroscopy
"H NMR spectra were recorded using a Bruker Ascend 400 MHz with 16 scans and a
delay time d1 of 5 seconds at 298 K. The chemical shift was reported in ppm and

referenced to the solvent signal of partly deuterated DMSO-ds at 2.50 ppm or CDCl3
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at 7.26 ppm. 3C NMR spectra were recorded using a Bruker Avance DRX at 126 MHz
with 8192 scans for cellulose samples and polymers and 1024 scans for organic
molecules and a delay time d1 of 3 seconds at 298 K. The signals were referenced to
the solvent peak of partly deuterated DMSO-ds at 39.52 ppm or CDCls at 77.16 ppm.
3P NMR spectra were recorded using a Bruker Ascend instrument at 162 MHz with

1024 scans and a delay time d1 of 5 seconds at 298 K.

Size Exclusion Chromatography (SEC)

SEC measurements of all cellulose samples were performed in HFIP containing 0.1
wt% potassium trifluoroacetate (KTFA) using a Tosoh EcoSEC HLC8320 SEC system.
The solvent flow was 0.40 mL min~" at 30 °C, and the concentration of the samples
was 1 mg mL™". The analysis was performed using a three-column system: PSS PFG
Micro precolumn (3.0 x 0.46 cm, 10,000 A), PSS PFG Micro (25.0 x 0.46 cm, 1000 A),
and PSS PFG Micro (25.0 x 0.46 cm, 100 A). The system was calibrated with linear
poly(methyl methacrylate) standards (Polymer Standard Service, Mp: 102—- 981 kDa).

A PSS SECcurity? GPC system based on Agilent Infinity 1260 Il hardware was used
for the measurements of all other samples. The system is equipped with a refractive
index detector SECcurity? RI, a column oven “(Bio)SECcurity? column compartment
TCC6500”, a “standard SECcurity?” autosampler, and an isocratic pump
“SECcurity? isocratic pump”. THF (flow rate, 1 mL/min) at 30 °C was used as the mobile
phase. The analysis was performed using the following column system: two PSS SDV
analytical columns (3 um, 300 x 8.0 mm?2, 1000 A) with a PSS SDV analytical
precolumn (3 um, 50 x 8.0 mm?). For the calibration, narrow linear poly(methyl
methacrylate) standards (Polymer Standards Service, PPS, Germany) ranging from
102 to 62.200 Da were used.

Differential Scanning Calorimetry (DSC)

Cellulose esters — Chapter 4.1

Thermal properties were measured on a TA DSC 2500 with a heating rate of
20 K-min-" between -20 °C and 220 °C in TA Tzero sample holders. The glass transition
temperature (Ty4) was determined from the second heating run to eliminate possible

interference from the polymer’s thermal history.
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Inverse Vulcanization of Fatty Acid Cellulose esters — Chapter 4.2

DSC measurements were performed on a Mettler Toledo DSC821e instrument using
100 pL aluminium crucibles under nitrogen atmosphere. The samples were measured
in two heating cycles: 25-150 °C, 150 to —40 °C, and —40-150 °C at a heating/cooling

rate of 10 K min~'. The second heating cycle is shown in the DSC curves.

Catechol Containing Polymers — Chapter 4.3

Differential scanning calorimetry was performed on a 214 Polyma DSC device from
NETZSCH (Selb, Germany). Around 5 mg of sample were precisely (A = 0.005 mg)
weighed in an aluminum pan with a pierced lid for measurement. An aluminum pan
filled with air was used as a reference and the heating rate was typically set to 10 K
min-' for all measurements. The samples were measured in two heating cycles using
a liquid nitrogen cooling system: 25-160 °C, 160 to -130 °C, and —130 to 160 °C. The

second heating cycle is shown in the DSC curves.

Acetal-based Covalent Adaptable Networks (CANs) — Chapter 4.4

Thermal properties were measured on a TA DSC 2500 with a heating rate of
10 K-min! between -40 °C and 200 °C in TA Tzero sample holders. The glass transition
temperature (Tg) was determined from the second heating run to eliminate possible

interference from the polymer’s thermal history.

Thermogravimetric Analysis (TGA)

TGA measurements of all samples were carried out on the TA Instruments TGA 5500
under nitrogen atmosphere using platinum TGA sample pans and with a heating rate
of 10 °C min-'. Herein, the following temperature ranges were used for the different

samples:

Cellulose esters — Chapter 4.1
25 to 500 °C

Inverse Vulcanization of Fatty Acid Cellulose esters — Chapter 4.2
25 °C to 500 °C for FACEs

25 °C to 600 °C for FACE-XS-washed

25 °C to 450 °C for FACE-XS
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Catechol Containing Polymers — Chapter 4.3
25 °C to 800 °C.

Acetal-based Covalent Adaptable Networks (CANs) — Chapter 4.4
25 °C to 800 °C.

Water contact angel (WCA) measurements

Polymer films of cellulose esters were spin cast (4000 rpm, 30 s, in air) from a
polymer/pyridine solution (100 L, ¢ = 1.67 g mL") onto a glass surface at ambient
temperature. Subsequent contact angle measurements of cellulose ester fiims and
FACE-XS were performed with a DSA 25 contact angle goniometer (Kruss) using the
sessile drop technique. A water droplet with a size of 5 yL was slowly added onto the
spin cast films by a micrometer syringe and contact angles of the spin cast films against
the water droplet were measured. The average value of five measurements was
calculated for each sample with a standard deviation less than 1 for the cellulose ester

films and between 3 and 6° for the high sulfur content composite materials FACE-XS.

Tensile strength measurement

Polymer films of cellulose esters were prepared by dissolving 100 mg of the respective
material in 1.5 mL of pyridine and casting the solution into poly(tetrafluoro ethylene)
plates (40 mm diameter). The solvent was evaporated overnight at room temperature.
Subsequently, the polymer films were cut into dog bones (16 mm x 2 mm) and the
thickness was determined with a digital vernier caliper. Tensile strength was measured
using a Inspect table 10kN from Hegewald & Peschke with a 1.5 kN sensor. The initial

speed was set to 5 mm min' and three samples were analyzed for each ester.

Gas Chromatography-Mass Spectrometry (GC-MS)

Gas chromatography-mass spectrometry (GC-MS) measurements were performed on
a Varian 431 GC instrument with a HP-5 column (30 m x 0.32 mm x 0.25 ym) and a
Varian 210 ion trap mass detector. Scans were performed from 40 to 650 m/z at a rate
of 1.0 scan s™'. Initial temperature at 95 °C for 1 min, heating to 220 °C with a rate of
15 °C min™", heating to 300 °C with a rate of 15 °C min™", heating to 325 °C with a rate
of 15 °C min™, retaining 325 °C for 3 min. The injector transfer line temperature was
set to 250 °C. Measurements were performed with a split ratio of 50:1 using helium as

carrier gas with a flow rate of 1.0 mL min™".
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Gas Chromatography (GC)

Gas chromatography (GC) measurements were performed on an Agilent 8860 gas
chromatography instrument with a HP-5 column (30 m x 0.32 mm x 0.25 ym) and a
flame ionization detector (FID). Samples were prepared by dissolving 1.5-5.0 mg of
the respective compound in 1.5 mL of ethyl acetate. All samples were filtered via
syringe filter (polytetrafluoroethylene, 13 mm diameter, 0.2 ym pore size, Agilent) prior
to measurement. The heating program was as follows: Initial temperature at 95 °C,
heating to 200 °C with a rate of 15 K min™", retaining 200 °C for 4 min, heating to 300
°C with a rate of 15 K min™", retaining 300 °C for 2 min. The injector transfer line
temperature was set to 220 °C. Measurements were performed with a split ratio of 20:1
using nitrogen as make-up gas and helium as carrier gas with a flow rate of 1.87 mL

min~1.

Electrospray lonization Mass Spectroscopy (ESI-MS)

Electrospray ionization (ESI) experiments were recorded on a Q-Exactive (Orbitrap)
mass spectrometer (Thermo Fisher Scientific) equipped with a HESI Il probe to record
high resolution. The spectra were evaluated by molecular signals [M+Na]® and
indicated with their mass-to-charge ratio (m/z).

Scanning electron microscopy (SEM)
For SEM analysis, the samples were sputtered with a thin layer of carbon. All analysed
materials were investigated with a QUANTA FEG 650 scanning electron microscope

from FEI with an accelerating voltage of 5—-10 kV.

Energy dispersive X-ray (EDX) spectroscopy
For EDX spectroscopy, a QUANTAX (Esprit 1.9) from Bruker was used.

Atomic Absorption Spectrometry (AAS)
Cold-vapor AAS measurements were performed using a QuickTrace M-7600 from

Teledyne Leeman Labs. Bromination reagent was added prior to measurements.
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Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)

ICP-AES measurements were performed on an ICP-AES 5100 SVDV, type G8010A
from Agilent equipped with an SPS3 648480A autosampler. Samples were filtered
through 0.45 pym pores and acidified with 100 uL 65% HNOs3 per 10 mL sample volume.

Rheometer

Rheology measurements were performed on an Anton Paar MCR302 equipped with
disposable parallel aluminum plates (d = 5 mm). The sample was loaded and
subsequently heated to the desired temperature (between 100 and 150 °C depending

on the sample) before 1% of strain was applied under nitrogen.
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6.3 Short Chain (Mixed) Cellulose Esters — Chapter 4.1

The experimental data of the current chapter have been published before:

T. Sehn, M. A. R. Meier, Biomacromolecules 2023, 24, 5255-5264.308

Text, figures, and data are reproduced from this article and were partially edited and
extended.

6.3.1 Synthesis of Short Chain Cellulose Esters

Degree of substitution (DS) calculation
The degree of substitution (DS) of short chain cellulose esters was determined

according to Eqn. S1:

(S1)

Ichs: Integral of the magnetic resonance signal, which is assigned to methyl groups in
the "H NMR spectrum.

Incu: Integral of the magnetic resonance signal, which is assigned to the
anhydroglucose unit (AGU) in the "H NMR spectrum.

Yield Calculation

Yields of short chain cellulose esters were determined according to Eqn. S2:

Mcg
(Mrepunit> (82)

(mcellulose)
MAGU

Yield =

Mrepunit = Myey + (MS —101g mOI_l) X DS1y

mce: mass of cellulose ester
Mecellulose: Mass of cellulose educt
Mrepunit: average molar mass of CE repeating unit

Macu: molecular weight of anhydroglucose unit (162.14 g mol™)
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Optimization of Cellulose Acetate Synthesis in a DMSO/TMG/CO:2 Switchable
Solvent System

In a microwave vial, microcrystalline cellulose (MCC, 0.10 g, 0.62mmol) was
suspended in 3.33 mL of anhydrous DMSO followed by the dropwise addition of TMG
(4.50 to 12.0 equiv. per AGU, depending on the derivative, Table S1). Subsequently, a
CO:2 atmosphere (15 bar) was applied in a pressure reactor for 30 min at 50 °C until a
homogeneous solution was obtained. Vinyl acetate (4.50 to 12.0 equiv. per AGU,
depending on the derivative, Table $1) was then added, and the transparent reaction
mixture was either conventional heated (4h at 60 °C) or subjected to microwave
irradiation (300 W,10 min, 100-140 °C, depending on the derivative, Table S1. Results
of the optimization process for the synthesis of cellulose acetate in a DMSO/TMG/CO2
switchable solvent system.. The desired CAs were precipitated under vigorous stirring
in 60 mL of isopropanol and filtrated. In order to remove residual impurities and DMSO,
the products were additionally stirred in 80 mL of isopropanol under reflux for 1 h,
vacuum filtrated, and dried overnight under reduced pressure at 100 °C. The final

products were obtained as white powdery solids.

Table S1. Results of the optimization process for the synthesis of cellulose acetate in
a DMSO/TMG/COz2 switchable solvent system.

. Equivalents Temperature Reaction Degr.e e 9f
Conditions (VAITMG) I °C time / min Substitution

(DS)
CA-1 heating 4.50/4.50 60 240 0.80
CA-2 heating 6.00/6.00 60 240 1.33
CA-3 heating 9.00/9.00 60 240 1.51
CA-4 microwave 9.00/9.00 60 10 1.49
CA-5 microwave 9.00/9.00 100 10 1.81
CA-6 microwave 9.00/9.00 140 10 2.06
CA-7 microwave 12.0/12.0 140 10 2.34
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Figure S1. "H NMR (400 MHz) of CA-1 in DMSO-ds (*) + TFA at ambient temperature.
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Figure S2. "H NMR (400 MHz) of CA-2 in DMSO-ds (*) + TFA at ambient temperature.
— DS =1.33

121



Experimental Section

— CA-3

- (o] *
Ro 0\\ a

OR

R=H or )0]\
* a

Anhydroglucose unit #
(AGU)

sy

6 5 4 3 2 1

o

o/ ppm

Figure S3. "H NMR (400 MHz) of CA-3 in DMSO-ds (*) + TFA at ambient temperature.
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Figure S4. "H NMR (400 MHz) of CA-4 in DMSO-ds (*) + TFA at ambient temperature.
— DS =1.49
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Figure S5. 'H NMR (400 MHz) of CA-5 in DMSO-ds (*) + TFA at ambient temperature.
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Figure S6. "H NMR (400 MHz) of CA-6 in DMSO-ds (*) + TFA at ambient temperature.

— DS =2.06
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General Procedure for the Synthesis of Short Chain CEs

In a microwave vial, microcrystalline cellulose (MCC, 0.10 g, 0.62 mmol) was
suspended in 3.33 mL anhydrous DMSO followed by the dropwise addition of TMG
(0.93 mL, 0.86 g, 7.44 mmol, 12.0 equiv. per AGU). Subsequently, a CO2 atmosphere
(15 bar) was applied in a pressure reactor for 30 minutes at 50 °C until a homogeneous
solution was obtained. The corresponding vinyl ester (7.44 mmol, 12.0 equiv. per AGU)
was then added and the transparent reaction mixture was subjected to microwave
irradiation (300 W) for 10 minutes at 140 °C. The desired CEs were precipitated under
vigorous stirring in 60 mL isopropanol (or isopropanol/water mixture 3:1 wt% for CH
and CO) and filtrated. In order to remove residual impurities and DMSO, the products
were additionally stirred in 80 mL isopropanol under reflux for 1 h, vacuum filtrated and
dried overnight under reduced pressure at 100 °C. The final products were obtained
as white powdery solids. The corresponding yields were determined according to Eqn.
S2 (based on DS1+) and ranged from 46 to 73%.

Cellulose Acetate (CA) - Yield: 73%

ATR-R: v(cm™) = 3126 - 3711 v(O-H), 2812 - 3033 v(C-H), 1738 v(C=0), 1225 v(C-
Oester), 1034 V(C-OAGU).

1H NMR: (400 MHz, DMSO-ds + TFA) & (ppm) = 5.37 — 2.88 (m, AGU, 7H), 2.20 — 1.63
(m, Ha, 3H).

DS =2.34

— CA
yl ester
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v(C-0),,

v(C=0)
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Figure S7. ATR-IR spectrum of CA.
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Figure S8. "H NMR (400 MHz) of CA in DMSO-ds (*) + TFA at ambient temperature.

—— CA
OR
4856 o 8
7673 Romox
“7‘ 3 OR
\. 2
/ | R=H or o
N
2 ’3\ 2,3,5
. 6
1" 4
i Moo i
T T T T T T T T T T T T

— — .
200 180 160 140 120 100 80 60 40 20 0
d/ ppm

Figure S9. 3C NMR (126 MHz) of CA in DMSO-de (*) at ambient temperature.
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Cellulose Propionate (CP) — Yield: 47%

ATR-IR: v(cm™) = 3094 - 3664 v(O-H), 2840 - 3041 v(C-H), 1738 v(C=0),1164 v(C-
Oester), 1061 V(C-OAGU).

H NMR: (400 MHz, DMSO-ds + TFA) & (ppm) = 5.30 — 2.76 (m, AGU, 7H), 2.43 — 1.83
(m, Ho, 2H), 1.29 — 0.43(m, Ha, 3H).
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Figure S$10. ATR-IR spectrum of CP.
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Figure S11. "H NMR (400 MHz) of CP in DMSO-ds (*) + TFA at ambient temperature.
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Cellulose Butyrate (CB) - Yield: 58%

ATR-IR: v(cm™) = 3062 - 3674 v(O-H), 2772 - 3039 v(C-H), 1733 v(C=0), 1162 v(C-
Oester), 1038 V(C-OAGU).

1H NMR: (400 MHz, DMSO-ds + TFA) & (ppm) = 5.32 — 2.75 (m, AGU, 7H), 2.39 — 1.84
(M, He, 2H), 1.54 (br, Hb, 2H), 0.88 (br, Ha, 3H).
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Figure S12. ATR-IR spectrum of CB.
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Figure S13. "H NMR (400 MHz) of CB in DMSO-ds (*) + TFA at ambient temperature.
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Cellulose Valerate (CV) — Yield: 46%

ATR-IR: v(cm™) = 3083 - 3667 v(O-H), 2787 - 3027 v(C-H), 1733 v(C=0), 1160 v(C-
Oester), 1032 V(C-OAGU).

1H NMR: (400 MHz, DMSO-ds + TFA) & (ppm) = 5.42 — 2.78 (m, AGU, 7H), 2.40 — 1.86
(m, Ha, 2H), 1.47 (br, He, 2H), 1.28 (br, Hb, 2H), 0.85 (br, Ha, 3H).

DS = 2.05

—CV
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Figure S14. ATR-IR spectrum of CV.
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Figure S15. '"H NMR (400 MHz) of CV in DMSO-ds (*) + TFA at ambient temperature.
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Cellulose Hexanoate (CH) - Yield: 46%

ATR-IR: v(cm™) = 3068 - 3680 v(O-H), 2783 - 3033 v(C-H), 1738 v(C=0), 1158 v(C-
Oester), 1032 V(C-OAGU).

H NMR: (400 MHz, DMSO-ds + TFA ) & (ppm) = 5.38 — 2.83 (m, AGU, 7H), 2.39 —
1.84 (M, Ha, 2H), 1.49 (br, He, 2H), 1.25 (br, Hb, 4H), 0.85 (br, Ha, 3H).

DS =2.17
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Figure S16. ATR-IR spectrum of CH.
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Figure S17. '"H NMR (400 MHz) of CH in DMSO-ds (*) + TFA at ambient temperature.
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Cellulose Octanoate (CO) - Yield: 52%

ATR-IR: v(cm™) = 3113 - 3667 v(O-H), 2769 - 3040 v(C-H), 1738 v(C=0), 1155 v(C-
Oester), 1034 V(C-OAGU).

H NMR: (400 MHz, DMSO-ds + TFA) & (ppm) = 5.42 — 2.93 (m, AGU, 7H), 2.37 — 1.89
(m, Ha, 2H), 1.49 (br, He, 2H), 1.25 (br, Hb, 8H), 0.84 (br, Ha, 3H).

DS1H =2.16
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Figure S18. ATR-IR spectrum of CO.
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Figure S19. '"H NMR (400 MHz) of CO in DMSO-ds (*) + TFA at ambient temperature.
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6.3.2 Synthesis of Short Chain Mixed Cellulose Esters

Degree of substitution (DS) calculation
The degree of substitution (DS) of short chain mixed cellulose esters was determined

according to Egqn. S3:

7 % (cnyac + Icns,s2) (S3)
3x IAGU

DSlH =

IcHs, ac: Integral of the magnetic resonance signal, which is assigned to the methyl
group of the acetyl side chain in the "H NMR spectrum.

IcHs, s2: Integral of the magnetic resonance signal, which is assigned to the methyl
group of the second ester side chain in the '"H NMR spectrum.

Incu: Integral of the magnetic resonance signal, which is assigned to the
anhydroglucose unit (AGU) in the "H NMR spectrum.

Yield Calculation

Yields of short chain mixed cellulose esters were determined according to Eqn. S4:

(mmixed CE )
repunit
(mcellulose)
MAG U

Yield = (S4)

Mepunic = Magy + ((Ms; — 1,01 g mol™) x DSy ac)) +((Ms, — 1,01 g mol™) x DSyy (52))

Mmixed CE; Mass of mixed cellulose ester
Mecellulose: Mass of cellulose educt
Mrepunit: average molar mass of CE repeating unit

Macu: molecular weight of anhydroglucose unit (162.14 g mol™)

General Procedure for the Synthesis of Short Chain Mixed CEs

In a microwave vial, microcrystalline cellulose (MCC, 0.10 g, 0.62 mmol) was
suspended in 3.33 mL DMSO (anhydrous 99.9%) followed by the dropwise addition of
TMG (0.93 mL, 0.86 g, 7.44 mmol, 12.0 equiv. per AGU). After transferring the reaction
mixture into a pressure reactor, a CO2 atmosphere (15 bar) was applied for 30 minutes
at 50°C until a transparent yellowish solution was obtained. Subsequently, vinyl acetate
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(0.34 mL, 0.32 g, 3.72 mmol, 6.00 equiv. per AGU) as well as the corresponding second
vinyl ester (3.72 mmol, 6.00 equiv. per AGU) were added and the transparent reaction
mixture was subjected to microwave irradiation (300 W) for 10 minutes at 140 °C. The
desired CEs were precipitated under vigorous stirring in 60 mL isopropanol and
filtrated. In order to remove residual impurities and DMSO, the products were
additionally stirred in 80 mL isopropanol under reflux for 1 h, vacuum filtrated and dried
overnight under reduced pressure at 100 °C. The final products were obtained as white
powdery solids. The corresponding yields were determined according to Eqn. S4
(based on DS1H) and ranged from 39 to 60%.

Cellulose Acetate Propionate (CAP) - Yield: 61%

ATR-IR: v(cm™) = 3144 — 3691 v(O-H), 2778 - 3033 v(C-H), 1731 v(C=0), 1225 v(C-
Oester), 1162 v(C-Os2), 1026 v(C-Oncu).

H NMR: (400 MHz, DMSO-ds)  (ppm) = 5.49 — 2.82 (m, AGU, 7H), 2.42 — 2.1 (m,
Hb, 2H), 2.10 — 1.60 (m, Ha", 3H), 1.02 (br, Ha, 3H).

DS =2.11

U(C'O )acy\ ester

u(c=&

v(OH) L c-h)

M

T T

i T T T T T T T T T T
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wavenumber / cm™’

Figure S20. ATR-IR spectrum of CAP.
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Figure S$21. "H NMR (400 MHz) of CAP in DMSO-ds (*) + TFA at ambient temperature.
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Figure S22. '3C NMR (126 MHz) of CAP in DMSO-ds (*) at ambient temperature.
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Cellulose Acetate Butyrate (CAB) - Yield: 47%

ATR-IR: v(cm™) = 3115 — 3651 v(O-H), 2807 - 3033 v(C-H), 1731 v(C=0), 1227 v(C-
Oester), 1165 v(C-0Os2), 1032 v(C-Oacu).

1H NMR: (400 MHz, DMSO-ds) & (ppm) = 5.43 — 2.76 (m, AGU, 7H), 2.39 — 2.12 (m,
He, 2H), 2.10 — 1.68 (m, Ha', 3H), 1.52 (br, Hb, 2H), 0.87 (br, Ha, 3H).

DS =2.13

|— CAB

v(C-0),,
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Figure S23. ATR-IR spectrum of CAB.
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Figure S24. "H NMR (400 MHz) of CAB in DMSO-ds (*) + TFA at ambient temperature.
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Cellulose Acetate Valerate (CAV) - Yield: 39%

ATR-IR: v(cm™) = 3095 — 3674 v(O-H), 2762 - 3033 v(C-H), 1733 v(C=0), 1223 v(C-
Oester), 1160 v(C-Os2), 1028 v(C-Oacu).

H NMR: (400 MHz, DMSO-dé) & (ppm) = 5.41 — 2.75 (m, AGU, 7H), 2.40 — 2.12 (m,
Ha, 2H), 2.11 — 1.67 (m, Har, 3H), 1.47 (br, He, 2H), 1.27 (br, Hb, 2H), 0.84 (br, Ha, 3H).

DS =1.99
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Figure S25. ATR-IR spectrum of CAV.
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Figure $26. '"H NMR (400 MHz) of CAV in DMSO-ds (*) + TFA at ambient temperature.
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Cellulose Acetate Hexanoate (CAH) - Yield: 58%

ATR-IR: v(cm™) = 3115 — 3686 v(O-H), 2783 - 3033 v(C-H), 1733 v(C=0), 1223 v(C-
Oester), 1160 v(C-Os2), 1030 v(C-Oncu).

H NMR: (400 MHz, DMSO-ds) & (ppm) = 5.34 — 2.77 (m, AGU, 7H), 2.40 — 2.14 (m,
Ha, 2H), 2.12 — 1.66 (m, Ha', 3H), 1.51 (br, He, 2H), 1.26 (br, Ho, 4H), 0.84(br, Ha, 3H).

DS =2.16

—— CAH|
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Figure S27. ATR-IR spectrum of CAH.
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Figure S28. "H NMR (400 MHz) of CAH in DMSO-ds (*) + TFA at ambient temperature.
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Cellulose Acetate Octanoate (CAO) - Yield: 41%

ATR-IR: v(cm™) = 3221 - 3686 v(O-H), 2760 - 3033 v(C-H), 1738 v(C=0), 1223 v(C-
Oester), 1154 v(C-0s2), 1028 v(C-Oacu).

H NMR: (400 MHz, DMSO-ds) & (ppm) = 5.44 — 2.83 (m, AGU, 7H), 2.39 — 2.12 (m,
Ha, 2H), 2.13 = 1.67 (m, Ha', 2H), 1.48 (br, He, 2H), 1.22 (br, Hb, 6H), 0.82 (br, Ha, 3H).
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Figure $29. ATR-IR spectrum of CAO.
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Figure S30. '"H NMR (400 MHz) of CAO in DMSO-ds (*) + TFA at ambient temperature.
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6.3.3 Supporting Figures
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Figure S31. Degree of substitution (DS1+) of short chain cellulose esters synthesized
in a DMSO/TMG/CO2 switchable solvent system.
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Figure S32. (1) Degree of substitution (DS1H) of short chain mixed cellulose esters
synthesized in a DMSO/TMG/CO2 switchable solvent system (black line). (2)
Incorporation ratio of introduced ester side chains.
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Figure S$33. '"H NMR (400 MHz) of acyl-TMG in CDCls (*) at ambient temperature.
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Figure S34. GC-MS spectrum of acyl-TMG.
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Figure S35. Thermogravimetric analysis (TGA) of MCC (black line), CA (red line), CP
(blue line), CB (green line), CV (violet line), CH (yellow line) and CO (light blue line)
from 25 to 500 °C with a heating rate of 10 K min~" under a nitrogen flow.
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Figure S36. Thermogravimetric analysis (TGA) of CAP (black line), CAB (red line), CAV (blue

line), CAH (green line) and CAO (violet line) from 25 to 500 °C with a heating rate of 10 Kmin™
under a nitrogen flow.
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6.4 High Sulfur Content Composite Materials from Renewable Fatty
Acid Cellulose Esters — Chapter 4.2

The experimental data of the current chapter have been published before:

T. Sehn, J. Fanelli, L. Wahl, M. A. R. Meier, RSC Sustainability 2025, 3, 291-299.3"°

Text, figures, and data are reproduced from this article and were partially edited and
extended.

6.4.1 Synthesis of Fatty Acid Cellulose Esters (FACESs)

Yield Calculation for FACEs

The corresponding yields of the synthesized FACE were determined according to Eqn.
S5 and S6:

.

. _ Mrepunit

Yield = (mcellulose> (S5)
MaGu

Mtepunit = Magu + (Ms — 1,01 gmol™") x DS, (S6)

mce: mass of cellulose ester

Mecellulose: Mass of cellulose educt

Mrepunit: average molar mass of CE repeating unit

Macu: molecular weight of anhydroglucose unit (162.14 g mol™)

Ms: molecular weight of the substituent (without the linking oxygen atom between the

substituent and the cellulose backbone; 167.27 g mol)
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3P NMR for DS determination
The DS of the synthesized FACEs were calculated as previously published by

Kilpelanien et al.3?° according to Eqn. S7 and S8:

1 1
_ OHg OH¢
DS = DSmax X 375" (S7)
OHg
OHS — CISXV15XIR (38)

1000000 x mg

DSmax: highest achievable DS value (3 for unsubstituted cellulose)

Ms: molecular weight of the substituent (without the linking oxygen atom between the
substituent and the cellulose backbone; 167.27 g mol)

cis: concentration of the internal standard (mmol L)
Vis: volume of the employed internal standard (uL)

Ir: integration ratio of remaining functionalized cellulose hydroxyl groups against
internal standard

ms: sample mass (mg)
OHs: free hydroxyl groups per weight unit of substrate (mol g-)

OHec: free hydroxyl groups per weight unit of cellulose (OHc = DSmaxMacu = 3
/162.14 g mol™")

General Procedure for the Synthesis of FACEs
Fatty acid cellulose esters (FACE) were synthesized according to a literature known

procedure. %4

Accordingly, microcrystalline cellulose (MCC, 0.50 g, 3.08 mmol) was suspended in
10 mL DMSO (anhydrous, 99.9%) in a two neck round bottom flask. Subsequently,
TBD (1.28 g, 9.25 mmol) was added, and the reaction mixture was stirred after applying
a continuous COz2 flow for 20 minutes at 50 °C. The homogenous solution was then
heated to 95 °C and methyl-10-undecenoate (0.66 equiv., 1.16 equiv. and 3.00 equiv.
per AGU for FACE-1, FACE-2, and FACE-3, respectively.) was added in a dropwise

manner. The dark brown mixture was stirred for 6 h under air flow, diluted with 10 mL
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of anhydrous DMSO and precipitated under vigorous stirring in 200 mL of water. The
residue was filtered, stirred in methanol again filtrated and subsequently dried under
reduced pressure at 80 °C. The corresponding yields were determined dependent on
the DSs1p according to Eqn. S5 and S6.

General procedure for DS determination via 3'P NMR spectroscopy

An exact amount of the corresponding FACE (20 mg) was dissolved in 1.00 mL of
pyridine. Subsequently, 1.00 mL of CDCIs and 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (2-CI-TMDP, 200 pL, 1.26 mmol) were added and the reaction
mixture was stirred until a visibly homogenous solution was obtained. After adding the
internal standard endo-N-hydroxy-5-norbornene-2,3-dicarboximide (125 uL, 105.59
mM in pyridine/CDCIs = 3:2, 0.0132 mmol) the solution was again stirred for at least
10 minutes before 0.60 mL were transferred into an NMR tube and a 3'P NMR was
conducted. The DS values were calculated according Kilpeldinen et al. by applying
Eqn. S7 and S8.
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Fatty Acid Cellulose Ester (FACE-1) — Yield: 43%

ATR-IR: v(cm'") = 3644 — 3035 v(O-H), 3009 — 2789 v(C-H), 1728 v(C=0), 1639
V(C=C), 1016 v(C-O)acu.

H NMR: (400 MHz, DMSO-ds) & (ppm) = 5.79 (br, Hr, 1H), 5.52 — 2.96 (m, AGU, 7H),
4.96 (br, He, 2H), 2.32 (br, Ha, 2H), 2.01 (br, He, 2H), 1.51 (br, Hb, 2H), 1.38 — 1.17 (br,
Ha, 10H).

DSs1p = 0.38
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Figure S37. '"H NMR (400 MHz) of FACE-1 in DMSO-ds (*) at ambient temperature.
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Figure S38. 3'P NMR of phosphorylated FACE-1 in CDCIz at ambient temperature.
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Fatty Acid Cellulose Ester (FACE-2) - Yield: 52%

ATR-IR: v(cm™") = 3653 — 3029 v(O-H), 3003 — 2799 v(C-H), 1728 v(C=0), 1639

Y(C=C), 1016 V(C-O)acu.

H NMR: (400 MHz, DMSO-ds) & (ppm) = 5.79 (br, Hr, 1H), 5.56 — 2.96 (m, AGU, 7H),
4.96 (br, He, 2H), 2.32 (br, Ha, 2H), 2.01 (br, He, 2H), 1.51 (br, Hb, 2H), 1.40 — 1.15 (br,

Ha, 10H).
DS31p = 0.42

Anhydroglucose unit
(AGU)

—— FACE-2
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Figure S39. '"H NMR (400 MHz) of FACE-2 in DMSO-ds (*) at ambient temperature.
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Figure S40. 3'P NMR of phosphorylated FACE-2 in CDCl3 at ambient temperature.
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Fatty Acid Cellulose Ester (FACE-3) — Yield: 57%

ATR-IR: v(cm'") = 3651 — 3105 v(O-H), 3013 — 2793 V(C-H), 1734 v(C=0), 1639
V(C=C), 1016 v(C-O)acu.

H NMR: (400 MHz, DMSO-ds) & (ppm) = 5.78 (br, Hr, 1H), 5.61 — 2.82 (m, AGU, 7H),
4.94 (br, He, 2H), 2.32 (br, Ha, 2H), 2.00 (br, He, 2H), 1.51 (br, Hb, 2H), 1.40 — 1.15 (br,
Ha, 10H).
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Figure S41. 'H NMR (400 MHz) of FACE-3 in DMSO-ds (*) at ambient temperature.
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Figure S42.3'P NMR of phosphorylated FACE-3 in CDCl3 at ambient temperature.

146



Experimental Section

6.4.2 Synthesis of High Sulfur Content Composite Materials (FACE-XS, X =1, 2
or 3)

General Procedure for the Synthesis of FACE-XS (X =1, 2 or 3)

A crimp vial was charged with elemental sulfur (2.85 g, 95 wt%) and the corresponding
FACE (150 mg, 5.00 wt%). Subsequently, the reaction mixture was heated to 180 °C
and stirred for 24 h until the black reaction medium appeared homogenous. After
cooling to room temperature, the targeted composite materials were obtained.

FACE-1S: Yield: 100 %
FACE-2S: Yield: 100 %
FACE-3S: Yield: 100 %

6.4.3 Mercury Sorption Studies

General procedure for mercury sorption studies

200 mg of the respective high sulfur content composite material were crushed into a
powder and subsequently added to 100 mL of an aqueous HgCl2 solution
(Ci=1.00 mg L"). After stirring the solution for 24 h at ambient temperature, the inverse
vulcanized material was filtered off and the mercury concentration in the solution was

determined via Cold Vapor Atomic Absorption spectroscopy (AAS).
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6.4.4 Supporting Figures
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Figure S43. Thermogravimetric analysis (TGA) of FACE-1 (green line), FACE-2
(black line), and FACE-3 (blue line) from 25 to 500 °C with a heating rate of 10 K
min~" under a nitrogen flow.
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Figure S44. DSC studies (second heating run) of FACE-1 (green line), FACE-2 (black
line), and FACE-3 (blue line) from —40 to 220 °C with a heating rate of 20 °C min~'under
a nitrogen flow.
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Figure S45. SEC traces of FACE-2 (black line) and FACE-3 (blue line) in in HFIP+
0.1%wl/v KTFA.

Figure S46. Additional SEM images of FACE-1S-washed (A), FACE-2S-washed (B),
and FACE-3S-washed (C).
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Table S2. Mercury concentrations before and after treatment with high sulfur content
composite materials.

Material Ci (g L) Ct(ug L)
FACE-1S 1 000 41.8
FACE-2S 1 000 211
FACE-3S 1 000 291

aafter stirring for 24 h at ambient temperature.

(A) (B)

Figure S47. BSE-SEM images of FACE-2S (A) and FACE-3S (B).
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6.5 Efficient One-Step Synthesis of Catechol Containing Polymers
via Friedel-Crafts Alkylation — Chapter 4.3

The experimental data of the current chapter have been published before:

T. Sehn, N. Kolb, A. Azzawi, M. A. R. Meier, Macromolecules 2024, 57,
10802-10811.324

Text, figures, and data are reproduced from this article and were partially edited and
extended.

6.5.1 Synthesis of Catechol Bearing Model Compounds

Procedure for the Synthesis of Model Compound 1 (M1)

A crimp vial was charged with catechol (1.62 g, 14.7 mmol, 4.00 equiv.), limonene (0.59
mL, 500 mg, 3.67 mmol, 1.00 equiv.), tetrahydrofuran (THF, 1M) and a stirring bar. After
quantitative solubilization of catechol and limonene in THF, sulfuric acid (57%, 0.28
mL, 2.94 mmol, 0.40 equiv. per double bond) was added as a catalyst and the reaction
mixture was subsequently stirred overnight at ambient temperature. For purification,
THF was removed under reduced pressure, the solid residue resolubilized in diethyl
ether, washed with water (3%) and the organic phase was dried over anhydrous sodium
sulfate. After removal of the solvent under reduced pressure, the crude solid was
purified by vacuum distillation in a Kugelrohr oven (1 mbar, 300°C). The products

(structural isomers) were obtained as orange to red solid (505 mg, 38.8 %).
TH NMR: (400 MHz, CDClI3) & (ppm) = 6.96 — 6.47 (m, Hp, 6H), 5.35 — 4.86 (m, Ha,
4H), 2.75 — 0.24 (M, Haiiphatic, 18H).

13C NMR: (126 MHz, CDCl3s) & (ppm) = 147 - 139 (Cb, 4C), 121 — 112 (Ca, 6C), 53.2 —
14.3 (Caliphatic, 12C)

ATR-IR: v (cm™) = 3337 (m), 2952 (m), 2927 (m), 2866 (m), 1604 (m), 1511 (s), 1438
(m), 1366 (m), 1275 (vs), 1259 (vs), 1190 (vs), 1106 (s), 1041 (w), 928 (w), 866 (m),
809 (s), 783 (s), 728 (), 642 (m), 606 (w), 595 (w).

m/z: [M + Na]* calculated for C22H2804 = 379.1885; found: 379.1879
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Figure S48. 'H NMR (400 MHz) of M1 in CDClIs (*) at ambient temperature.
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Figure S49. '3C NMR (126 MHz) of M1 in CDCIs (*) at ambient temperature.
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Procedure for the Synthesis of Model Compound 2 (M2)

A crimp vial was charged with catechol (1.62 g, 14.7 mmol, 4.00 equiv.), methyl oleate
(1.25 mL, 1.09 mg, 3.67 mmol, 1.00 equiv.), tetrahydrofuran (THF, 1M) and a stirring
bar. After quantitative solubilization of catechol and methyl oleate in THF, sulfuric acid
(57%, 0.14 mL, 1.47 mmol, 0.40 equiv. per double bond) was added as a catalyst and
the reaction mixture was subsequently stirred overnight at ambient temperature. For
purification, THF was removed under reduced pressure, the solid residue resolubilized
in diethyl ether, washed with water (3%x) and the organic phase was dried over
anhydrous sodium sulfate. After removal of the solvent under reduced pressure, the
crude solid was purified by vacuum distillation in a Kugelrohr oven (1 mbar, 200 to 250
°C). The products (structural isomers) were obtained as orange to red solid (138 mg,
9.26 %).

H NMR: (400 MHz, CDCl3) & (ppm) = 6.81 — 6.52 (m, Hh, 3H), 5.63 — 4.79 (m, Hq,
2H), 3.88 — 3.34 (m, Hr, 3H), 2.98 — 2.77 (M, He, 1H), 2.45 — 2.15 (m, Ha, 2H), 1.73 —
1.32 (m, He, 6H), 1.35 — 1.01 (m, Hb, 22H), 0.91 — 0.80 (m, Ha, 3H).

13C NMR: (126 MHz, CDCl3) 5 (ppm) = 175 (Cn, 1C), 145 — 130 (Cg, 3C), 122 - 110
(Ct, 3C), 51.7 (Ce, 1C), 45.4 (Cq, 1C), 38.2 (Cc, 1C), 37.6 — 20.8 (Cb, 14C), 14.1 (Ca,
10).

ATR-IR: v (cm™") = 3393 (w), 2922 (vs), 2851 (s), 1738 (w), 1713 (m), 1605 (w), 1511
(W), 1458 (m), 1439 (m), 1361 (m), 1324 (m), 1276 (s), 1193 (s), 1180 (s), 1108 (m),
867 (W), 812 (), 782 (w), 732 (W), 646 (W), 595 (W), 484 (w), 441 (w).

m/z: [M + Na]* calculated for C2sH4204 = 429.2981; found: 429.2977
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Figure S50. 'H NMR (400 MHz) of M2 in CDClIs (*) at ambient temperature.
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Figure S51. 3C NMR (126 MHz) of M2 in CDClIs (*) at ambient temperature.
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6.5.2 Synthesis of Catechol Containing Polymer

Procedure for the Synthesis of Polymer 1 (P1)

Initially, a 250 mL three-neck flask was charged with polybutadiene (198 mg, 3.67
mmol, 1.00 equiv.) and catechol (3.24 g, 29.4 mmol, 8.00 equiv.). The three-neck flask
was equipped with an air cooler and the reaction apparatus was flooded with argon at
room temperature. After an inert atmosphere was established in the apparatus, the
reaction mixture was heated to 120 °C and stirred until the catechol was completely
melted. Sulfuric acid (295%, 78.0 uL, 1.47 mmol, 0.40 equiv. per double bond) was
then added carefully to the reaction solution and stirring was continued at 120 °C for
additional 30 minutes. After cooling the reaction mixture to ambient temperature, the
solid residue was taken up in a minimal amount of diethyl ether, washed with water,
sodium carbonate solution and again with water. The organic phase was dried over
anhydrous sodium sulfate, the solvent was removed under reduced pressure, and the
excess catechol was distilled off by short path distillation (Kugelrohr) in vacuum (120
°C to 230 °C, 4.2 x 102 mbar). The product was obtained as a dark red to black solid
(254 mg, 42.2%) and revealed a degree of modification of 100% (H NMR).

1H NMR: (400 MHz, DMSO-ds) & (ppm) = 8.79 — 8.14 (br, He, 2H), 6.91 — 6.04 (br, Hb,
3H), 2.23 — 0.27 (br, Ha, 7H).

13C NMR: (126 MHz, DMSO-ds) 8 (ppm) = 148 — 141 (Ce, 2C), 121 — 111 (m, Cb, 3C),
38.6 — 17.39 (br, Ca, 4C).

ATR-IR: v (cm™) = 3381 (m), 2918 (s), 2851 (s), 1604 (w), 1510 (m), 1493 (m), 1443
(m), 1343 (m), 1235 (vs), 1183 (s), 1154 (s), 1106 (s), 983 (w), 809 (m), 781 (m), 731
(W), 436 (w), 398 (w).
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Figure S52. "H NMR (400 MHz) of P1 in CDCIs (*) at ambient temperature.
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Figure S$53. 3C NMR (126 MHz) of P1 in CDClIs (*) at ambient temperature.
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6.5.3 Metal Sorption Studies

Coating of silica particles (5 wt%)
156 mg of P1 were dissolved in 50 mL THF. After complete dissolution of the polymer,
3.00 g silica particles were added, and the solvent was slowly removed under reduced

pressure. The coated silica particles were obtained as beige solid.

Procedure for Metal Sorption Studies

200 mg of the coated silica particles were added into 100 mL of an aqueous metal ion
solution (Ci = 1.00 mg L', pH < 7). After stirring the heterogenous mixture for 24 h at
ambient conditions, the particles were filtered off and the remaining metal ion
concentration was determined via Inductively Coupled Plasma Atomic Emission

Spectroscopy (ICP-AES) or Atomic Absorption Spectrometry (AAS).

157



Experimental Section

6.5.4 Supporting Tables and Figures

—— HCIO, (conc.)
—— H,PO, (conc.) m\\
— H,SO, (conc.)
N
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retention time / min

Figure S54. SEC traces after stirring limonene with concentrated HCIO4 (black), HsPO4
(red) or H2SO4 (blue) for 10 minutes at 120 °C.
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————— H,PO, (57%)
—— H,S0, (57%)
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Figure S$55. SEC traces after stirring limonene with 57% HCIO4 (black), H3PO4 (red)
or H2SO4 (blue) for 10 minutes at 120 °C.
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Table S3. GC screening for the conversion of limonene in the presence of various
Bronsted acids (0.80 equiv.) at different reaction conditions.

Conversion Conversion Conversion
Catalyst T/I°C  Solvent’ of Iimopege of Iimohege of Iimon.enbe
(10 min) (60 min) (120 min)
R1 HCIO, (57%) 120 - >99 % - -
R2 H;PO,(57%) 120 - >99 % - -
R3 H,SO,(57%) 120 - >99 % - -
R4 HCIO,(57%) 120 THF >99 % - -
R5 H;PO,(57%) 120 THF 41.0 % 299 % -
R6 H,SO,(57%) 120 THF 94.6 % - -
R7 HCIO, (57%) 60 THF 62.8 % 79.3 % 99.6 %
R8 H;PO,(57%) 60 THF 0.96 % 1.20 % 2.33 %
R9 H,SO,(57%) 60 THF 66.8 % 92.9 % 98.0 %

a1 mol L', Pdetermined via GC

Table S4. GC screening for the conversion of limonene in the presence of H,SO, (57%)
in THF (1 mol L),

Equiv. Conversion Corlwersion Cor.wersion Corlwersion

H,SOs T/°C oflimonene Oflimonene of limonene of limonene

(57%) (10 min)® (60 min)° (120 min)® (24 h)°
R10 0.80 60 66.8 % 92.9 % 98.0 % -
R11  0.40 60 35.9 % 64.4 % 87.9 % 100 %
R12 0.10 60 5.76 % 18.9 % 75.2 % 99.4 %
R13 0.80 20 2.71 % 8.64 % 16.3 % 80.6 %
R14 0.40 20 0.40 % 4.33 % 8.27 % 63.7 %
R15 0.10 20 0.00 % 0.00 % 2.16 % 24.2 %

a determined via GC
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Figure S$56. SEC traces of M1 in THF + 250 ppm BHT.
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Figure S57. 2D 'H 'H COSY spectrum (400 MHz) of M1 in CDCl3 at ambient
temperature.
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Figure S58. 2D 'H '3C HSQC spectrum of M1 in CDCIz at ambient temperature.
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Figure S$59. ATR-IR spectra of catechol (blue), limonene (red), and M1 (black).
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Figure S$60. ESI-MS spectrum of M1 in MeOH.

Table S5. GC screening for the conversion of methyl oleate in the presence of sulfuric
acid (57%) and catechol in THF.2

] Conversion Conversion Conversion Conversio

Equiv. methyl methyl methyl n methyl

H23004 T/°C oleate oleate oleate oleate

(57%) (10 min)® (60 min)® (120 min)® (24 h)°
R16 0.40 60 4.88 % 23.5% 26.8 % 39.4 %
R17 0.20 60 2.50 % 5.98 % 10.5% 21.9 %
R18 0.05 60 1.52 % 1.74 % 2.60 % 12.7 %
R19 0.40 20 0.00 % 1.90 % 6.74 % 22.7 %
R20 0.20 20 - - 3.28 % 1.1 %
R21 0.05 20 - - 0.11 % 2.59 %

a1 mol L', Pdetermined via GC
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Figure S61. SEC traces of M2 in THF + 250 ppm BHT.
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Figure S62. 2D 'H 'H COSY spectrum (400 MHz) of M2 in CDCIl3 at ambient
temperature.
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Figure S63. 2D 'H 3C HSQC spectrum of M2 in CDCI3 at ambient temperature.
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Figure S64. ATR-IR spectra of catechol (blue), methyl oleate (red), and M2 (black).
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Figure S$65. ESI-MS spectrum of M2 in MeOH.
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Figure S66. 2D '"H 'H COSY spectrum (400 MHz) of P1 in DMSO-ds at ambient
temperature.
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Figure S67. 2D 'H '3C HSQC spectra of P1 in DMSO-ds at ambient temperature.

—— Polybutadiene
— P1

K

v(C=C)

L(OH)

L(C-H)

¥ T v T v T ¥ T ¥ T g T '
4000 3500 3000 2500 2000 1500 1000 500
wavenumber / cm™

Figure S68. ATR-IR spectra of polybutadiene (red) and P1 (black) after post
polymerization modification.
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Figure S69. Thermogravimetric analysis (TGA) of polybutadiene (red) and P1 (black)
from 25 °C to 800 °C with a heating rate of 10 K min' under a nitrogen flow.

Table S6. Metal ion sorption studies.

Metal Ci(mg L") Ct(mg L")?
Pb 1.00 <0.01
Al 1.00 0.02
Cu 1.00 0.09
Fe 1.00 0.03
Zn 1.00 0.14
Hg 1.00 0.02

a after stirring silica particles coated with P1 in the respective aqueous metal ion solution for 24 h at
ambient temperature.
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6.6 Fully Renewable High Oleic Sunflower Oil (HOSO)-based Acetal
Covalent Adaptable Networks (CANs) — Chapter 4.4

6.6.1 Synthesis of a Fully Renewable Polyol

Procedure for the Synthesis of HOSO-catechol

A 250 mL two neck round bottom flask equipped with a reflux condenser was charged
with HOSO (5.00 g, 17.0 mmol of double bonds (based on the molecular weight of
triolein (885.45 g mol ")), 1.00 equiv.), catechol (14.9 g, 136 mmol, 8.00 equiv.) and a
stirring bar. The reaction setup was heated to 120 °C and the suspension was stirred
until catechol was completely molten (Tm = 105 °C) and a homogenous reaction
mixture was obtained. Then, H2SO4 (295%, 365 uL, 665 mg, 6.80 mmol, 0.40 equiv.)
was slowly added and the reaction solution was rapidly stirred for 30 minutes at 120
°C. Subsequently, the mixture was cooled down to room temperature, the residue was
dissolved in THF and precipitated in 400 mL H20 (2x). After precipitation, the highly
viscous crude polyol was resolubilized in Et2O and washed with saturated sodium
bicarbonate solution (3x) in order to remove residual sulfuric acid. Afterwards, the
organic phase was dried over anhydrous sodium sulfate, the solvent was removed
under reduced pressure and the last traces of catechol were removed under high
vacuum (1.8 x 103 mbar) at 150 °C. The product was obtained as dark red to black,
highly viscous and sticky liquid (2.75 g, 39.9%).

1H NMR: (400 MHz, CDCl3) & (ppm) = 7.10 — 6.35 (m, Hh, 9H), 5.77 — 5.30 (m, Hq,
6H), 5.31 — 5.00 (m, Hr, 1H), 4.49— 3.91 (M, He, 4H), 2.96 — 2.82 (m, Ha, 1.5H), 2.64 —
2.47 (m, He, 1.5H), 2.40 — 2.19 (m, Hc, 6H), 1.83 — 0.95 (m, Hb, 84H), 0.94 — 0.77 (m,
Ha, 9H).

13C NMR: (126 MHz, CDCl3) & (ppm) = 174 (Cg, 3C), 144 — 132 (Cr, 9C), 122 - 112
(Ce, 9C), 70.9 — 62.2 (Ce, 3C), 45.4 (Cq, 3C), 38.2 (Cc, 1C), 38.1 — 22.7 (Cb, 30C),
14.1 (Ca, 3C).

ATR-IR: v (cm™) = 2922 (vs), 2851 (s), 1720 (m), 1595 (w), 1508 (w), 1497 (w), 1464
(m), 1441 (w), 1364 (w), 1323 (w), 1277 (m), 1173 (s), 1159 (s), 1109 (m), 1043 (w),
868 (vw), 812 (w), 781 (w), 733 (m), 642 (vw), 623 (vw), 590 (vw), 453 (vw), 446
(vw), 432 (vw).
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Figure S70. '"H NMR (400 MHz) of HOSO-catechol in CDCIls (*) at ambient
temperature.
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Figure S71. 3C NMR (126 MHz) of HOSO-catechol in CDCIls (*) at ambient
temperature.

170



Experimental Section

6.6.2 Synthesis of Fully Renewable Acetal Covalent Adaptable Networks
(CANS)

General Procedure for the Synthesis of Acetal CANs
HOSO-catechol (500 mg, 2.47 mmol OH groups (calculated based on the molecular
weight of a quantitatively modified triolein structure MHoso-catechol = 1215.78 g mol),
1.00 equiv.) and 1,4-cyclohexanedimethanol divinyl ether (CVDE) were transferred in
a certain ratio (Table S7) into a rectangular Teflon mold:

Table S7. General overview of the employed quantities of 1,4-Cyclohexanedimethanol
divinyl ether (CVDE) for acetal CANs synthesis.

Equivalents VE

Material groups? ncvoe / mmol mcvoe / mg Vcvoe / yL
P1-0.5 0.50 0.62 121 132
P2-0.7 0.70 0.87 169 184
P3-0.9 0.90 1.11 218 236

2related to OH groups

The mixture was subsequently carefully heated until both components could be
manually mixed and a homogenous reaction mixture for the curing process could be
prepared. The mold was then placed into an oven for 1h at 120 °C and 3h at 150 °C to

obtain the final dark red to black materials.

P1-0.5

ATR-IR: v (cm™) = 2920 (vs), 2851 (s), 1736 (m), 1722 (m), 1595 (w), 1504 (w), 1464
(m), 1443 (w), 1366 (w), 1323 (w), 1275 (m), 1159 (m), 1109 (m), 1040 (w), 868 (Vw),
812 (w), 781 (w), 733 (w), 642 (vw), 623 (vw), 449 (vw).

P2-0.7

ATR-R: v (cm™) = 2920 (vs), 2851 (s), 1740 (m), 1593 (w), 1504 (w), 1466 (m), 1450
(m), 1379 (w), 1342 (w), 1265 (m), 1217 (w), 1130 (s), 1095 (s), 1034 (m), 1003 (w),
960 (w), 937 (vw), 906 (w), 885 (w), 820 (w), 781 (vw), 737 (w), 723 (W), 646 (vw), 455
(W), 447 (w).

P3-0.9

ATR-IR: v (cm™) = 2920 (vs), 2851 (s), 1742 (m), 1605 (vw), 1593 (w), 1504 (w), 1466
(m), 1452 (m), 1379 (w), 1344 (w), 1263 (m), 1217 (w), 1200 (w), 1132 (s), 1099 (s),
1030 (m), 1003 (w), 960 (w), 939 (w), 906 (w), 885 (w), 818 (w), 781 (vw), 739 (w), 723
(W), 636 (W), 613 (W), 461 (vw), 449 (vw).
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6.6.3 General Procedure for Swelling and Gel Content Tests

Swelling Ratio

Each crosslinked material, i.e. P1-0.5, P2-0.7, and P3-0.9, (~ 60 mg) was immersed in
tetrahydrofuran (1.5 mL) for 24h at room temperature enabling the solubilization of
unreacted starting materials and oligomeric chains. Subsequently, the materials were
removed from the solvent and weighed. The swelling ratio is the amount of solvent that

is soaked into the material and can therefore be calculated according to Eqn. S9:

Swelling ratio (%) = % (S9)

(o]

mTHF: sample mass after storing the respective material in THF

mo: initial sample mass before the gel content tests.

Gel Content

Each crosslinked material, i.e. P1-0.5, P2-0.7, and P3-0.9, (~ 60 mg) was immersed in
tetrahydrofuran (1.5 mL) for 24h at room temperature enabling the solubilization of
unreacted starting materials and oligomeric chains. Subsequently, the materials were
removed from the solvent, dried under reduced pressure at 70 °C, and weighed. The
gel content describes the percentage of mass that is insoluble in tetrahydrofuran and

can therefore be calculated according to Eqn. S$10:

Gel content (%) = % x 100 (S10)

m1: dried sample mass after storing the respective material in THF

mo: initial sample mass before the gel content tests.
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6.6.4 Supporting Figures
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Figure S72. '3C NMR (126 MHz) of HOSO-catechol in CDCIz (*) at ambient

temperature.
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Figure S73. 2D 'H 'H COSY spectrum (400 MHz) of HOSO-catechol in CDClz at

ambient temperature.
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Figure S 74. 2D 'H 3C HSQC spectrum of HOSO-catechol in CDCIl3 at ambient
temperature.
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Figure S75. DSC studies (second heating run) of HOSO (red line) and HOSO-
catechol (black line) =50 to 200 °C with a heating rate of 100 °C min~'under a nitrogen
flow.
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Figure S76. Thermogravimetric analysis (TGA) of HOSO (red) and HOSO-catechol
(black) from 25 °C to 800 °C with a heating rate of 10 K min-! under a nitrogen flow.
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Figure S77.Non-isothermal DSC study (first heating run) of the curing process of P1-
0.5.
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Figure S78. Thermogravimetric analysis (TGA) of P1-0.5 (black), P2-0.7 (red), and P3-
0.9 (blue) from 25 °C to 800 °C with a heating rate of 10 K min-' under a nitrogen flow.
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7 Appendix

7.1 List of Abbreviations

AAE
AE
AGU
AIBN
AMIMCI
ATR-IR
BBr3
BMIMCI
BPAGMA
BSE
CA
CAB
CAH
CANs
CAO
CAP
CAV
CB
CEF
CEs

Cs

CH

C
CMC
(610)
CO2
COsy
CP
CS2
CTA
Ccv
CVDE
DABCO
DBN
DBU
DDT
DMA
DMAc
DMSO
DOPA

actual atom economy

atom economy

anhydroglucose unit
azobisisobutyronitrile
1-allyl-3-methylimidazolium chloride
attenuated total reflection infrared
boron tribromide
1-butyl-3-methylimidazolium chloride
bisphenol A glycerolate dimethacrylate
backscattered electron

cellulose acetate

cellulose acetate butyrate

cellulose acetate hexanoate
covalent adaptable networks
cellulose acetate octanoate
cellulose acetate propionate
cellulose acetate valerate

cellulose butyrate

complete E factor

cellulose esters

final mercury concentration
cellulose hexanoate

initial mercury concentration
Carboxymethyl cellulose

cellulose octanoate

carbon dioxide

gradient selected correlation spectroscopy
cellulose propionate

carbon disulfide

cellulose triacetate

cellulose valerate
1,4-cyclohexanedimethanol divinyl ether
1,4-diazabicyclo[2.2.2]octane
1,5-Diazabicyclo[4.3.0]non-5-ene
1,8-diazabicyclo-[5.4.0]-undec-7-ene
dichlorodiphenyltrichloroethane
dopamine methacrylamide
N,N-dimethylacetamide

dimethyl sulfoxide
3,4-dihydroxyphenyl-l-alanine
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DOSY
DP
DS1H
DSC
DVB

E factor
EDX
EGDMA
EMIMOACc
EPA
ESI-MS
FACEs
FCA
FDCA
g
GBDA
GC
GSK
H2SO4
H3PO4
HBr
HCIO4
HCPM
HDDA
HFIP
HOSO
HSQC
ILs

IR

Ky

LCA
LCB
LiCl
MCC
MEA
Mi
MTBD
NazS
NaCl
NADOPAMe
NaOH
n-BulLi
NCA
NIPS
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diffusion ordered spectroscopy

degree of polymerization

degree of substitution

differential scanning calorimetry
1,2-divinyl benzene

environmental factor

energy-dispersive X-ray

ethylene glycol dimethacrylate
1-ethyl-3-methylimidazolium acetate
U.S. Environmental Protection Agency
electrospray ionization mass spectrometry
fatty acid cellulose esters

Friedel-Crafts alkylation
furandicarboxylic acid

mass

glyoxal bis(diallylacetal)

gas chromatography

Glaxo Smith Kline

sulfuric acid

phosphoric acid

hydrogen bromide

perchloric acid
2-hydroxy-3-cardanylpropyl methacrylate
1,6-hexanediol dimethacrylate
hexafluoro isopropanol

high oleic sunflower oil

heteronuclear single quantum coherence spectroscopy
ionic liquids

infrared

distribution coefficient

Life Cycle Assessment

lignocellulosic biomass

lithium chloride

microcrystalline cellulose
2-methoxyethyl acrylate

mass intensity
7-methyl-1,5,7-triazobicyclo[4.4.0]dec-5-ene
sodium sulfide

sodium chloride
N-Ac-3,4-dihydroxyphenylalanine methyl ester
sodium hydroxide

n-butyl lithium

N-carboxyanhydride

nonsolvent induced phase separation
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NMMO N-methylmorpholine-N-oxide
NMP nitroxide mediated polymerization
NMR nuclear magnetic resonance
PEF poly(ethylene furanoate)

PET poly(ethylene terephthalate)
PMI process mass intensity

PPM post polymerization modification
Qe equilibrium extraction capacities
RAFT reversible addition fragmentation transfer
RME reaction mass efficiency

ROP Ring opening polymerization

Ss Elemental sulfur

SDGs Sustainable Development Goals
SEC Size exclusion chromatography
SEF simple E factor

SEM scanning electron microscopy
SO2 sulfur dioxide

TAAs trialkyl amines

TBAF Tetra-butyl-ammonium fluoride
TBD 1,5,7-triazabicyclo-[4.4.0]-dec-5-en
TBDMS tert-butyldimethylsilyl

TES triethylsilyl

Tg glass transition temperature
TGA thermogravimetric analysis

THF tetrahydrofuran

T™MG 1,1,3,3-tetramethylguanidine

UN United Nations

Vv volume

VA vinyl acetate

VE vinyl ether

WCA water contact angle

WHO World Health Organization
Zn(DTC): zinc diethyldithiocarbamate

T relaxation time
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7.2 Scientific Contributions

List of publications in chronological order:

[3]

[4]

[3]

[2]

[1]

F. Rhein, T. Sehn, M. A. R. Meier, Efficient and accurate determination of the
degree of substitution of cellulose acetate using ATR-FTIR spectroscopy and
machine learning, Sci. Rep. 2025, 14, 2904.

T. Sehn, N. Kolb, A. Azzawi, M. A. R. Meier, Efficient One-Step Synthesis of
Catechol Containing Polymers via Friedel-Crafts Alkylation and Their Use for
Water Decontamination, Macromolecules 2024, 57, 10802-10811.

T. Sehn, J. Fanelli, L. Wahl, M. A. R. Meier, High sulfur content composite
materials from renewable fatty acid cellulose esters (FACEs) via inverse
vulcanization, RSC Sustainability 2025, 3, 291-299.

T. Sehn, M. A. R. Meier, Structure-Property Relationships of Short Chain
(Mixed) Cellulose Esters Synthesized in a DMSO/TMG/CO2 Switchable Solvent
System, Biomacromolecules 2023, 24, 5255-5264.

T. Sehn, B. Huber, J. Fanelli, H. Mutlu, Straightforward synthesis of aliphatic
polydithiocarbonates from commercially available starting materials, Polym.
Chem., 2022, 13, 5965-5973.

List of conference contributions in chronological order:

[2]

[1]
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Presentation: Structure—Property Relationships of Short Chain (Mixed)
Cellulose Esters Synthesized in a DMSO/TMG/CO2 Switchable Solvent System
at the 50th IUPAC World Polymer Congress held at the University of Warwick,
Coventry, England, July 2024.

Presentation: Structure-property relationships of short chain (mixed) cellulose
esters synthesized in a TMG/CO2 switchable solvent system at the ACS Fall
Meeting held in San Francisco, United States, August 2023.
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