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Abstract 

In the last few decades, synthetic polymeric materials have fundamentally changed 

our daily life due to their appealing material properties in many aspects as well as their 

low-cost production. However, most of these polymers are entirely petroleum-based, 

and their production cannot be considered sustainable, not only due to the depletion 

of fossil resources. The utilization of renewable resources for polymer synthesis has 

therefore become a major interest. At the same time, several more aspects need to be 

considered for the design of more sustainable synthetic pathways like the prevention 

of waste products, the use of benign reagents, and the reduction of auxiliaries (e.g. 

solvents). The Twelve Principles of Green Chemistry summarize these factors and 

were used as the guiding framework in this work for the development of novel proce-

dures for the synthesis of polymeric materials based on renewable resources. 

First, a novel cellulose acetylation process using the DMSO/DBU/CO2 switchable sol-

vent system was developed without the need of any additional catalyst or activation 

step. Vinyl acetate was used as a more benign acetylation agent under mild conditions 

and the straightforward recyclability of all employed components was demonstrated 

with high recycling ratios (87.0–98.9%). Compared to the industrially applied hetero-

geneous Acetic Acid Process, less cellulose backbone degradation due to the non-

acidic conditions was found (Mn = 35 kDa vs. 12 kDa) and a direct synthesis of cellu-

lose acetates with lower degrees of substitution was possible due to the homogeneous 

conditions by simply adjusting the equivalents of acetylation agent.  

Related to this, a method for the degree of substitution determination of cellulose ace-

tates, butyrates, laurates, and benzoates using ATR-FTIR spectroscopy was estab-

lished applying a novel non-linear correlation approach. 

The DMSO/DBU/CO2 switchable solvent system was further used for the development 

of a tandem reaction approach for cellulose derivatization applying a single catalyst for 

three consecutive transformations. In this procedure, cellulose was first solubilized and 

then functionalized with four different isothiocyanates, which were formed in situ via a 

catalytic sulfurization of isocyanides with elemental sulfur. This one-pot process was 

shown to be beneficial in terms of efficiency as well as sustainability compared to a 

stepwise synthesis, with recycling ratios ranging from 79.1 to 95.6% for the employed 

components. 
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By extending this approach to castor oil as a natural polyol, novel thionourethane ther-

moset materials could be synthesized. An additional solvent for this process could 

completely be prevented as castor oil was found to act in a dual role: as the solvent for 

the isothiocyanate formation and subsequently react quantitatively as the polyol com-

ponent in the thionourethane thermoset formation. The kinetics of these two steps were 

studied in detail via real-time IR measurements, and the thermoset crosslinking step 

was found to be thermally triggerable after quantitative formation of the diisothiocya-

nate, which enabled high control over the curing process of the system. 
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Zusammenfassung 

Synthetische Polymere haben aufgrund ihrer in vielerlei Hinsicht attraktiven Materialei-

genschaften sowie ihrer kostengünstigen Herstellung in den letzten Jahrzehnten unser 

tägliches Leben grundlegend verändert. Die meisten dieser Polymere basieren jedoch 

vollständig auf Erdöl und ihre Herstellung kann aufgrund der Erschöpfung dieser fos-

silen Ressourcen und weiterer Aspekte nicht als nachhaltig angesehen werden. Die 

Nutzung nachwachsender Rohstoffe für die Polymersynthese ist daher inzwischen von 

besonderem Interesse. Gleichzeitig müssen mehrere weitere Aspekte für die Gestal-

tung nachhaltigerer Synthesewege berücksichtigt werden, wie die Vermeidung von 

Abfallprodukten, die Verwendung von unbedenklichen Reagenzien und die Reduzie-

rung von Hilfsstoffen (z. B. Lösungsmitteln). In diesem Zusammenhang wurden die 

zwölf Prinzipien der grünen Chemie verfasst, welche in dieser Arbeit als Leitlinien für 

die Entwicklung neuartiger Verfahren zur Synthese polymerer Materialien auf Basis 

nachwachsender Rohstoffe dienen.  

Zunächst wurde ein neuartiges Cellulose Acetylierungsverfahren unter Nutzung des 

DMSO/DBU/CO2 schaltbaren Lösungsmittelsystems ohne die Notwendigkeit eines zu-

sätzlichen Katalysators oder Aktivierungsschrittes entwickelt. Vinylacetat wurde als 

umweltfreundlicheres Acetylierungsmittel unter milden Bedingungen verwendet, und 

ein einfaches Recycling aller verwendeten Komponenten wurde mit hohen Recycling-

quoten (87,0–98,9%) gezeigt. Im Vergleich zum industriell angewandten heterogenen 

Eisessigverfahren wurde ein geringerer Abbau des Celluloserückgrats aufgrund der 

nicht-sauren Bedingungen festgestellt (Mn = 35 kDa vs. 12 kDa). Eine direkte Synthese 

von Celluloseacetaten mit niedrigeren Substitutionsgraden aufgrund der homogenen 

Bedingungen konnte durch einfaches Anpassen der Äquivalente an Acetylierungsmit-

tel ermöglicht werden. 

Mit Bezug hierzu wurde eine neue Methode zur Bestimmung des Substitutionsgrades 

von Celluloseacetaten, -butyraten, -lauraten und -benzoaten mittels ATR-FTIR-Spekt-

roskopie unter Anwendung eines neuartigen nichtlinearen Korrelationsansatzes etab-

liert. 
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Das DMSO/DBU/CO2 schaltbare Lösungsmittel wurde des Weiteren zur Entwicklung 

eines Tandem-Reaktionsansatz zur Cellulose-Derivatisierung genutzt, der einen ein-

zigen Katalysator für drei aufeinanderfolgende Umwandlungen verwendet. Bei diesem 

Verfahren wurde Cellulose zunächst gelöst und dann mit vier verschiedenen Isothio-

cyanaten funktionalisiert, die in situ über eine katalytische Sulfurierung von Isocyani-

den mit elementarem Schwefel gebildet wurden. Dieses Eintopfverfahren erwies sich 

hinsichtlich Effizienz und Nachhaltigkeit als vorteilhaft gegenüber einer schrittweisen 

Synthese und ermöglichte Recyclingquoten der eingesetzten Komponenten von 79,1 

bis 95,6%.  

Durch Erweiterung dieses Ansatzes auf Rizinusöl als natürliches Polyol wurden neu-

artige Thionourethan-Duroplaste synthetisiert. Ähnlich wie beim vorherigen Ansatz für 

die Cellulosefunktionalisierung wurden die funktionellen Isothiocyanatgruppen in situ 

über eine katalytische Sulfurierung von Isocyaniden mit elementarem Schwefel er-

zeugt, jedoch bei diesem Ansatz ohne die Notwendigkeit eines zusätzlichen Lösungs-

mittels. Es wurde festgestellt, dass Rizinusöl als Lösungsmittel für die Isothiocyanat-

bildung fungiert und anschließend als Polyolkomponente in der Thionourethan-Duro-

plastbildung vollständig reagiert. Die Kinetik dieser beiden Schritte wurde im Detail 

durch Echtzeit-IR-Messungen untersucht, und es wurde festgestellt, dass der Duro-

plast-Vernetzungsschritt thermisch auslösbar ist, nachdem das Diisothiocyanat quan-

titativ gebildet wurde, was eine hohe Kontrolle über den Aushärtungsprozess des Sys-

tems ermöglicht. 
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1 Introduction 

The use of chemical reactions has in the past led to significant developments and in-

creases in wealth for humans: from the discovery of fire, through metallurgy, to the 

synthesis of complex pharmaceuticals today. The industrial synthesis of fertilizers has 

helped alleviate hunger in large parts of our planet with at the same time growing pop-

ulation. Today, chemical technologies are being optimized to such a high level that 

humanity could reach unprecedented prosperity. Nowadays, in the developed part of 

the world, almost all basic needs are not only covered, but a wide range of luxury 

products, such as clothing and cosmetics, are also abundantly available. Many of these 

products are primarily based on a few basic chemicals produced on massive scales 

from petroleum. These fossil resources require millennia to regenerate, while the re-

sulting materials often have a much shorter lifespan, sometimes as short as a few 

minutes for single-use plastic materials. In this context, the term “sustainability” plays 

a key role, which, for example, the UN Commission on Environment and Development 

defined in the “Brundtland Report” in 1987 as “a development that meets the needs of 

the present without comprising the ability of future generations to meet their own 

needs”.1 The transition to sustainable development is one of the critical tasks of today’s 

generation. Fundamental changes must be made in almost every branch of today’s 

society and economy to achieve this goal. The main challenge is to find ways to sustain 

modern wealth while minimizing environmental impact, which demands extensive ef-

forts in research and technological development. A transition to Green Chemistry is 

necessary concerning the chemical sector, which strives to work at the molecular level 

to contribute to sustainability. Especially in one of the biggest branches of the chemical 

industry, the production of polymeric materials (better known as plastics), significant 

changes need to be fulfilled as more than 90% of the produced polymers in 2021 were 

fossil-based.2 Plastic materials exhibit very appealing properties, making them almost 

unavoidable in modern life, and are therefore produced in massive amounts (390.7 

million tons in 2021).2 For the transition to sustainable use of polymeric materials, the 

industrial sector has to reduce and recycle plastic materials wherever possible. People 

must handle plastic materials sustainably and dispose them correctly. Lastly, modern 
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chemistry must develop new synthetic procedures for polymeric materials by applying 

the principles of green chemistry, which is the main objective of this thesis.3–5 
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2 Theoretical Background 

Nowadays, polymeric materials are one of the most important materials with various 

applications ranging from packaging to high-performance applications in lithium-ion 

batteries.6–10 Due to their broad palette of applications, appealing properties, and 

mostly low-cost, the annual polymer production reached 390.7 million tons in 2021 and 

is expected to increase even further.2 More than 90% of the produced polymers in 2021 

were fossil-based, which leads to major concerns, as petroleum is not renewable and 

cannot be considered sustainable.2 Therefore, more sustainable procedures and con-

cepts, based on renewable resources and improved processes, need to be developed 

to meet the long-term demand and ensure wealth for humanity. The following chapters 

describe the connection between chemistry and sustainability, which is the basis for 

research on sustainable polymeric materials. 

2.1 Sustainable and Green Chemistry 

The field of sustainable chemistry is a comparably young branch of research, with its 

starting point in the late 1980s.11 Before that time, the interest of the chemical industry 

sector was mainly focused on economic development with continuous increases in 

efficiency, scale, and output. Today’s chemical sector is almost entirely based on fossil 

resources, as these are available in vast amounts at comparably low costs.12–15 Fossil 

resources in the chemical sector are used not only as an energy source, but also as a 

resource: different kinds of crackers (for instance thermal or steam cracking) convert 

petroleum into simpler organic molecules, which are then used to synthesize nearly 

every bulk chemical.16–19 These bulk chemicals are then used in different intermediates 

to produce almost every commercially available chemical product, ranging from plastic 

materials to fertilizers and from detergents to pharmaceutics.20  

Due to the diminishing supply of these non-renewable resources and the increasing 

awareness of environmental aspects, a major transformation of the chemical sector is 

necessary to achieve sustainable development.21–24 Therefore, the research interest 

in sustainable chemistry started to increase in the early 1990s with the aim to find 

technological solutions to counter the high dependency on fossil resources. The sub-

stantial increase in scientific publications of sustainable chemistry relative to the overall 
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number of publications in chemistry from 1990 to 2022 can be seen as a clear indicator 

of a growing interest in sustainable chemistry (Figure 1). 
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Figure 1 Visualization of the share of publications of sustainable chemistry in the field 
of chemistry (according to the search result of the term “sustainable chemistry” relative 
to the search term “chemistry” using the search engine SciFinder®). 

The term “Green Chemistry” was defined as the “design of chemical products and pro-

cesses to reduce or eliminate the use and generation of hazardous substances” in the 

1990s and was substantially influenced by Paul Anastas and John C. Warner, who 

formulated the “Twelve Principles of Green Chemistry” (Table 1).3–5 These principles 

were intended as a guiding framework to help chemists tune their protocols and re-

search toward sustainability. These guidelines for green chemistry do not just encour-

age researchers to use renewable resources, but instead motivate them by careful 

planning of chemical syntheses and molecular design to reduce adverse conse-

quences.4 Thereby, the whole process life-cycle from the raw material used to the ef-

ficiency and safety of the reaction, as well as the safety, toxicity, and biodegradability 

of products and used reagents, are taken into account. The twelve principles were later 

summarized into the more convenient and memorable mnemonic PRODUCTIVELY by 

Tang et al.25 Additionally, the three main points about the green chemistry framework 

were summarized by Anastas et al. in 2009 to: “1) Green Chemistry designs across all 

stages of the chemical life-cycle; 2) Green Chemistry seeks to design the inherent 

nature of the chemical products and processes to reduce their intrinsic hazard; and 3) 

Green Chemistry works as a cohesive system of principles or design criteria.4 
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Table 1 The twelve principles of green chemistry as published by Anastas and Warner 
in 1998.3 

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 in-

corporation of all materials used in the process into the final product. 

3 

Less Hazardous Chemical Syntheses: Wherever practical, synthetic meth-

odologies 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 pre-

serve efficacy of function while reducing toxicity. 

5 

Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g. sol-

vents, separation agents, etc.) should be made unnecessary whenever possi-

ble 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 renew-

able 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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2.1.1. Metrics for Sustainable Chemistry 

Sustainability depends on many factors, some of which are “soft factors”, which are 

difficult to be quantified. However, to compare different chemical processes with each 

other, it is necessary to introduce metrics that can be used to make decisions about 

various aspects concerning sustainability. For this reason, scales were developed to 

examine different sustainability factors concerning chemical procedures or chemical 

reactions in general.26 B. Trost introduced the concept of atom economy (AE) in 1991, 

which focuses on the molecular level of chemical reactions to achieve sustainabil-

ity.27,28 It quantifies the atom count of the starting materials incorporated into the de-

sired product. A reaction in which few atoms of the reactants appear in the product 

intrinsically produces many side products and generates waste, which makes the re-

action less efficient already on the very first level, without considering other factors like 

solvents, energy consumption, or yield. Therefore, this concept is the first sustainability 

metric to look at when a novel reaction is planned. 

𝐴𝐸 =
𝑀product

∑ 𝑀𝑖,starting materials𝑖
 (1) 

Consequently, an ideal reaction concerning the atom economy would have AE = 1 (or 

100%), whereas AE = 0 (or 0%) means that none of the starting materials are being 

incorporated into the desired product. 

Another commonly used metric to evaluate the sustainability of a reaction is the envi-

ronmental factor (E-factor), which R. Sheldon introduced in 1992.11,29 The E-factor is 

defined as the actual amount of waste produced, including everything but the desired 

product. It considers the yield, reagents, solvent losses, all process aids, and in princi-

ple, even fuel.11 

𝐸 − factor =
∑ 𝑚starting materials − 𝑚product

𝑚product
 (2) 

The higher the E-factor value, the more waste is produced in the examined reaction or 

process and therefore has a higher negative environmental impact. The ideal E-factor 

is zero, meaning no waste is generated during the reaction. Due to the practically very 

easy applicability of the E-factor, just from the knowledge of the raw materials' weight 
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and the weight of the products, the E-factor could be easily implemented in the chem-

ical industry. Typical E-factors of different segments in the industry are presented in 

Table 2. 

Table 2 Typical E-factors of different segments in the chemical industry. Adapted from 
Sheldon et al.11 

Industry segment Product / t a-1 E-factor 

Oil refining 106–108 <0.1 

Bulk chemicals 104–106 <1–5 

Fine chemicals 102–104 5–50 

Pharmaceuticals 10–103 25–100 

 

It can be concluded that, especially in the fine chemical and pharmaceutical industries, 

a far larger environmental impact is generated, which is a direct consequence of the 

products produced in these segments that are more complicated molecules requiring 

multi-step syntheses. The generated waste can often be reduced by developing more 

step economic procedures, as stated by e.g. Wender et al.30 Sheldon defined the 

E-factor to have one exception from the calculation: water that is used in the process 

(but not water that is formed in the reaction).11 The reason is that the inclusion of water 

can lead to exceptionally high E-factors, making meaningful comparisons of processes 

difficult. This can be seen in the examples of three different fermentation reactions, as 

presented in Table 3. 

Table 3 E-factors of some exemplary fermentation reactions according to Sheldon.31 

Product E-factor E-factor (incl. water) 

Citric acid 1.4 17 

Bioethanol 1.1 42a 

Rec. insulin 6600 50 000 

a Additionally includes CO2 

The major contribution to the E-factor often comes from solvent losses. However, in 

research, solvent losses (i.e., solvent recovery ratios) were often not reported, which 

made the comparison concerning the sustainability of newly developed procedures 



Theoretical Background  

8 

almost impossible. Therefore, Roschangar et al. proposed two new E-factor derivatives: 

i) the “simple E-factor” (sEF, equation (3)), and ii) the “complete E-factor” (cEF, equa-

tion (4)).32 The cEF accounts for all process materials, including water, which is differ-

ent from the classic E-factor, and furthermore does not consider recycling due to com-

petitive region-specific waste economics associated with energy recovery and treat-

ment options.32,33 The sEF discounts water and solvents in general, which is more 

appropriate for early development phase assessments and can therefore be seen as 

a metric on a development level between the AE and the E-factor. 

𝑠𝐸𝐹 =
∑ 𝑚raw materials + ∑ 𝑚reagents − 𝑚product

𝑚product
 (3) 

𝑐𝐸𝐹 =
∑ 𝑚raw materials + ∑ 𝑚reagents + ∑ 𝑚solvents + ∑ 𝑚water − 𝑚product

𝑚product
 (4) 

The actual commercial E-factor falls somewhere between sEF and cEF and can be 

calculated as soon as reliable data for solvent losses and solvent recycling ratios are 

available.33 Generally, the E-factor does not consider the toxicity of reactants or prod-

ucts, which can be seen as the major drawback of the E-factor as a sustainability metric. 

However, it still is a simple to apply and meaningful measure for a first basic evaluation 

of the efficiency and sustainability of a given process. 

Several more approaches exist as extensions or alternatives to the atom economy and 

the E-factor, such as the actual atom economy (AAE), which corrects the AE by the 

obtained yield of the reaction.34–36 Constable et al.37 from Glaxo Smith Kline (GSK) 

introduced the reaction mass efficiency (RME), which is defined as the mass of the 

product obtained divided by the total mass of reactants in the stoichiometric equation 

(equation (5)) and is expressed as a percentage value.31 

𝑅𝑀𝐸 =
𝑀product

∑ 𝑀I,starting materials𝑖 × molar ratio
× yield (5) 

A disadvantage of the AAE and the RME compared to the AE is that they cannot be 

determined without any experimental work, yet they provide a more accurate, not a 

theorized value. 
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Another metric is the mass intensity (MI), introduced by the GSK group38 and is some-

times also related to the process mass intensity (PMI). It is defined as the total mass 

of materials used in a process divided by the mass of the product obtained.39 This 

practically results in: MI = E-factor + 1, meaning that the ideal MI is 1 as compared to 

0 for the E-factor. The mass productivity was suggested by the same authors of the MI 

and is defined as the reciprocal MI. These alternative metrics did not establish a par-

ticular advantage over the AE and the E-factor, which is why those two measures are 

most widely used in the field of sustainable chemistry research. The AE and the E-fac-

tor are complementary green metrics, as the AE can be used as a quick tool before 

conducting any experiments, and the E-factor as a measure of the total waste formed 

in practice. 

A comprehensive approach for the assessment of the environmental impact of a prod-

uct is determined by the Life Cycle Assessment (LCA).40–47 This concept is widely ac-

cepted in the industry and is associated with all stages of the process, from raw mate-

rial extraction and processing to recycling or final disposal. The procedures for con-

ducting LCAs are included in the environmental management section of the Interna-

tional Organization for Standardization (ISO). These provide the general principles and 

framework of the method and outline the “requirements and guidelines”. For example, 

in ISO 14040, LCA was defined as: “LCA studies the environmental aspects and po-

tential impacts throughout a product's life (i.e., cradle-to-grave) from raw material ac-

quisition through production, use, and disposal. The general categories of environmen-

tal impacts needing consideration include resource use, human health, and ecological 

consequences.“48 The thorough calculation of the overall impact on the environment 

for a particular product using LCA is an essential measure for evaluating and optimiz-

ing manufactured products. However, such a thorough analysis is not always feasible 

or necessary at the research stage, which is why the AE and E-factor remain the most 

widely used metrics in the literature. 
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2.1.2. Renewable Feedstock 

Today, about 13% of the consumed crude oil in the US is used to produce industrial 

chemicals.49,50 This is, after the transportation sector, the largest consumer of fossil 

crude oil. Therefore, a transition to renewable alternatives needs to be fulfilled in the 

chemical industry to sustain itself in the long term. Many abundant bioresources could 

serve as a renewable feedstock for the chemical industry.51 However, from a chemical 

perspective, most renewable feedstocks are highly functionalized molecules compared 

to fossil feedstocks, which mainly consist of saturated hydrocarbons. Therefore, a sig-

nificant challenge in this context is to provide new tools for converting renewables into 

a broad palette of organic compounds.50 One promising approach for this is a petro-

leum refinery-like system called “biorefinery”, which is a facility that integrates biomass 

conversion processes to produce fuels and different platform chemicals from bio-

mass.52–55 The biorefinery concept is analogous to today's petroleum refineries, which 

produce numerous petroleum-derived chemical products and fuels. Industrial biorefin-

eries were identified as the most promising opportunity to create a new bio-based in-

dustry. By producing a high number of products, a biorefinery can take advantage of 

differences in biomass components and intermediates and maximize the value derived 

from the biomass feedstock.56 Recent research focuses on biomass gasification (e.g., 

wood, wood waste, corn stover, switchgrass, straw, or agricultural waste) with temper-

ature, pressure, and oxygen to produce syngas (mainly CO and H2),57,58 which can be 

used to feed the conventional resource streams of the chemical industry, for example 

methanol production, an important commodity chemical for producing many other 

goods. 

The most used renewable feedstocks in the chemical industry for non-fuel applications 

include plant oils, polysaccharides (e.g., cellulose and starch), sugars, lignin, and oth-

ers (Scheme 1). From these renewable raw materials, fine chemicals, pharmaceuticals, 

coatings, or packaging materials can be produced after the corresponding chemical 

processing.58  
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Scheme 1 Plant-derived renewable raw materials in the chemical industry for non-fuel 
applications. 

Plant oils play one of the most important roles as a renewable raw material for the 

chemical industry (in Germany, 30% of the used renewable raw materials were plant 

oils).58 These are mainly used to produce, e.g., surfactants, cosmetic products, or lub-

ricants.58 Plant oils are generally composed of triglycerides, which are tri-esters of glyc-

erol and three fatty acids (Figure 2) with varying compositions depending on the plant 

as well as factors like the season, crop, and growing conditions.59 The fatty acids can 

generally be categorized into two groups: saturated and unsaturated, with saturated 

fatty acids only containing carbon-carbon single bonds. In unsaturated fatty acids, car-

bon-carbon double bonds are present. The degree of unsaturation (besides other fac-

tors like the carbon chain length and the stereochemistry of the double bond) has a 

major influence on the physical and chemical properties.59 Oils like coconut or palm 

kernel oil are mainly composed of saturated C12 and C14 fatty acids and are, therefore, 

most important for producing surfactants. Other oils like linseed oil are primarily com-

posed of unsaturated fatty acids (linoleic acid and linolenic acid, Figure 2) and find for 

instance application in the chemical industry for the production of linoleum (floor cov-

ering) by oxidative polymerization in mixtures with other vegetable oils, wood flour or 

cork, limestone, and pigments on a carrier fabric made of jute.60 The application of 
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plant oils in polymer science is expected to play an essential role during the 21st cen-

tury in synthesizing polymers from renewable resources.59,61 Plant oils and their deriv-

atives are already used today as polyols for synthesizing polyurethanes as a substitute 

for petroleum-derived polyols. 

 

Figure 2 Chemical structure of triglycerides with a selection of typical fatty acids oc-
curring in natural plant oils. 

Therefore, plant oils with a high degree of unsaturation (like canola, soybean, linseed, 

sunflower, or corn) are epoxidized and then reacted with, e.g., methanol to prepare 

polyols (Figure 3a).59,62 Depending on the degree of unsaturation of the individual plant 

oil, the resulting degree of epoxidation, and consequently the OH value, different cross-

linking densities can be obtained with, e.g., methylene diphenyl isocyanate (MDI) as 

the diisocyanate component. This results in different Tgs and tensile strengths of the 

thereof derived PUs, with the general trend of higher Tg and higher tensile strength 

with higher crosslinking densities. Linseed oil, for example, with a comparably high 

degree of unsaturation, results in a polyol with comparably higher hydroxyl value and, 

therefore, in a thermoset with higher Tg and tensile strength if compared to other plant 

oil-derived polyurethane thermosets from, e.g., sunflower or canola oil based on MDI 

as determined by Petrović et al.62 Polyols derived from plant oils are promising bio-

based alternatives to existing polyols, but still two derivatization steps (epoxidation and 

ring-opening) are necessary to obtain the desired polyol. An alternative, not needing 

any prior derivatization step, is castor oil (Figure 3b), which can be considered the 
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only commercially available polyol directly produced by nature.63 Concerning the direct 

utilization of castor oil as a polyol in polyurethane synthesis, it has some advantages, 

like water resistance and flexibility, but also disadvantages, such as comparably low 

functionality.63,64 However, a higher hydroxyl value can be obtained by reacting castor 

oil with, e.g., glycerol, which leads to a more rigid thermoset when crosslinked with, 

e.g., MDI. 

 

Figure 3 a Polyol synthesis approach from epoxidized plant oil.62 b Representative 
structure of castor oil as a triglyceride composed of three ricinoleic acid units. 

One of the most important processes using renewable resources is bioethanol produc-

tion via fermentation. In 2021, global bioethanol production reached 27.3 billion gallons, 

compared to 22.4 billion gallons in 2011.65 For the production, crops like sugar cane, 

hemp, corn, sugar beet, or wheat are used, which makes ethanol production compete 

with the food supply and raises ethical conflicts.66 Consequently, research focuses on 

the implementation of lignocellulosic substances for the production of bioethanol from 

agricultural wastes. However, this process still has several challenges, as the material 

must be appropriately pretreated to ensure a complete delignification and an effective 

fermentation process. Nevertheless, the use of lignocellulosic materials for bioethanol 

production has great potential. It has been estimated that 442 billion liters of bioethanol 

could be produced from lignocellulosic biomass and that total crop residue and wasted 

crops can produce 491 billion liters of bioethanol per year, which is about 16 times 

more than the world bioethanol production now.67,68 Bioethanol is today mainly used 

as a fuel additive, but it also shows high potential as a platform molecule in the chem-

ical industry. For instance, it can be used in other fermentative processes to produce 

acetic acid or in a dehydration reaction for the production of ethylene.69,70 In countries 

with cheap bioethanol availability, ethylene is already today produced in relevant 
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amounts by dehydration. Still, steam cracking of petroleum is by far the primary source 

of ethylene today.71 Many industrial processes exist with excellent efficiencies, but the 

starting materials are mostly petroleum-derived, which makes the overall procedure 

unsustainable. One example is the production of vinyl acetate (Scheme 2). 

 

Scheme 2 Industrial synthesis of vinyl acetate from fossil resources (red) and possi-
bilities from renewable resources (green).69–73 

It is mainly produced by the ethylene-based process (ca. 70% of worldwide produc-

tion).72 In this gas-phase process, ethylene reacts with acetic acid and oxygen in a 

palladium catalyst-containing fixed-bed reactor, resulting in vinyl acetate and water 

with a selectivity of 94% for ethylene and 98–99% for acetic acid.71,72 This makes vinyl 

acetate production very efficient, but as described before, ethylene and acetic acid also 

need to be originated from a sustainable resource for an entirely sustainable process. 

However, the industry chooses the cheapest way to produce these two compounds, 

which is mainly the carbonylation of methanol for acetic acid and steam cracking for 

ethylene.69,70 With methanol mainly produced from syngas,73 the industrial synthesis 

of vinyl acetate today is entirely based on fossil resources (red box in Scheme 2). 

However, with the described potential of biomass conversion to platform molecules like 

acetic acid or ethylene, many processes, like the production of vinyl acetate, can be 

transformed entirely bio-based. 
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2.2 Cellulose 

Cellulose is the most abundant biopolymer on earth and is considered an almost inex-

haustible source of biomass, with an annual production of approximately 

1.5 × 1012 tons.74 It is formed by the repeated connection of D-glucose units, making it 

a highly functionalized, linear, rigid homopolymer, which is hydrophilic, chiral, biode-

gradable, and possible to be chemically modified in numerous ways.75  

Cellulose was isolated for the first time by the French chemist Anselme Payen in 

1837.74,76 He described the biopolymer as the resistant fibrous solid that remains after 

treatment of various plant tissues with acids and ammonia, followed by the extraction 

with water, alcohol, and ether. Subsequent employment of elemental analysis yielded 

the molecular formula C6H12O5, thus determining the isomerism to starch. The struc-

ture was then confirmed by Dumas et al. in 1839 and named “cellulose” due to its 

property being the main constituent of wooden cells (French: cellules).77 Cellulose be-

ing a polymer was first elucidated by Hermann Staudinger in 1920.78 He found, by 

acetylation and deacetylation of cellulose, that its structure does not just consist of an 

aggregation of glucose units, instead being linked together covalently forming long mo-

lecular chains (polymers). The cellulose structure is composed of -1,4-linked D-gluco-

pyranose units (Figure 4) with n representing the degree of polymerization. 

 

Figure 4 Chemical structure of cellulose. 

The -1,4-linkage between the monomeric units is an acetal moiety, which enables the 

chemical categorization of cellulose as a polyacetal. The repeating unit of cellulose, i.e. 

-1,4-linked D-glucopyranose units, are usually termed anhydroglucose unit (AGU), as 

two glucose units are -1,4-connected via a condensation reaction under elimination 
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of one equivalent water. The polymeric structure of cellulose comprises two ends: one 

non-reducing end and one reducing end. The reducing end is the hemiacetal moiety, 

which is in equilibrium with the corresponding aldehyde in its ring-opened form and 

can therefore be oxidized (giving it the name reducing end). The non-reducing end is 

the 4-position of a cyclic D-glucopyranose unit bearing a secondary alcohol functional 

group and cannot ring-open in this position. The reducing end allows for a selective 

chemical modification, a so-called end-functionalization primarily investigated with cel-

lulose nanocrystals (CNCs).79–81 The degree of polymerization (DP) of cellulose (n in 

Figure 4) varies with the origin and treatment of the raw material (some typical values 

are presented in Table 4). From in vitro synthesized cellulose samples, it was found 

that -1,4-linked D-glucopyranose units start to offer the characteristic properties of 

cellulose at a DP between 20–30.74,82  

Table 4 Typical DP for different cellulose types as reported by Klemm et al.74 

Cellulose type Degree of polymerization (DP) 

Cotton 800–10 000 

Bacterial cellulose 800–10 000 

Wood pulp 300–1 700 

Regenerate fibers 250–500 

Microcrystalline cellulose 150–300 

 

Microcrystalline cellulose can be produced from other types of cellulose by treatment 

with mineral acids.83–86 The linking acetal moiety in cellulose is susceptible to hydroly-

sis under acidic conditions, leading to partial depolymerization under the abovemen-

tioned conditions. However, due to the strong intra- and intermolecular interactions via 

hydrogen bonds between the polymer backbones, cellulose is remarkably resistant to 

hydrolysis, even under acidic conditions. Therefore, partial cleavage of the acetal moi-

eties preferentially takes place in the amorphous regions compared to the crystalline 

regions, as the intra- and intermolecular interactions via hydrogen bonds are weaker 

in the amorphous regions. Accordingly, the previously mentioned depolymerization in 

the amorphous regions of cellulose under acidic conditions results in a relative in-

crease in crystallinity. Therefore, microcrystalline cellulose has a lower DP and a higher 

degree of crystallinity compared to natural sources of cellulose. Due to its more defined 
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structure, higher homogeneity over different batches, and high purity, microcrystalline 

cellulose has become an important model cellulose source in research. Nowadays, 

four general pathways for the synthesis of cellulose exist, which are the in vivo synthe-

sis from plants, the in vivo synthesis from bacteria, algae, and fungi, as well as two 

different in vitro synthesis approaches, which are the biotechnological synthesis using 

recombinant enzymes, and the fully synthetic approach via ring-opening polymeriza-

tions (Scheme 3). 

 

Scheme 3 Four general pathways for the synthesis of cellulose. Adapted from Klemm 
et al.74 

The most dominant pathway is the synthesis of cellulose from plants, especially wood, 

where it forms a natural composite material with lignin and other polysaccharides like 

hemicellulose. In the seed hairs of cotton, cellulose is naturally available in its almost 

pure form. Certain bacteria, algae, and fungi were found to produce cellulose, and 

research over the last decades showed that cellulose biosynthesis had been part of 

cyanobacteria metabolism for over 3.5 billion years.74,87,88 The first in vitro synthesis of 

cellulose via a cellulase-catalyzed mechanism was reported in 1991 by Kobayashi et al. 

based on cellobiosyl fluoride (Scheme 3).89–91 The first fully chemosynthetic approach 
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towards cellulose was carried out via ring-opening polymerization of a benzyl protected 

-D-glucose orthopivalate in 1996 (Scheme 3).92 

 

2.2.1. Cellulose as a Raw Material 

The predominant occurrence of cellulose is in the form of wood combined with other 

polysaccharides (e.g., hemicelluloses) and lignin at varying amounts. An exemplary 

representation of two common types of hemicellulose and an idealized structure of 

lignin is shown in Scheme 4b. 

 

Scheme 4 a+b Structure of two representative types of hemicellulose, 4-O-methylglu-
coronoxylan (a), and arabinoxylan (b), as reported by Heinze et al.93 c Representative, 
idealized excerpt of a lignin structure. 

Cellulose is also present in many other sources, like agricultural residues, grasses, 

water plants, and basically every other plant. This makes cellulose a promising raw 

material, as it is not competing with food or feed. However, wood pulp remains the 

primary source for processing cellulose, which is mainly used for producing paper and 

cardboard.74 Approximately 6% of the total isolated cellulose pulp (around 9.2 million 

tons in 2021) was used to synthesize cellulose derivatives, like cellulose esters and 

cellulose ethers or applied for cellulose regeneration processes to produce regenerate 

fibers and films.94 Cellulose in its unmodified form is an environmentally friendly raw 

material due to its bio-compatibility, bio-degradability, and the fact that it is completely 

bio-based – properties that most other polymeric materials nowadays do not fulfill, 
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leading to environmental challenges. Different sources and their composition concern-

ing hemicellulose and lignin content are shown in Table 5. Cotton has the highest cel-

lulose content with marginal amounts of lignin and hemicellulose. This considerably 

facilitates the purification and isolation process and is, therefore, one of the preferred 

sources in theory. However, the high land and water demand for cotton cultivation 

makes it unattractive to isolate cellulose, especially considering that numerous agricul-

tural residues such as rice, wheat straw or sugarcane bagasse exist, which can also 

be used for the isolation of cellulose. These are produced in large amounts and can 

be considered as abundant waste materials. 

Table 5 Composition of some typical cellulose-containing raw materials, adapted from 
Heinze et al.93 

Source Cellulose (%) Lignin (%) Hemicellulose (%) Extracts (%) 

Hardwood 43–47 16–24 23–25 2–8 

Softwood 40–44 25–32 25–29 1–5 

Bagasse 40 20 30 10 

Cotton 95 1 2 0.4 

Hemp 70 6 22 2 

Jute 71 13 14 2 

Sisal 73 11 14 2 

Rice straw 43 20 33 <1 

Wheat straw 58–73 16–23 25–31 3–5.8 

 

Implementing the mentioned waste materials as a resource for isolating cellulose en-

ables the production of materials with considerably higher economic value. Cellulose 

can also be employed as a raw material for producing different fine chemicals, biofuels, 

and platform molecules in biorefineries (Scheme 5). These chemo-catalytical conver-

sions occur via direct liquefaction, gasification, aqueous-phase reforming, or pyroly-

sis.95 A major challenge remains the targeted synthesis of these compounds, as a mix-

ture of many different compounds is usually obtained, which mostly leads to a demand-

ing separation procedure. Therefore, much research is performed on this topic to de-

velop selective processes with an emerging trend in integrating catalytic thermochem-

ical conversions with selective hydrogenolysis and hydrogenation.95–98 One example 

of a comparably selective process is the production of levoglucosenone as a platform 
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chemical (Scheme 5). It was discovered as a product of the thermal decomposition of 

cellulose in 1970.99 Its production is now optimized to yields of up to 51% via solvent-

assisted pyrolysis in the presence of sulfuric acid.100 The production of levoglu-

cosenone from a wide range of cellulosic biomass was commercialized by the Austral-

ian company Circa in the Furacell process. Huber et al. presented a method for syn-

thesizing 1,6-hexanediol from levoglucosenone, which can be used as a building block 

for, e.g., the synthesis of polyesters, polycarbonates, or polyurethanes.101 

 

Scheme 5 Possible platform molecules derived from cellulose or lignocellulosic bio-
mass. Partially adapted from Beltramini et al.95 

All the described properties of cellulose merged with its manifold potential uses (di-

rectly or transformed into smaller building blocks in biorefineries) renders cellulose a 

promising raw material for the increasing demand for environmentally friendly and bio-

based materials. 
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2.2.2. Isolation of Cellulose 

The most common source for cellulose remains wood, and to isolate the cellulose fi-

bers, the hemicellulose, and lignin must be removed. This is performed in so-called 

pulping procedures, either mechanically or by chemical treatments. In both cases, the 

wood is first chopped into smaller wood chips, which can then be used as an eas-

ier-to-handle raw material with increased surface area.93 

In mechanical pulping procedures, the wood is usually first treated with steam, and 

then the fibrous material is separated by abrasive refining or grinding. However, this 

method cannot remove lignin quantitatively, which influences the overall properties of 

the pulp, i.e. its color. The mechanical pulp can be treated with bleach to increase 

brightness, but it remains less light stable and tends to yellowing due to the oxidation 

of the remaining lignin. This pulp is, therefore, primarily used for paper with a relatively 

short lifespan, like newspapers or brochures. 

In chemical pulping, the cellulose is isolated by making the other components soluble, 

which can then be removed. Nowadays, chemical pulping is the dominant method, 

accounting for 77% of the globally produced cellulose pulp.102 The most important 

chemical pulping processes are the Kraft pulping, sulfite pulping, and soda pulping, out 

of which the Kraft pulping is the dominant method with 95%.102 The reason is that pulp 

from the Kraft process results in stronger fibers, is less dependent on the wood raw 

material, and has an efficient chemical recovery process. In a typical procedure, the 

wood chips are heated in an aqueous solution of sodium hydroxide, and sodium sulfide 

(“white liquor”) to a cooking temperature of around 170 °C for 3–4 h.102 Lignin is exten-

sively degraded under these conditions, resulting in water-soluble compounds, which 

can then be removed from the remaining solid. The first step of the main degradation 

reaction of lignin in Kraft pulping is the formation of a quinone methide structure 

(Scheme 6). Subsequently, a hydrogen sulfide anion adds to the quinone methide in-

termediate as a strong nucleophile and then initiates the cleavage of the -O-4’-bond 

under the formation of a thiirane (Scheme 6).102 

Pulps of high purity are required to produce cellulose derivatives or cellulose regener-

ate fibers. This highly pure pulp is called dissolving pulp and is composed of more than 
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90% pure cellulose. Wood-derived cellulose accounts for about 85–88% of dissolving 

pulp; the majority of the rest comes from cotton.93 

 

Scheme 6 Reaction scheme for the cleavage of phenolic -O-4 structures in lignin 
during Kraft pulping according to Ek et al.103 

A more recent approach to chemical pulping is the so-called organosolv pulping, in 

which different organic solvents are used to remove lignin and hemicellulose. This pro-

cess was patented by Theodor Kleinert in 1968104 and includes solvents like methanol, 

ethanol, acetone, butanol, ethylene glycol, and formic acid at temperatures of up to 

220 °C under increased pressure.105 

 

2.2.3. Dissolution and Regeneration 

The insolubility of cellulose in water as well as most other common organic solvents, 

such as acetone, chloroform, or cyclohexane, is a very appealing property on the one 

hand, as it makes cellulose a very inert material, but very challenging on the other hand 

for chemical modifications or regeneration approaches. Advanced solvents or solvent 

systems are necessary for the dissolution of cellulose. Generally, the dissolution of 

cellulose can be categorized into two groups: 1) derivatizing and 2) non-derivatizing 

solvents. Historically, cellulose-dissolving systems were all based on the derivatizing 

approach. The solubilization of cellulose using “Schweizer’s reagent” ([Cu(NH3)4](OH)2) 

can be considered as one of the first approaches for a derivatizing solubilization of 

cellulose, described in 1857.106 The solubilized cellulose could then be regenerated by 

the addition of an acid. Using this system, cellulose could be extracted from wood pulp, 

cotton, and other cellulose sources and was used to produce regenerated cellulose 
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fibers (rayon). Another derivatizing method that became predominant for the regener-

ation of cellulose is the so-called viscose process. In this solubilization approach, the 

hydroxyl groups of cellulose react with CS2 in alkali solution, forming a xanthogenate 

functionality. This ionic moiety interrupts the hydrogen bonds between the chains, en-

abling the dissolution of the derivatized cellulose (Scheme 7). Analogously to the 

“Schweizer’s reagent”, the cellulose precipitates upon treatment with an acidic solution 

under the regeneration of CS2. To produce viscose fibers (rayon), the solubilized cel-

lulose is extruded through spinnerets into a precipitation bath consisting of an aqueous 

sulfuric acid solution. The resulting fibers were marketed as artificial silk due to their 

similar feel and texture. Using the same process, but making sheets instead of fibers, 

results in a product marketed as “cellophane”. This transparent foil was useful for food 

packaging due to its appealing property of repelling air, oils, and liquid water, while 

being permeable to gaseous water. Furthermore, cellophane is compostable, biode-

gradable, and bio-based as it is produced from cellulose. However, due to their less 

expensive production, petroleum-based polymeric foils soon replaced cellophane as a 

packaging material. One of the major drawbacks of the viscose process is the toxicity 

related to the CS2 and the considerable amount of waste generated during the proce-

dure. Therefore, in 2000 the CarbaCell process was introduced, which utilizes urea 

(which is far less toxic than CS2) under alkaline conditions to form a soluble cellulose 

carbamate derivative (Scheme 7).107,108 Non-derivatizing solvents are the second cat-

egory, which can be applied for cellulose solubilization and can generally be described 

as polar enough solvents to interrupt the intra- and intermolecular hydrogen bonds 

between the cellulose chains. The most common non-derivatizing solvents are dime-

thyl sulfoxide-tetrabutylammonium fluoride (DMSO-TBAF),109,110 N,N-dimethylacetam-

ide-lithium chloride (DMAc-LiCl),111–114 and N-methyl morpholine N-oxide (NMMO).115 

From these three examples, NMMO has especially gained interest, as it is used for the 

Lyocell process, which was developed in the 1980s and later brought to industrial ap-

plication.116 This process is used similarly to the viscose process for producing regen-

erated cellulose fibers, but is considered beneficial as this process is comparatively 

simple and is practically free from emissions as the solvent can almost quantitatively 

be recovered.74 Another class of solvents for cellulose dissolution, which also belongs 

to the non-derivatizing category, are ionic liquids (ILs), defined as organic salts with a 

melting point below 100 °C. 
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Scheme 7 Three different derivatizing cellulose solubilization procedures for produc-
ing regenerated cellulose products. 

They generally share the properties of high thermal and chemical stability, non-flam-

mability, and intrinsically low vapor pressure. Due to their typically bulky, non-symmet-

ric organic cations and bulky anions, crystallization is hindered, which results in a com-

parably low melting temperature (Scheme 8).117–119  

 

Scheme 8 Examples of typical ionic liquids compositions (cations and anions). 

Graenacher was the first to report about ionic liquids in 1934,120 even though they were 

not classified as ionic liquids at that time. Most ionic liquids are quaternary ammonium 

salts with different types of counterions. Differently substituted methylimidazolium salts 

are especially common, like 1-butyl-3-methylimidazolium chloride (BMIMCl), 1-allyl-3-

methylimidazolium chloride (AMIMCl),121,122 or 1-ethyl-3-methylimidazolium acetate 
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(EMIMOAc).123–125 However, the main limitation of ILs is their expensive multi-step syn-

thesis and easy contamination when used for derivatization reactions, resulting in a 

challenging recycling procedure as high boiling impurities accumulate over time.126,127 

Furthermore, some anions of ionic liquids are reactive in certain combinations, like for 

example in the case of 1-ethyl-3-methylimidazolium acetate, the acetate anion tends 

to react with cellulose, forming cellulose acetates.128 

 In 2005, Jessop et al. presented a system in which a non-ionic liquid can be turned 

into an ionic liquid with drastically higher polarity by introducing CO2 (Scheme 9).129  

 

Scheme 9 The “switching” of the switchable solvent system from non-ionic to ionic 
with CO2 as demonstrated by Jessop et al.129 

He used an alcohol in a 1:1 molar ratio with the organic superbase 1,8-diazabicyclo-

[5.4.0]-undec-7-ene (DBU) at room temperature and a pressure of one atmosphere of 

CO2. This treatment was shown to convert the alcohol to a carbonate anion and the 

DBU to a protonated amidinium cation. Upon the removal of CO2, this system could be 

returned to its non-ionic state and therefore showed a reversible and switchable char-

acter, which highly influenced the polarity of the solvent. This system was introduced 

to “facilitate organic syntheses and separations by eliminating the need to remove and 

replace solvents after each reaction step.129  

This concept of the switchable solvent system was then applied for cellulose dissolu-

tion simultaneously by Jerome et al.130 and Xie et al.131 in 2013. In the approach pre-

sented by Xie et al., the system was applied, as demonstrated by Jessop et al., with 

an alcohol component, which forms the ionic liquid together with DBU.131 This ionic 

liquid was then shown capable of solubilizing cellulose in the presence of DMSO as a 

co-solvent. Therefore, this procedure can be categorized as a non-derivatizing ap-

proach, similar to the solubilization approaches applying “classic”, non-switchable ionic 

liquids. Jerome et al., on the other hand, showed that cellulose could also be solubil-

ized without the need for an additional alcohol.130 In this case, the hydroxyl groups of 
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the cellulose itself form the carbonate anion, which then interrupts the intra- and inter-

molecular hydrogen bond interactions and leads to a DMSO-soluble derivative (Figure 

5). 

 

Figure 5 Dissolution of cellulose in the DMSO/DBU/CO2 switchable solvent system. 

The formation of the ionic cellulose carbonate structure was confirmed by Meier et al. 

via infrared spectroscopic analyses and the trapping of the in situ formed carbonate 

with benzyl bromide and methyl iodide as electrophiles, forming the corresponding cel-

lulose benzyl carbonate and cellulose methyl carbonate, respectively.132 In 2021, Bialik 

et al. additionally confirmed the formation of cellulose carbonates via direct evidence 

from nuclear magnetic resonance spectroscopy.133 Upon the removal of CO2 (by de-

gassing with nitrogen, argon, air, or simple long-time storage at room temperature), 

the cellulose was shown to precipitate and could reversibly be solubilized again by the 

addition of CO2.130,134 The previously described switchable solvent system shows a 

remarkable chemical analogy to the industrially applied viscose process, as the thio-

analog of carbon dioxide, i.e., CS2, is used in this process, forming a cellulose xan-

thogenate structure instead of a carbonate. Beneficial compared to the viscose pro-

cess is the fact that CO2 can be considered as a waste material, is less toxic, and the 

regeneration of cellulose can be easier achieved by simple degassing or precipitation 

from an anti-solvent without the necessity of an acid as in the case of the viscose 

process. Compared to classic ionic liquids, the switchable solvent system was demon-

strated to work under milder conditions (room temperature vs. commonly elevated tem-

peratures above 90 °C) and the solubilization process to be more rapid (20 min vs. 

several hours in the case of most ionic liquids).122,126 Furthermore, pretreatment of cel-

lulose to form alkaline cellulose is not necessary. DMSO is categorized as a “usable” 

solvent by most sustainability-focused solvent selection guides with only minor issues 
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concerning reactivity and stability.135,136 With its non-volatility, ease of purification, and 

low toxicity, DMSO can be considered a more sustainable solvent than DMAc or most 

ILs, which commonly need multi-step syntheses, increasing the cost and environmen-

tal impact. DBU, which is frequently used in the switchable solvent system, is an effec-

tive organocatalyst for many other syntheses. Thus, DBU was shown to fulfill a dual 

role for cellulose derivatizations by being part of the solubilization process and acting 

simultaneously as a derivatization catalyst in several cases.137–144 All of these benefi-

cial properties make the switchable solvent system a powerful, versatile, and poten-

tially more sustainable alternative to existing cellulose solvents and make it attractive 

not just for the regeneration of cellulose but also for chemical modifications of cellulose. 

It was also demonstrated in numerous publications that other organobases than DBU 

can be used, like DBN, TBD, MTBD, TMG, P2-Et, or DABCO.130,138,145,146 Slightly dif-

ferent conditions need to be applied then, like other dissolution temperatures or an 

increased pressure of CO2.  

 

2.2.4. Cellulose Derivatives and their Application 

Cellulose has been used for thousands of years in the form of wood, cotton, and other 

plant fibers as an energy source, building material, and for clothing.74 However, cellu-

lose as a raw material for chemical modifications only ranges back about 180 years. 

The first cellulose derivative synthesized on an industrial scale was cellulose nitrate, 

initially synthesized from cotton applying a mixture of nitric and sulfuric acid to form so-

called “gun cotton,” which was used starting from 1845 as a substitute for black pow-

der.147 The production on an industrial scale, however, was stopped in 1847 because 

of its rapid catalytic decomposition and high flammability, which led to multiple plant 

explosions.147 The problem of rapid decomposition could be solved in 1866 by F. Abel 

by thoroughly washing the nitrocellulose to remove the adhering acids.148 This was the 

starting point for military importance as gun powder. Nitrocellulose was the first ther-

moplastic material called celluloid (together with camphor as a plasticizer), which was 

initially used as a substitute for ivory in producing billiard balls. Within the following 

years, additional applications, for example as optical films in photography and cinema-

tography, were established until they were replaced by the less flammable cellulose 
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acetate.147 Today, several different derivatizations for cellulose exist, but the commer-

cially by far most important cellulose derivatives are cellulose esters and cellulose 

ethers.93 Since cellulose is insoluble in water and all common organic solvents, deri-

vatization reactions, especially on an industrial scale, are usually performed in hetero-

geneous systems. Herein, the derivatization starts in the amorphous regions of the 

cellulose polymer, which are accessible to the reagents. As the reaction proceeds, new 

reactive centers become accessible so that all parts of the cellulose eventually get 

functionalized. However, this results in a non-statistical distribution of functional groups 

along the polymer backbone, if not high degrees of substitution are targeted. In some 

cases, the cellulose becomes soluble as it reaches a certain degree of substitution, 

thus subsequently reacting to completion in a homogeneous phase. A prominent ex-

ample of this type of derivatization reaction is the industrial synthesis of cellulose ace-

tate via the Acetic Acid Process. 

 

2.2.4.1.  Cellulose Esters 

Theoretically, cellulose can be functionalized with an unlimited number of organic acids, 

resulting in an unlimited number of possible cellulose esters. In practice, however, 

these possibilities are drastically limited by the complex nature of the cellulose polymer. 

Highly esterified cellulose is, therefore, only produced from selected aliphatic acids. 

Industrially, cellulose acetate, cellulose acetate propionate, and cellulose acetate bu-

tyrate are the most important products manufactured on an industrial scale for over 90 

years.147 Out of these, cellulose acetate is the most important derivative and was pro-

duced industrially mainly via two different processes: the Methylene Chloride Process 

(also known as the Dormagen Process) and the Acetic Acid Process (Scheme 10). 

However, today only the Acetic Acid Process is still of industrial relevance.149 

For the Acetic Acid Process, cellulose is suspended in glacial acetic acid, with the 

addition of 2–15% (by mass) of sulfuric acid as a catalyst and an excess of 10–40% 

acetic anhydride (based on a targeted peracetylation).150–152 The reaction starts heter-

ogeneously and continues in homogeneous phase, as the partially acetylated cellulose 

becomes soluble in glacial acetic acid. Finally, this results in cellulose triacetate with a 
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degree of substitution (DS) between 2.8–3.0.153 In this heterogeneous cellulose func-

tionalization approach, the cellulose must always be perfunctionalized, as otherwise 

inhomogeneously substituted cellulose acetate would be obtained. This can be ex-

plained by the nature of the heterogeneous reaction, in which the hydroxyl groups only 

become accessible to the reactant as the reaction proceeds from the outside to the 

inside of the fiber or particle, first reacting in amorphous regions. This causes irrepro-

ducible product characteristics, with an inhomogeneous distribution of the functional 

groups along the chain, making it unsuitable for commercial processing.93,153,154 

 

Scheme 10 Industrial synthesis of cellulose diacetate via the Acetic Acid Process 
and the Methylene Chloride Process. 

The limited solubility of the resulting cellulose triacetate was a considerable obstacle 

to its industrial application for a long time after its discovery. These solubility issues 

could be solved in 1904 by Miles and Eichengrün by synthesizing an acetone-soluble 

secondary cellulose acetate by subsequent partial hydrolysis of the primary cellulose 

triacetate.147 This partial hydrolysis of the resulting peracetylated cellulose triacetate 

still takes place today in the industrial Acetic Acid Process. This is achieved by adding 

water after the reaction mixture becomes completely homogeneous. The amount of 

water and stirring time depends on the targeted final DS of the cellulose acetate. Typ-

ically, cellulose diacetates with a DS of 2.0–2.5 are produced, as the cellulose acetate 

is soluble in acetone in this range of functionalization. 

Due to the acidic condition during the acetylation reaction, partial cleavage of the pol-

ymeric main chain is unavoidable in this process, as the acetal moiety in the cellulose 

backbone is prone to hydrolysis under acidic conditions, which leads to a significant 

decrease in molecular weight of the polymer (Scheme 11). In some cases, where a 

lower molecular weight is desired, this can be seen as a positive side effect. However, 
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mostly this degradation reaction results in challenges, as the material properties of the 

final cellulose acetate strongly depend on the molecular weight. 

 

Scheme 11 Chain scission of cellulose under acidic conditions via acidic hydrolysis 
of a linking acetal moiety. 

In the Methylene Chloride Process developed by Bayer, the acetic acid in the Acetic 

Acid Process is substituted by methylene chloride. This substitution mainly has two 

advantages: 1) allowing for reflux cooling during the exothermic esterification reaction, 

which guarantees better temperature control, and 2) methylene chloride is a better 

solvent for cellulose triacetate than acetic acid, which enables the use of lower catalyst 

concentrations leading to an inherent quality improvement. However, quality improve-

ments in flake quality in the competing Acetic Acid Process circumvented these ad-

vantages and alongside the higher productivity, thus led to the closure of the last Meth-

ylene Chloride Process plant in 2003.151 

Cellulose acetate has various applications: one of the leading applications since its 

mass production started was the fiber market. Fibers made from cellulose acetate 

share many properties with viscose derived fibers, but behave differently when ex-

posed to heat, as viscose resists heat, whereas cellulose acetate is prone to melting. 

Moreover, acetate fibers exhibit a smooth, satiny texture, which makes them a good 

substitute for silk. However, today less than 1% of the world’s fiber production is related 

to cellulose acetate, as cheaper polyester fibers have mainly replaced it.155 Besides 

the fiber market, cellulose acetate is also used in the field of plastic materials, mem-

branes for separation technologies, or cigarette filters.74,150,153,156–161 Another important 

application was the use of cellulose acetate as optical films, which replaced the initial 
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films that were based on nitrocellulose due to its lower flammability. However, it was 

found that the films start to deteriorate upon long-time storage, especially under humid 

and warm conditions, which was termed the “vinegar syndrome”. It is caused by a 

partial cleavage of acetyl moieties in the material, forming acetic acid. This degradation 

is an auto-catalytic process, as acids catalyze the deacetylation. Any initial residues of 

acetic acid from the production starts this degradation, which underlines the im-

portance of thorough washing of the material. 

Homogeneous derivatizations of cellulose have been investigated by many research-

ers in the last few years (Table 6). 

Table 6 Overview of homogeneous cellulose acetylation approaches in different sol-
vent systems and with varying acetylation reagents.  

Solvent Reactant Conditions Ref. 

[AMIM]Cl Acetic anhydride 80–100 °C, 2–23 h 121,122 

[C4MIM]Cl + pyridine Acetic anhydride 80 °C, 2 h 126 

[C4MIM]Cl Acetyl chloride 80 °C, 2 h 126 

[EMIM]OAc/DMSO Isopropenyl acetate 80 °C, 0.1–16 h 125,162 

[DBNH]OAc Acetic anhydride 70 °C, 2 h 163 

[DBNH]OAc Vinyl acetate 70 °C, 2 h 163 

[DBNH]OAc Isopropenyl acetate 70 °C, 2 h 163 

DMSO/MeOH/DBU/CO2 Acetic anhydride 80 °C, 3 h 144 

DMSO/DBU/CO2 Acetic anhydride 80 °C, 5 h 137 

DMSO/DBU/CO2 Vinyl acetate 60 °C, 4 h 140 

 

They require solvents, which should be prevented in terms of sustainability, if not ur-

gently necessary. However, homogeneous cellulose derivatizations also offer several 

benefits, which can compensate for using solvents, especially if the applied solvents 

can be recovered sufficiently. Homogeneous derivatizations generally enable better 

control over the DS by adjusting the reactant's equivalents and a homogeneous func-

tionalization along the polymer chain with commonly milder reaction conditions.164 This 

means that the DS in homogeneous derivatization reactions can, in most cases, be 

controlled directly, which is beneficial compared to heterogeneous procedures like the 

Acetic Acid or Methylene Chloride Process, as in these cases first complete acetylation 
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has to be performed with partial deacetylation in a second step. Additionally, over-

stoichiometric amounts of reactant are needed, and the harsh acidic conditions lead to 

partial cellulose backbone degradation, as explained before. In many homogeneous 

derivatizations, basic or neutral conditions can be applied, which prevents acetal hy-

drolysis and therefore does not decrease the molecular weight. Homogeneous acety-

lations of cellulose were demonstrated to be possible with various acetylation agents 

in different solvent systems, as summarized in Table 6. 

Besides the most relevant cellulose acetates, only mixed cellulose esters of cellulose 

acetate propionate and cellulose acetate butyrate have attained notable importance 

on a commercial scale. Cellulose esters of higher acids are usually more challenging 

to prepare, as the anhydrides of these acids are less reactive due to the high degree 

of steric hindrance.147 Therefore, many research approaches were pursued to synthe-

size higher cellulose esters or cellulose esters with certain functionalities in the ester 

carbon chain, such as carbon-carbon double bonds. These cellulose esters are, in 

most cases, only accessible via homogeneous procedures because of the before-men-

tioned lower reactivity. Several recent approaches for synthesizing different cellulose 

esters are summarized in Scheme 12. One approach from these concerning sustain-

ability should be highlighted here: the synthesis of fatty acid cellulose esters (FACEs) 

in the DMSO/DBU/CO2 switchable solvent system utilizing high oleic sunflower oil.138 

This procedure is beneficial concerning sustainability because the reagent does not 

have to be synthesized. Instead, it is directly derived from nature. Furthermore, no 

additional catalyst was necessary, as the DBU, used for cellulose solubilization, also 

acts as a transesterification catalyst. In some approaches, in which functional cellulose 

esters (with terminal carbon-carbon double bonds) are synthesized, additional post-

functionalization could be applied. For example, Meier et al. used thiol-ene click reac-

tions for the post-functionalization of cellulose 10-undecenoates.165 
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Scheme 12 Overview of recently described homogeneous esterification reactions in 
different cellulose solvents.126,138,141,163,165–168 

 

2.2.4.2.  Cellulose Ethers 

Cellulose ethers are an important class of cellulose derivatives with various applica-

tions as thickeners, suspending agents, water-binders, film formers, protective colloids, 

or glue in the food, paint, paper, cosmetics, pharmaceutical, adhesive, printing, textile, 

or building material industries.93 Their general properties of water-solubility, low toxicity, 

high economic efficiency, easy handling, and good availability make cellulose ethers 

very attractive for many applications. The worldwide production of cellulose ethers was 

estimated to be around 650 000 t in 2018.93 The commercially most important cellulose 

ethers are methyl cellulose (MC), ethyl cellulose (EC), hydroxyethyl cellulose (HEC), 

hydroxypropyl cellulose (HPC), carboxymethyl cellulose (CMC), various mixed cellu-

lose ethers consisting of the aforementioned substituents and all of these in varying 

degrees of substitution and/or ratios (for mixed ethers). This broad palette enables the 

industry to finely tune the properties of the resulting cellulose ethers for the specific 
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requirements and also explains the wide range of possible applications of cellulose 

ethers. 

The etherification reactions of cellulose on an industrial scale are usually carried out 

heterogeneously. During these processes, the cellulose remains in a fibrous or partic-

ulate form during the whole reaction. Due to the strong intra- and intermolecular inter-

actions via hydrogen bonds, the cellulose has to be activated beforehand, reducing 

these interactions and enabling a reaction with the etherifying reagent. In almost all 

cases, this activation is performed with an aqueous sodium hydroxide solution, leading 

to a strong cellulose swelling. In many cases, an organic diluent is added, which effec-

tively suspends and disperses the cellulose, acts as a heat-transfer medium during the 

reaction, and facilitates the recovery of the reaction product. Commonly used diluents 

in this context are iso-propyl or tert-butyl alcohol, acetone, toluene, or dimethoxye-

thane.93,169–171 The synthesis pathways of the industrially most produced cellulose 

ethers are shown in Scheme 13. 

 

Scheme 13 Synthesis pathways for the most important commercial cellulose ethers. 

All of these are based on the activation of cellulose with sodium hydroxide, followed by 

heterogeneous modification. Methyl and ethyl cellulose are formed via a Williamson 

ether synthesis with the corresponding alkyl halide (usually methyl chloride and ethyl 

chloride are used).93,172 For the production of hydroxyethyl cellulose and hydroxypropyl 
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cellulose, epoxides are employed, which react in a ring-opening reaction with the hy-

droxyl groups of the activated cellulose. In these derivatization reactions, partial 

polymerizations can be observed analogously to grafting-from approaches (Scheme 

13). However, these polymerization reactions usually only occur to a small extent due 

to the high number of available hydroxyl groups along the cellulose backbone. Another 

commercially very relevant cellulose ether (sales worldwide approx. 230 000 t) is car-

boxymethyl cellulose, categorized as an ionic cellulose ether and used for applications 

like binder or thickener in the food, laundry detergent, and pharmaceutical industry.172 

It is produced by the reaction with chloroacetic acid via a nucleophilic substitution in 

the -position. Another commercially relevant class of derivatization is the reaction with 

compounds bearing an activated double bond in an oxa-michael addition type reaction. 

A common example of this type of derivatization is the reaction with acrylonitrile to form 

cyanoethyl cellulose. Homogeneous cellulose etherification reactions are not as im-

portant as homogeneous cellulose esterification reactions, not even regarding lab-

scale syntheses.93 One reason is that the very polar polymer cellulose is transferred to 

a far less polar derivative during the reaction. Consequently, the very polar solvents 

used for cellulose derivatization, like ionic liquids or DMAc/LiCl, cannot solubilize the 

formed product, and the cellulose derivative, therefore, precipitates during the reaction. 

Another issue is the solubility of the activating agent (NaOH), which is, in most cases, 

needed to increase the hydroxyl groups' nucleophilicity for the subsequent nucleophilic 

substitution reaction. Nevertheless, there are numerous examples of etherification re-

actions in homogeneous phase.173–179 For example, cellulose was dissolved in 

LiCl/1,3-dimethyl-2-imidazolidinone (DMI), activated with sodium hydroxide, and then 

reacted with methyl iodide for the homogeneous synthesis of methyl cellulose.177 
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2.2.4.3.  Other Cellulose Derivatives 

Cellulose esters and cellulose ethers are the most relevant cellulose derivatives, and 

the only cellulose derivatives produced on a large industrial scale. Nevertheless, sev-

eral other approaches for the derivatization of cellulose with advanced functional prop-

erties exist. Some of these other types of derivatizations are described in this chapter. 

Oxidation of cellulose can be performed in numerous ways, resulting in the introduction 

of carboxy, aldehyde, or keto groups. Concerning the resulting product properties, se-

lective oxidation with regard to regioselectivity and the functional group is desirable. In 

this context, two main procedures became established: the selective oxidation of the 

primary hydroxyl group at the 6-position of the AGU and the oxidative cleavage of the 

secondary hydroxyl groups in 2 and 3 positions, forming the 2,3-dialdehyde cellulose 

(Scheme 14). 

 

Scheme 14 Two selective oxidation procedures for the synthesis of 6-carboxy cellu-
lose and 2,3-dialdehyde cellulose and subsequent modification approaches of 2,3-di-
aldehyde cellulose.180–183 

Nooy et al. presented the oxidation system 2,2,6,6-tetramethylpiperidine-N-oxyl 

(TEMPO) with NaOCl and NaBr in 1994 for the selective oxidation of primary hydroxyl 

groups in polysaccharides to the corresponding polyuronic acid, which was the starting 

point for the TEMPO-mediated oxidations of cellulose.184 The selectivity was very high 

concerning the primary hydroxyl oxidation with moderate backbone degradation.185–187 
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By optimization of the reaction conditions, it was found that the lowest depolymeriza-

tion of amorphous cellulose occurs at a constant pH value of 10 at T = 4 °C.188 The 

high selectivity of the TEMPO-mediated reaction was verified by computational inves-

tigations on the mechanism.189 

The oxidation of cellulose with periodate, forming the 2,3-dialdehyde cellulose 

(Scheme 14) has received considerable interest because of the manifold subsequent 

reaction possibilities of the aldehyde groups. For example, subsequent oxidation of the 

aldehyde groups with sodium chlorite/hydrogen peroxide yields the 2,3-dicarboxy cel-

lulose, which shows high calcium-binding capacity and bio-degradability, while the 

disodium salt showed typical properties of a polyelectrolyte.180,190,191 Another example 

is the post-modification of 2,3-dialdehyde cellulose via the Passerini three-component 

reaction utilizing different renewable carboxylic acids and commercially available as 

well as renewable isocyanides in an aqueous medium.183 Recently, a novel reductive 

amination approach with 2-picoline borane was reported to generate novel thermo-

plastic materials with tunable glass transition temperatures.182 

In recent years, click chemistry reactions were applied to cellulose modifications. 

Sharpless coined the term click chemistry, and these reactions are defined as being 

experimentally simple, needing no protection from oxygen, requiring only stoichio-

metric amounts of starting materials, and do not generate byproducts (or byproducts 

that can be removed easily).192 Some examples of click reactions are 1,3-dipolar cy-

cloadditions of an azide and a triple bond (Huisgen reaction), photoinitiated thiol-ene 

reactions, thia-Michael additions, or [4+2] cycloaddition reactions (Diels-Alder reaction 

and others). As cellulose has none of the required functional groups necessary for 

these types of reactions, previous derivatization must be performed. Therefore, ester-

ification and etherification reactions were utilized to introduce a triple bond containing 

substituents.193–196 Heinze et al. reported a derivatization of cellulose in DMAc/LiCl with 

p-toluenesulfonyl chloride (TsCl), followed by a substitution with sodium azide or pro-

pargylamine. The resulting cellulose derivatives were then coupled via the 1,3-dipolar 

cycloaddition (Huisgen reaction) in an aqueous medium and CuSO4 as the catalyst 

(Scheme 15).197 
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Scheme 15 Cellulose derivatization and consecutive click reaction coupling via 1,3 
dipolar cycloaddition of an azide and a triple bond as reported by Heinze et al.197  

 

2.2.4.4. Degree of Substitution Determination 

Cellulose bears three hydroxyl groups per anhydroglucose repeating unit, which can 

be derivatized. Depending on the procedure, conditions, type of reactant, and reactant 

equivalents, different degrees of substitution can be obtained. Generally, the value can 

range from 0 (native, unmodified cellulose) to 3 (completely derivatized). The DS, the 

type of derivatization (i.e. the substituent), and the degree of polymerization usually 

have the greatest impact on the resulting properties of the derivatized cellulose sample. 

Especially the strong influence of the DS on the properties of the material can be seen 

by, for example, the solubility characteristics of cellulose acetate with different DS, as 

shown in Table 7. Slight variations in the average DS strongly influence the solubility 

and other material properties such as water sorption or thermal properties. Therefore, 

precise control over the DS in synthesizing cellulose derivatives is necessary, and a 

reliable determination method is thus compulsory. 

Table 7 Typical solubility of cellulose acetates with different DS.147 

DS Chloroform Acetone 2-Methoxyethanol Water 

3.0–2.8 Soluble x x x 

2.7–2.2 x Soluble x x 

1.8–1.2 x x Soluble x 

0.9–0.6 x x x Soluble 

<0.6 x x x x 
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For this purpose, several DS determination methods have been developed up to the 

present day. The most common method for cellulose esters is the titration method, 

which is based on hydrolysis in an alkaline solution with subsequent titration as a quan-

tification method of ester moieties.121,198–200 However, this method is limited to the class 

of cellulose esters and is further a destructive method, very time- and labor-intensive, 

and requiring comparably large sample amounts. Alternatively, 1H and 13C NMR spec-

troscopy is a compelling method for DS determination, as it is a direct, non-destructive 

method applicable to a broad range of cellulose derivatives.122,123,206,207,125,126,139,201–205 

One of the main limitations of this method is the necessity for solubilization, which is 

especially challenging for cellulose derivatives with a low DS, which are often insoluble 

in common organic solvents. Furthermore, it is limited to cellulose derivatives with sub-

stituents whose signals in the 1H NMR spectrum do not overlap with those of the AGU 

protons, typically used as the reference for DS calculations. Another method for DS 

determination via NMR spectroscopy involves derivatization of the unreacted hydroxyl 

groups of the cellulose sample with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphos-

pholane (2-Cl-TMDP, which is a phosphorous-containing reactant), followed by quan-

titative 31P NMR spectroscopy (Scheme 16).  

 

Scheme 16 Phosphitylation of cellulose derivatives and endo-HNDI (as internal stand-
ard) with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane for the DS determina-
tion via 31P NMR spectroscopy. 

This method was introduced by Kilpeläinen et al.208 in 2010 and was initially proposed 

as a DS determination method for chloroform-soluble cellulose esters. However, sev-

eral examples demonstrated the applicability to almost any class of cellulose derivative, 
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with the prerequisite of chloroform solubility being expanded by adjusting the derivati-

zation procedure.138,143,146,209–211 For example, by increasing the pyridine content, 

which then acts as the solvent and the basic catalyst simultaneously. 

Solubility issues, in combination with time-consuming sample preparation, remain the 

major limitation of this method. Further procedures for DS determination involving gas 

chromatography,212,213 UV-Vis spectroscopy,214 or elemental analysis183,201,215,216 were 

developed, but every technique has its limitations concerning either solubility, applica-

bility, or precision. Fourier transform infrared (FTIR) spectroscopy is a promising and 

often-used technique for analyzing cellulose derivatives, as solid samples can be an-

alyzed without pretreatment, preventing the necessity of solubilization.217 In prior re-

search applying transmission FTIR spectroscopy for DS determination, a linear rela-

tionship between the carbonyl band absorbance area and the DS was observed when 

commercial cellulose triacetate was used in different mass ratios relative to the used 

KBr to simulate different DS values of cellulose acetate.214 This technique was shown 

to facilitate the construction of a calibration curve, as no different cellulose acetates 

with regularly spaced DS need to be synthesized. However, the examined samples 

need to be precisely weighed and homogeneously distributed in the KBr disc in the 

form of a fine powder to gain precise results. Especially cellulose acetates with lower 

DS (<1.5) cannot be easily ground to a fine powder due to their elastic consistency.214 

The requirement of a homogeneous KBr pellet with a precisely weighed sample mass 

can be avoided by referencing the arising carbonyl band in the IR spectrum against a 

vibrational signal unaffected by the acetylation. Cheng et al. referenced the carbonyl 

vibration of the acetyl group to the C-O stretching vibration of the cellulose backbone 

with mixtures of microcrystalline cellulose and cellulose triacetate to simulate cellulose 

acetates with DS ranging from 1.80 to 2.85 and observed a curvilinear relationship 

between the DS and the carbonyl band absorbance intensity.218 A similar curvilinear 

relationship was found by Melo et al. for the DS determination of cellulose acetates via 

ATR-FTIR spectroscopy monitoring the O-H stretching vibration referenced to the C-O 

stretching vibration.219 Zhang et al. referenced the carbonyl band against the bridge 

oxygen antisymmetric stretching signal of the cellulose backbone for acetylated cellu-

lose nanocrystals with a DS between 0.46–1.84 and observed a linear relationship with 
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increasing DS.220 ATR-FTIR spectroscopy has the advantage of easier sample prepa-

ration compared to transmission FTIR spectroscopy devices, as no KBr disc has to be 

produced. It can be concluded that there is no gold standard for cellulose DS determi-

nation, which can be applied to all cellulose derivatives as every DS determination 

method has its limitations. Therefore, a set of different methods needs to be investi-

gated and applied to the individual sample to fit its specific needs, and if possible, two 

independent methods should be applied. 

 

2.3 Sulfur-Based Reactions 

Sulfur is the 10th most abundant element and can be found almost everywhere - in 

meteorites, the ocean, the earth’s crust, the atmosphere, and in practically all plants 

and animals.221 It is the element with the most known allotropes, the most stable of 

these being alpha-sulfur, which is an odorless, pale yellow, brittle solid at room tem-

perature consisting of S8 rings in an orthorhombic lattice.221 It can be found both in its 

native form and in metal sulfide ores and often occurs naturally in the vicinity of volca-

noes and hot springs.221 Today, it is mainly obtained as a side-product from the oil-

refining industry and was produced at an estimated amount of 80 million tons in 

2021.222 This globally produced amount exceeds the commercial demand. Thus, most 

sulfur mines around the world have closed down and sulfur deposits grow rapidly.223 

Therefore, a lot of research has been performed in the last years dealing with the utili-

zation of elemental sulfur for value-added products and materials. In its elemental form, 

sulfur is the most atom-efficient building block concerning the incorporation of sulfur 

into organic molecules. It, therefore, enables the design of inherently greener chemical 

processes if used as a sulfurizing reagent compared to other alternatives, such as 

phosphorus pentasulfide, Lawesson’s reagent, carbon disulfide, or thiophosgene, 

which are at the same time a lot more toxic, reactive, and therefore more challenging 

to handle. Thus, the utilization of elemental sulfur fulfills many aspects of the Twelve 

Principles of Green Chemistry and enables the development of more sustainable 

chemical procedures. 
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2.3.1. Isothiocyanates 

Isothiocyanates are the thio-analogues of isocyanates and therefore share many prop-

erties with this class of functional group. In nature, isothiocyanates can be found in, 

e.g., cruciferous vegetables like broccoli, cabbage, or cauliflower and were suggested 

to have anti-cancer activity by inducing cycle arrest in the cell, which leads to apopto-

sis.224–226 Isothiocyanates in plants are generated by an enzymatic reaction from glu-

cosinolates, primarily upon tissue damage, releasing, e.g., allyl, benzyl, or phenethyl 

isothiocyanate.227,228 Isothiocyanates were also shown to have considerable antiprolif-

erative and antibacterial activity, which could make them useful in food preserva-

tion.229–231 They were recently also applied for labeling proteins via covalent binding to 

lysine or cysteine residues.232–235 Isothiocyanates are also widely used in organic 

chemistry and generally react with nucleophiles and participate in cycloadditions, lead-

ing to various heterocycles.236 

Similar to the synthesis of isocyanates from an amine and phosgene, the classic syn-

thesis of isothiocyanates is performed with an amine and thiophosgene (Scheme 17, 

A).237–240 This reaction is very efficient, but undesirable due to the high toxicity related 

to thiophosgene and the low functional group compatibility.241 Another often used syn-

thetic pathway is the utilization of carbon disulfide with amines (Scheme 17, B).242–245 

Very time-efficient pathways were reported using carbon disulfide, but often vast 

amounts of chemical waste are produced in these procedures, as over-stoichiometric 

amounts of carbon disulfide and base are necessary.245 Fujiwara et al. presented a 

method for synthesizing isothiocyanates from isoselenocyanates with elemental sulfur 

in 1991 (Scheme 17, C).246 The Se-S exchange reaction was found to occur quantita-

tively in the presence of a tertiary amine base with yields of up to 99%.246 One year 

later, the same authors showed a similar method, but from isotellurocyanates instead 

of isoselenocyanates, which can both be generated in situ from an isocyanide with the 

respective metal.247 However, other than in the case of isoselenocyanate, the in situ 

generated isotellurocyanate could not be confirmed as an intermediate due to the high 

reactivity of isotellurocyanates. It was shown that in the case of isoselenocyanates, the 

Se-S exchange is the rate-determining step, whereas, in the case of tellurium, the 

isotellurocyanate formation from tellurium and isocyanide is rate-determining.247 How-
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ever, selenium and tellurium are both toxic and should therefore be prevented, if pos-

sible. Another catalytic transformation from isocyanides with disulfides and thallium(I) 

salts were reported by Okano et al. in 1977 (Scheme 17, D).248 A method utilizing 

thiourea with a nitrile oxide was demonstrated by Baxendale et al. in 2013 via a 1,3-

dipolar cycloaddition to an unstable 1,4,2-oxathiazoline intermediate with subsequent 

rearrangement and elimination of urea, forms the desired isothiocyanate (Scheme 17, 

E).249 However, the instability of the nitrile oxide leads to many side-products, which 

makes this approach less attractive. A promising approach is the decomposition of 

thiocarbamates, dithiocarbamates, or thioureas with various reagents, but it has to be 

taken into consideration that the thiocarbamate/thiourea has to be synthesized before-

hand, which limits the overall applicability as thiocarbamates and thioureas themselves 

are usually synthesized from isothiocyanates (Scheme 17, F).250–255 Approaches with 

thiocarbonyl transfer reagents for the synthesis of isothiocyanates from amines can be 

applied with compounds like di-(2-pyridyl)thionocarbonate (Scheme 17, G).256,257 An-

other possibility is the formation of isothiocyanates from the oxo-analogue with thio-

nation agents like the Lawesson’s reagent (Scheme 17, H). This was even reported to 

be possible under solvent-free conditions,258 but isocyanates are usually synthesized 

from amines and phosgene, which decreases the overall applicability and sustainability 

of this pathway. 

 

Scheme 17 Synthetic accessibility of isothiocyanates.241 

The formation of isothiocyanates applying elemental sulfur can generally be consid-

ered more appealing, as these reaction procedures are typically more atom efficient.231 
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Besides the presented isothiocyanate formation from isoseleno-/telluro-cyanates with 

elemental sulfur, two more main approaches for the synthesis of isothiocyanates ap-

plying elemental sulfur can be found in the literature: First, the reaction of carbenes 

with sulfur generating thiocarbonyl compounds (e.g., thiophosgene in the case of di-

chlorocarbene), which directly reacts to an isothiocyanate in the presence of a primary 

amine (Scheme 18). These carbenes are usually generated in situ (e.g., from chloro-

form under basic conditions), and the subsequent mechanism for the formation of the 

thiocarbonyl compound is based on a nucleophilic attack of the sulfur on the electro-

philic carbene (similar to the mechanism shown in Scheme 19 a).259–262 The in situ 

generated thiocarbonyl compound reacts with a primary amine to the corresponding 

isothiocyanate (Scheme 18), which can subsequently react with a second equivalent 

of primary amine to the corresponding symmetric thiourea. 

 

Scheme 18 Synthesis of isothiocyanates from dihalocarbenes and elemental sulfur 
with different in situ generation methods for dihalocarbenes.259–262 

The second approach for the synthesis of isothiocyanates applying elemental sulfur 

involves the sulfurization of isocyanides, which recently gained more attention. Two 

different mechanistic pathways were proposed for this reaction: i) the sulfur-activated 

pathway, in which the isocyanide acts as the electrophile in its carbenoid structure 

(Scheme 19 a), and ii) the isonitrilium pathway, in which the isocyanide acts as the 

nucleophile (Scheme 19 b).263 Research studies by Al-Mourabit et al., Meier et al., and 

Ábrányi-Balogh et al. strongly support the sulfur-activated mechanism, in which the 

isocyanide reacts as the electrophilic carbenoid with the activated polysulfide anion 

acting as the nucleophile.231,263–266 This mechanism is possible under the application 

of a base and enables milder conditions with fewer side reactions compared to the 
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thermal activation without a base, which is supposed to proceed via the isonitrilium 

pathway.231 When a primary or secondary amine is applied as the sulfur-activating 

base, this amine subsequently reacts with the formed isothiocyanate, resulting in a 

multicomponent reaction of isocyanide, amine, and sulfur, forming the corresponding 

thiourea with the amine component acting in a dual role in this transformation (as ex-

plained in chapter 2.3.2 and in Scheme 22).265 

 

Scheme 19 Proposed mechanisms for the formation of isothiocyanates via sulfuriza-
tion of isocyanides with elemental sulfur.265,266 

 

2.3.2. Sulfur-based Multicomponent Reactions (SMCRs) 

Multicomponent reactions (MCRs) are defined as reactions in which three or more 

compounds react to form a product, which consists of most of the atoms of the used 

starting material, typically resulting in high atom economies.267–269 Their modular char-

acter enables a vast amount of possible products, thus this class of reactions is often 

used in combinatorial chemistry.270 Multicomponent reactions can be categorized as a 

subclass of one-pot reactions, which enable a secondary transformation of an in situ 

generated compound without isolation in the same flask. This allows for shorter reac-

tion times and typically more straightforward work-ups with less waste generation com-

pared to the corresponding step-wise synthesis, which is beneficial both synthetically 

and in terms of sustainability.268,269 Since the introduction of the Strecker synthesis in 

1850 for the formation of -amino acids,271 many more multicomponent reactions were 

introduced, for example, the Mannich reaction,272 Hantzsch reaction,273 or isocyanide-
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based MCRs like the Passerini274 and Ugi reactions.275–277 The inexpensive, inodorous, 

and nontoxic characteristics of sulfur make it a desirable substrate for MCRs to access 

both highly diverse and complex organic structures.278,279  

The first reported elemental sulfur-based multicomponent reaction is the Willgerodt-

Kindler reaction, discovered in 1923 by Kindler as a refinement of the Willgerodt reac-

tion.280 The original Willgerodt reaction involves the synthesis of terminal (thio)amides 

from alkyl ketones with ammonium sulfide and ammonium hydroxide.281,282 Kindler dis-

covered that elemental sulfur and ammonia could be used instead of ammonium sul-

fide, which reduces the typical reaction temperature from >160 °C to 100 °C.280 The 

scope of the reaction increased even further after discovering that primary and sec-

ondary amines could be used instead of ammonia, resulting in the corresponding sub-

stituted amide (Scheme 20).283 

 

Scheme 20 Overview of three sulfur-based multicomponent reactions. 

Another very established sulfur-based multicomponent reaction is the Asinger reaction, 

which was discovered in 1956.284 It consists of the reaction of a ketone with ammonia 

and elemental sulfur, resulting in a substituted 3-thiazoline heterocycle (Scheme 20). 

Unlike the Willgerodt-Kindler reaction, the Asinger reaction readily proceeds at room 

temperature, and it is industrially used for the synthesis of 2-isopropyl-5,5-dimethyl-3-

thiazoline, which is an intermediate in the production of D-penicillamine, an -amino 
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acid used for the treatment of Wilson’s disease,285 cystinuria,286 idiopathic pulmonary 

fibrosis,287 and scleroderma.288,289 

A third example of a sulfur-based multicomponent reaction is the Gewald reaction, in 

which an aldehyde or ketone reacts with an -cyanocarbonyl compound and elemental 

sulfur forming a substituted 2-aminothiophene (Scheme 20).290 The first step of this 

reaction involves a Knoevenagel condensation of the methylene-activated -cyano-

carbonyl compound with the aldehyde or ketone. The subsequent mechanism is not 

entirely understood but ultimately results in the corresponding thiophene derivative. 

Alternatively to the utilization of elemental sulfur, an -mercapto aldehyde or ketone 

can be used in the Gewald reaction and the Asinger reaction. 

The utilization of inorganic elemental sulfur in organic multicomponent reactions has 

achieved remarkable development in recent years, demonstrated by recent examples 

in the literature, as shown in Scheme 21. 

 

Scheme 21 Overview of recent examples of sulfur-based multicomponent reactions.278 

A three-component annulation reaction of 2-aminopyridines with ynals and elemental 

sulfur was presented by Ye et al. with Sc(OTf)3 as the Lewis acid catalyst in this reac-
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tion.278,291 This annulation resulted in imidazo[1,2-a]pyridine thiones and was demon-

strated for 37 examples. A thioacylation of amines with -keto acids and elemental 

sulfur was demonstrated by Takemoto et al. in 2020.278,292 n-Dodecanethiol was used 

as the solvent for this reaction, as it is capable of solubilizing elemental sulfur and 

therefore facilitates the sulfur activation. Yields of up to 97% could be achieved in this 

transformation under very mild reaction conditions (room temperature, Scheme 21). A 

metal-free procedure to a wide range of phosphoryl thioamides from chloro-

methylphosphine oxides was presented by Volkova et al. in 2019.293 This reaction was 

demonstrated for 30 examples in water as the solvent or under neat conditions and 

resulted in yields of up to 99%. A bis-heteroannulation of aromatic ketoxime acetates 

with aromatic aldehydes and elemental sulfur resulting in fused thieno[3,2-d]thiazoles 

were demonstrated by Deng et al. in 2018.294 The reaction proceeded under copper 

catalysis, and the resulting thiophene-fused polycyclic compounds were expected to 

find application in optoelectronic materials. 

Recently, elemental sulfur was implemented in isocyanide-based multicomponent re-

actions. A first example was demonstrated by Al-Mourabit et al. in 2014 for the synthe-

sis of asymmetric thioureas from isocyanides, amines, and elemental sulfur.265 The 

amine acts in a dual role in this approach: First, it activates the sulfur via a nucleophilic 

attack, forming a polysulfide chain, as shown in Scheme 19. This was postulated to 

form an intermediate isothiocyanate by reaction with the isocyanide, which then reacts 

with the amine initially used to activate the elemental sulfur in a nucleophilic addition, 

resulting in the final thiourea compound (Scheme 22). The two substituents of the thi-

ourea are determined by the isocyanide, as well as the amine, which enables the tar-

geted synthesis of asymmetric thioureas under mild conditions and high yields of up to 

99%.265 Ábrányi-Balogh et al. then showed in 2019 the possibility of using alcohols or 

thiols instead of amines for this multicomponent reaction, resulting in thio- or dithiocar-

bamates.263 The alcohol (or thiol) component was found not to be basic enough to 

activate sulfur and thus an additional base had to be used to form the intermediate 

isothiocyanate (Scheme 22). Sodium hydride was found to be the most effective base 

in this context, resulting in the highest yields of up to 94% for the optimized conditions. 

Ábrányi-Balogh et al. were able to isolate the intermediately formed isothiocyanate 
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when Cs2CO3, DIPEA, or NaOEt were used as the base, which confirmed the isothio-

cyanate as the intermediate of this reaction. Meier et al. then investigated the formation 

of the isothiocyanate without subsequent derivatization and tuned the reaction con-

cerning sustainability (Scheme 22).266 Optimized conditions enabled the synthesis of 

isothiocyanates with DBU as the base in catalytic amounts (down to 2 mol%), com-

pared to the approach of Ábrányi-Balogh et al., in which the base had to be added in 

(over-)stoichiometric amounts. 

 

Scheme 22 Isocyanide-based multicomponent reactions with elemental sulfur and a 
recent example of an organobase-catalyzed isothiocyanate formation. 

Meier et al. furthermore demonstrated that the formation of isothiocyanates is possible 

in benign solvents such as -butyrolactone (GBL) or Cyrene™ under mild conditions 

(40 °C). Moreover, this procedure is beneficial compared to other methods (see 

Scheme 17) as the reaction has 100% atom economy, utilizes elemental sulfur, and 

prevents highly toxic reagents like thiophosgene or Lawesson’s reagent. 
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2.3.2.1. SMCRs in Polymer Chemistry 

A clear transition from simple plastic materials to diverse functional materials for ad-

vanced applications has occurred in polymer science.295 Recently, in the early 2000s, 

first reports about monomer preparation via multicomponent reactions and subsequent 

polymerizations were published. Meier et al. fulfilled one of the most important land-

marks in this field in 2011, when they introduced multicomponent reactions as a 

polymerization approach to polymer science.296 The Passerini three-component reac-

tion based on renewable monomers was used to form novel polyesters with amide 

moieties in their sidechain. The previously mentioned advantages of MCRs, like the 

mild conditions, high efficiency, and excellent diversity of product structures, can also 

be transferred to polymer sciences.277 

Combining these numerous benefits with the versatility and cost-effectiveness of ele-

mental sulfur makes SMCRs even more attractive in the field of polymer chemistry. 

Therefore, a lot of exciting research was recently performed in this field, as demon-

strated by a selection of SMCRs for polymer synthesis in Scheme 23. 

Kanbara et al. demonstrated a possible application of the Willgerodt-Kindler reaction 

of dialdehydes and diamines with elemental sulfur to prepare polythioamides.297 This 

three-component reaction was applied to several different dialdehyde/diamine combi-

nations affording various polythioamides in moderate to good yields. Based on the ex-

perimental observations, an initial polycondensation affording the intermediate Schiff 

base polymer, followed by a subsequent nucleophilic attack of polysulfide anions to 

the azomethine units, was postulated as the mechanism for this type of polymeriza-

tion.297 Finally, the structure, solubility, and thermal properties of three selected poly-

thioamides were compared to analogous polyamides, which resulted in generally bet-

ter solubility with generally lower thermal stability in TGA measurements for polythio-

amides compared to their oxo-analogue. In 2015, Tang et al. presented another ap-

proach towards polythioamides via an SMCR using a diyne instead of the dialdehyde 

as shown by Kanbara et al.298 This multicomponent reaction can also be categorized 

as a Willgerodt-Kindler reaction, but in a modified variation. Modern versions of the 

Willgerodt-Kindler reaction showed that alkynes could be used alternatively to alde-

hydes or ketones to form thioamides.283 In 2018, the same group then presented an 

isocyanide-based multicomponent reaction applying elemental sulfur to synthesize 
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polythioureas (Scheme 23) based on the SMCR reported by Al-Mourabit in 2014 

(Scheme 22).265,299 

 

Scheme 23 Overview of elemental sulfur-based multicomponent reactions for 
polymerizations via step-growth procedures. 

This SMCR was shown to proceed at room temperature without any catalyst (as the 

amine autocatalyzes the reaction) with 100% atom economy. A library of 16 different 

polythioureas was synthesized, and molecular weights of up to Mw=242 500 g mol-1 

could be obtained with yields as high as 95%.299  

After Ábrányi-Balogh et al. presented the formation of (di-)thiocarbamates from isocy-

anides with (dithiols) diols and elemental sulfur (Scheme 22), this novel SMCR was 

then applied to polymer chemistry by Tang et al. in 2021 for the formation of multifunc-

tional poly(O-thiocarbamates) as shown in Scheme 23.300 Seven different poly(O-thi-

ocarbamates) were synthesized with yields of up to 95% and the polymers were found 



Theoretical Background  

52 

to exhibit high refractive indices. Incorporating tetraphenylethene moieties into the pol-

ymer backbone structure enabled the use as fluorescent sensors to detect Hg2+ ions 

with a proven selectivity over interferences by Pb2+, Au3+, and Ag+ ions.300  

In 2022, Meier et al. presented the reaction of diisocyanides with elemental sulfur and 

hydrazine forming stable dithiosemicarbazides, which were subsequently reacted with 

dialdehydes resulting in polythiosemicarbazones (Scheme 23).301 

These very recent findings demonstrate the versatility and some first applications that 

can be expected from sulfur-containing polymers synthesized via efficient SMCRs and 

thus shows the importance of more research in this field. 
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3 Aim 

The development of truly sustainable polymeric materials is urgently needed due to 

the increasing environmental problems, in combination with the depletion of fossil re-

sources. In this context, renewable polymers like cellulose-based cellophane, cellulose 

acetate, or celluloid remain promising. They are not only bio-based, but also show very 

appealing material properties and are, in some cases, biodegradable. However, due 

to the inert nature of cellulose as a substrate, reactive and toxic reagents, often in over-

stoichiometric amounts, are needed for the chemical derivatization, thus lowering the 

overall sustainability of many processes. This demonstrates that besides the renewa-

bility aspect, several more factors need to be considered for the development of a 

sustainable polymer product. 

Related to this, Anastas and Warner introduced the Twelve Principles of Green Chem-

istry in 1998,3 which since then acted as the primary guidelines for the design of sus-

tainable chemical procedures. They include the design of safer procedures, the pre-

vention of toxic compounds, the use of renewable feedstocks, high atom economies, 

high energy efficiency, and the prevention of waste. However, the fulfillment of all these 

requirements is a major challenge and can only be achieved through clever design of 

the synthetic procedures themselves, for example by the implementation of atom-effi-

cient tandem reactions into the polymer synthesis process. Tandem reactions inher-

ently fulfill many aspects of green chemistry, as multiple consecutive reaction steps 

are coupled in a one-pot procedure, preventing the exposure to intermediate products 

and the necessity of isolation and purification, thus intrinsically increasing the efficiency 

and sustainability. 

This work aims for the development of novel procedures for the sustainable synthesis 

of polymeric materials, in which as many of the Twelve Principles of Green Chemistry 

as possible should be implemented. This was performed based on two promising re-

newable substrates: (i) cellulose as the most abundant renewable biopolymer on earth 

and (ii) castor oil as a renewable polyol that is directly derived from nature. 
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4 Results and Discussion 

In this chapter, the results of this thesis are presented and discussed in detail. It is 

subdivided into 4 parts: in chapter 4.1, a novel synthetic approach is described to ob-

tain cellulose acetates from cellulose and vinyl acetate in the DMSO/DBU/CO2 switch-

able solvent system, offering benefits compared to existing procedures concerning the 

resulting material properties and sustainability aspects. Chapter 4.2 deals with a novel 

method for the determination of the degree of substitution of cellulose esters via ATR-

IR spectroscopy. In chapter 4.3, a new concept is introduced that combines a tandem 

reaction approach with cellulose dissolution and functionalization. In this approach, the 

reactants (isothiocyanates) are generated in situ in the DMSO/DBU/CO2 switchable 

solvent system via a sulfurization of isocyanides with elemental sulfur without the ad-

dition of any additional catalyst (the DBU present in the system acts as the catalyst for 

the formation of the reactant). Finally, in chapter 4.4, the before-investigated reaction 

(sulfurization of isocyanides with elemental sulfur to form isothiocyanates) was applied 

to another completely bio-based substrate: castor oil. In this unprecedented approach, 

diisothiocyanates were formed with castor oil acting as the solvent for the formation of 

the diisothiocyanates and then in the second step acting as the reactant (as a polyol), 

to form novel thionourethane thermosets. 
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4.1 A More Sustainable Cellulose Acetate Synthesis Ap-

proach 

This chapter is based on previously published results by the author of this thesis: 

Wolfs, J.; Meier, M. A. R. A More Sustainable Synthesis Approach for Cellulose Ace-

tate Using the DBU/CO2 Switchable Solvent System. Green Chem. 2021, 23 (12), 

4410–4420.140 

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

extended with permission from the Royal Society of Chemistry. 

Abstract 

Cellulose acetate is one of the most important cellulose derivatives and commercially 

mainly produced using the Acetic Acid Process, in which over-stoichiometric amounts 

of acetic anhydride and concentrated acetic acid is used to obtain cellulose triacetate. 

A subsequent partial hydrolysis is necessary to achieve evenly substituted cellulose 

acetates with lower degrees of substitution. Homogeneous acetylations in ionic liquids 

or other cellulose dissolving solvent systems often offer milder conditions with the pos-

sibility of a one-step synthesis of cellulose acetates with lower degrees of substitution 

by simply adjusting the equivalents of the acetylation agent. Here we show an efficient 

homogeneous cellulose acetylation process without the need of any additional catalyst 

or activation step using the DBU/CO2 switchable solvent system. Vinyl acetate was 

used as a more benign acetylation agent under mild conditions and straightforward 

recyclability of all employed components was demonstrated with high recycling ratios 

(87.0–98.9%). Less cellulose backbone degradation compared to a cellulose acetate 

sample synthesized by the Acetic Acid Process from the same cellulose source was 

shown by size exclusion chromatography (Mn=35 kDa vs. 12 kDa), which resulted in 

improved mechanical properties of solvent casted foils. Other homogeneous proce-

dures reported so far (e.g. in ionic liquids) reached lower degrees of substitution, 

needed additional catalysts, proved to be less advantageous in terms of recycling, or 

required more reactive acetylation agents. Our results thus demonstrate a cellulose 

acetylation method with full focus on sustainability, efficiency, and applicability, result-

ing in an E-factor of 1.92 for the overall process. 
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Cellulose Dissolution and Derivatization 

For the homogeneous acetylation investigated herein, cellulose was first dissolved us-

ing the DBU/CO2 switchable solvent system with the optimized conditions as reported 

by our group in 2018.132 Therefore, all cellulose samples were dried under vacuum for 

24 h at 100 °C to remove water, possibly causing deviations in the exact ratio of cellu-

lose to the acetylating agent and furthermore minimizing the risk of potential side re-

actions. The dried cellulose was first suspended in dry DMSO at 40 °C in the presence 

of DBU (3 eq. per anhydroglucose unit (AGU)) and then solubilized under stirring by 

bubbling CO2 into the suspension for 20 min. These very mild conditions and the rapid 

dissolution contribute to several benefits in terms of sustainability and efficiency com-

pared to classic ionic liquids, which often need elevated temperatures and several 

hours for complete dissolution of the cellulose.122,126 For the derivatization reaction, a 

calculated amount of vinyl acetate was added slowly to the solution in order to prevent 

local precipitation of the cellulose. The temperature was then elevated to 60 °C ensur-

ing a rapid reaction, but at the same time prevents the vinyl acetate (b.p. 72 °C) from 

evaporating (steps 1 and 2, solubilization and derivatization, in Scheme 24). 

The use of vinyl acetate has several benefits compared to acetic anhydride as an acet-

ylating agent: First, the formed vinyl alcohol byproduct immediately tautomerizes to 

acetaldehyde, which evaporates due to its low boiling point (b.p. 20 °C), shifting the 

chemical equilibrium to the product side. This ensures high conversions, reducing the 

amount of reactant needed and thus makes the synthesis more efficient. Second, the 
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acetaldehyde does not react or form a salt with DBU, keeping the concentration and 

therefore the catalytic activity high, even at low temperatures. When anhydrides are 

used, the formed acid byproduct forms a salt with DBU, reducing its catalytic activity 

as reported by Liu et al.141 Third, the evaporation of acetaldehyde during the reaction 

facilitates the subsequent recycling process of the DMSO/DBU mixture. If anhydrides 

are used as acetylation agents, the formed DBU salt ([DBUH][OAc] in the case of acetic 

anhydride) commonly needs to be neutralized (with e.g. NaOH) and then extracted to 

recover the DBU.137 This additional step leads to generation of more waste, conse-

quently increasing the environmental footprint and cost. Instead, the captured acetal-

dehyde can be used for other reactions (especially from larger scale acetylations with 

vinyl acetate), as acetaldehyde is a bulk chemical needed for many industrial pro-

cesses. Moreover, as already described in the introduction, vinyl acetate is a more 

sustainable and less toxic alternative to acetic anhydride. 

 

Scheme 24 Dissolution and activation of cellulose in a DBU/CO2 switchable solvent 
system with subsequent acetylation using vinyl acetate and recycling of the solvents. 

A linear correlation between the DS values determined via 31P NMR analysis and the 

relation of integrals from the ATR-IR spectra was shown by Kilpeläinen et al.211 There-

fore, ATR-IR spectroscopy was used to optimize the reaction time by monitoring the 

integrals of the decreasing O-H stretching vibration signal at 3390 cm-1, the increasing 

signal of the carbonyl stretching vibration at 1728 cm-1 and the increasing intensity of 

the C-O stretching vibration of the acetyl moiety at 1230 cm-1. All signals were normal-
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ized to the intensity of the C-O stretching vibration of the AGU at 1025 cm-1 for a rela-

tive comparison of the achieved DS, as the intensity of this signal is not significantly 

affected by the acetylation. It was observed that almost maximal conversion was 

reached after 240 min (Figure 6). To prevent side reactions, which can potentially 

lower the DMSO/DBU recycling rate, all acetylations were thus terminated after 

240 min. 
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Figure 6 Normalized integrals of the characteristic vibrations over time in the homoge-
neous cellulose acetylation using vinyl acetate from the respective ATR-IR signals, 
referenced to the AGU C-O stretching vibration signal. 

Purification of the synthesized cellulose acetate samples was performed by precipita-

tion from an anti-solvent. Methanol, ethanol, and isopropanol are commonly used an-

tisolvents for cellulose acetate synthesized using a homogeneous approach, but opti-

mization studies revealed significantly lower DS values when methanol or ethanol were 

used. A partial transesterification of cellulose acetate with methanol/ethanol catalyzed 

by DBU, which is still present in the precipitation mixture, was assumed. Precipitation 

of a reaction mixture (3 eq. vinyl acetate per AGU, 4 h at 60 °C) from methanol, ethanol 

and isopropanol with subsequent stirring for 30 min revealed a lower DS for the sam-

ples precipitated from methanol (DS1H=1.73) and ethanol (DS1H=2.12) compared to 

the sample precipitated from isopropanol (DS1H=2.43) as determined by 1H NMR spec-

troscopy (Experimental Section, Figure S28). 

To confirm a possible heterogeneous deacetylation by transesterification catalyzed by 

DBU, a purified cellulose acetate sample (DS1H=2.43) was subsequently stirred in 
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methanol, ethanol, and isopropanol with 3 eq. of DBU per AGU for 12 h at room tem-

perature. The resulting suspension was filtered, the solids were analyzed by ATR-IR 

spectroscopy and the filtrate by 1H NMR spectroscopy, respectively. ATR-IR spectros-

copy confirmed the deacetylation as the characteristic bands (C=O at 1728 cm-1, C-O 

at 1230 cm-1 and C-H at 1025 cm-1) of the acetyl moiety decreased and the O-H band 

at around 3390 cm-1 increased relative to the C-O vibration of the AGU at 1025 cm-1 

(Figure 7) when methanol or ethanol was used as antisolvent. For the sample stirred 

in isopropanol, no significant decrease of the acetyl signals or increase of the O-H 

signal was detected. 
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Figure 7 ATR-IR spectra of a purified CA sample (DS1H = 2.43, black) and this sample 
stirred in iPrOH (red), EtOH (blue), and MeOH (green) with DBU for 12 h at r.t., filtered 
and dried. 

The filtrates analyzed by 1H NMR spectroscopy showed the formation of the respective 

transesterification products (methyl acetate and ethyl acetate) when methanol or eth-

anol was used (Experimental Section, Figure S29), which confirms a transesterifica-

tion and deacetylation of cellulose acetate in methanol and ethanol when DBU is pre-

sent. In contrast, the formation of isopropyl acetate was not observed by 1H NMR spec-

troscopy when cellulose acetate was stirred in isopropanol in the presence of DBU. 

Cellulose acetates with different DS values were synthesized by varying the equiva-

lents of vinyl acetate using the optimized reaction and work-up procedure (CA-1–CA-7, 

Table 8, Figure 9). 



 Results and Discussion 

61 

Table 8 Summary of the synthesized cellulose acetates and the DS obtained using 
different eq. of vinyl acetate (VA). 

Sample 
Cellulose 

typeb Eq.VA Yieldd Conver-
siond 

DS1H DS31P 
DS 
C6

f 

DS 
C3

f 

DS 
C2

f 

CA-1 MCC 1.0 91% quant.e 1.02 1.04 - - - 

CA-2 MCC 1.5 91% 97% 1.45 1.47 - - - 

CA-3 MCC 2.0 91% 85% 1.70 1.73 0.80 0.71 0.22 

CA-4 MCC 2.5 84% 87% 2.17 2.18 0.90 0.87 0.40 

CA-5 MCC 3.0 92% 79% 2.36 2.50 0.89 0.95 0.67 

CA-6 MCC 3.5 98% 74% 2.59 2.52 - - - 

CA-7 MCC 4.5 99% 65% 2.94 2.97 0.98 0.97 1.02 

CA-FP FP 4.5 91% 59% 2.66 2.44 - - - 

CA-HETa MCC 12.9c 91% 23% 2.92 2.96 - - - 

CA-REC MCC 2.5 95% 92% 2.29 2.32 - - - 

CA-REC2 MCC 3.0 99% 80% 2.40 2.42 - - - 

aSynthesized via a heterogeneous acetylation route analogously to the Acetic Acid Process. 
bMCC=micro crystalline cellulose, FP=filter paper. cAcetic anhydride used as acetylating 
agent. dCalculated based on the DS1H. eQuantitative conversion assumed based on a calcu-
lated conversion of 102%. fCalculated from 13C NMR method with peak deconvolution based 
on the DS31P. 

 

The DS of the prepared CAs was determined by reacting the free hydroxyl groups of 

the respective CA sample with the phosphitylating agent 2-chloro-4,4,5,5-tetramethyl-

1,3,2-dioxaphospholane (2-Cl-TMDP) to yield phosphite esters, which can be detected 

quantitatively via 31P NMR spectroscopy. By integration of these signals and compari-

son with the phosphitylated internal standard endo-N-hydroxy-5-norbornene-2,3-dicar-

boximide (endo-HNDI-TMDP), the average DS can be calculated according to a pro-

cedure introduced by Kilpeläinen et al.208 (Experimental Section, equation (18)).  

 

Almost full conversion of the acetylating agent was observed for the synthesis of CAs 

with lower DS (Entry CA-1 to CA-4, Table 8), whereas a 1.5-fold excess of vinyl ace-

tate per hydroxyl group (4.5 eq. per AGU) was needed to obtain a per-O-acetylation of 

cellulose (Entry CA-7, Table 8). 

Compared to other homogeneous acetylation reactions reported so far (acetylation 

with isopropenyl acetate in 1-ethyl-3-methyl-imidazolium acetate123), less equivalents 

of acetylating agent was required to obtain peracetylation. Higher DS could be ob-

tained with less acetylating agent (compared to acetylation with acetic anhydride in 1-
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allyl-3-methylimidazolium chloride121,122 or acetylation with acetic anhydride in 1,5-di-

azabicyclo(4.3.0)non-5-enium acetate198). Acetylation in the DBU/CO2 switchable sol-

vent system using acetic anhydride137 generally reached lower DS with higher loadings 

of reactant (DS=2.89, DS=2.27 and DS=1.78 for 5, 4 and 3 eq. per AGU) demonstrat-

ing the high efficiency of vinyl acetate as a mild and less toxic acetylating agent in this 

solvent system with the benefit of an easier solvent recycling due to the in situ evapo-

ration of the formed acetaldehyde byproduct as already explained before. Kilpeläinen 

et al.211 demonstrated an acetylation of cellulose in the ionic liquid 1,5-diazabicy-

clo[4.3.0]non-5-ene acetate with vinyl acetate as acetylating agent under comparable 

reaction conditions, but the conversion remained low (DS=1.58 with 3 eq. of VA). 

The acetaldehyde side product formed during the acetylation reaction could be cap-

tured in a cold trap (-50 °C) when a slight flow of argon was applied, as confirmed by 

1H NMR spectroscopy (Figure 8). However, vinyl acetate was also captured in signifi-

cant amounts due to its relatively high vapor pressure at the reaction temperature of 

60 °C. 

 

Figure 8 1H NMR (CDCl3) spectrum of the acetaldehyde byproduct with unreacted 
vinyl acetate and DMSO captured in a -50 °C cold trap attached to the reaction flask. 

On an industrial scale with the use of more advanced fractionating columns, this can 

certainly be prevented, and acetaldehyde could be captured in high purity for a use in 

other processes. This reduces the amount of waste produced, further increasing the 
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sustainability and efficiency. To proof the versatility of this system, filter paper was also 

used as a cellulose source and acetylated successfully (CA-FP, Table 8). 
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Figure 9 ATR-IR spectra (left) and expanded views of the O-H stretching vibration 
(middle) and C=O stretching vibration (right) for CA-1–CA-7. 

A per-O-acetylated CA sample using the Acetic Acid Process was also synthesized 

(CA-HET) as a reference material in a modified protocol according to Malm et al.152 

from the same cellulose source as in the homogeneous acetylation using the DBU/CO2 

switchable solvent system. Size exclusion chromatography measurements of the two 

samples reveals significantly higher molecular weight for CA-7 synthesized using the 

DBU/CO2 switchable solvent system (Mn=35 kDa) compared to CA-HET synthesized 

by the Acetic Acid Process (Mn=12 kDa) as shown in Figure 10a.  

 

Figure 10 a Size exclusion chromatography traces of cellulose triacetate synthesized 
by the heterogeneous acetylation using acetic anhydride (CA-HET, DS31P=2.96, 
Mn=12 kDa) and the homogeneous route using vinyl acetate (CA-7, DS31P=2.97, 
Mn=35 kDa). Mn were extrapolated from a PMMA standard. b Photographs of CA-HET 
and CA-7 foils with bending tests of the material. 
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This validates the distinctly milder acetylation conditions using this solvent system with 

less degradation of the cellulose backbone. 

Furthermore, significant deacetylation was observed for CA-HET after 2.5 months stor-

age in a closed screw cap vial (30.1% deacetylation, Figure 11), which is caused by 

the literature-known vinegar syndrome.302,303 This degradation process is catalyzed by 

acids. Therefore, a thorough removal of residual acetic acid is crucial when using the 

Acetic Acid Process for the synthesis of cellulose triacetate. Despite profound washing 

and no detection of acetic acid in the 1H NMR spectrum, presumably trace amounts of 

acetic acid remained in the sample causing an accelerated degradation. Contrary, no 

deacetylation was observed for CA-7 in the same time frame (Figure 11), highlighting 

another advantage of this procedure. 

 

Figure 11 1H NMR (CDCl3) spectra of CA-7 before and after 2.5 months storage in a 
closed screw cap vial. Calculated DS1H (CA-7) = 2.94, after 2.5 months: DS1H 
(CA-7) = 2.96 (left two spectra) and CA-HET before and after 2.5 months storage in a 
closed screw cap vial (right two spectra). Peak deconvolution: blue lines in expanded 
view. Calculated DS1H (CA-HET) = 2.92, after 2.5 months: DS1H (CA-HET) = 2.04 
(30.1% deacetylation). 
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Tensile strength measurements were performed for CA-5, CA-6, and CA-7, as their 

DS was high enough to solubilize in acetone or chloroform, which is a prerequisite to 

prepare cellulose acetate foils by a solvent casting technique (Table 9, Figure 12). 
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Figure 12 a One representative tensile strength measurement of the respective cellu-
lose acetate film prepared by solvent casting. b Linear region of three tensile strength 
measurements with the respective linear fit for the determination of Young’s moduli of 
CA-5, CA-6, and CA-7 (b, c, and d). 

A tensile strength measurement of CA-HET was planned as a comparison, but the foil 

was too brittle to be inserted into the instrument. The foils prepared from CA-7 and 

CA-HET were therefore compared by bending and CA-HET started to shatter at low 

deformation, while CA-7 could be bent by 180° without breaking as shown in Figure 

10 b, which indicates considerably better mechanical properties of CA-7 compared to 

CA-HET, presumably due to its higher Mn. This was also observed by Sookne and 

Harris comparing the tensile strength of CA films with different number average de-

grees of polymerization (DPn
̅̅ ̅̅ ̅).304,305 In this report, the tensile strength of a CA film with 
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DPn
̅̅ ̅̅ ̅=43 (corresponding to Mn=12.4 kDa) could not be measured due to its high brittle-

ness, which is in accordance to the results obtained for CA-HET. The tensile strength 

of a comparable sample to CA-7 with an Mn≈36 kDa showed a tensile strength of ap-

prox. 62 MPa, which is higher, but in a comparable range to the ultimate tensile 

strength measured for CA-7 (42.9 ± 2.8 MPa). According to Sookne and Harris, tensile 

strength of CA films increase with higher DPn
̅̅ ̅̅ ̅s up to an asymptotic value for CAs with 

DPn
̅̅ ̅̅ ̅>500 (corresponding to Mn>144 kDa).304 Hence, CAs with higher Mn are desirable, 

which can be achieved by the herein introduced homogeneous acetylation due to its 

milder reaction conditions, leading to less degradation of the cellulose backbone com-

pared to the Acetic Acid Process as shown in Figure 10a. It has to be mentioned that 

in industrial acetylation processes, dissolving pulp is mainly used as cellulose source, 

which has a higher Mn compared to microcrystalline cellulose. Partial backbone deg-

radation still leads to cellulose acetate with adequate Mn, but it remains a big challenge 

for industrial acetylations to reach almost fully substituted cellulose acetate with a suf-

ficiently high DPn
̅̅ ̅̅ ̅.151 The Young’s moduli were determined from the linear region of the 

stress-strain curves. An average value from 3 measurements was determined by using 

a linear fit and the standard deviation was calculated (Table 9, Figure 12b–d). 

Table 9 Thermal and mechanical characterization of the synthesized cellulose ace-
tates with different DS. 

Sample Td,5% / °C Td,50% / °C Tg / °C 
Young’s modulus 

/ MPa 
Ultimate tensile 
strength / MPa 

CA-1 260.7 341.4 - - - 

CA-2 233.3 350.6 - - - 

CA-3 280.2 355.3 - - - 

CA-4 292.0 369.9 190.7 - - 

CA-5 286.7 365.1 188.9 747.1 ± 89.3 19.5 ± 0.9 

CA-6 286.4 364.9 190.0 955.9 ± 31.0 22.9 ± 1.1 

CA-7 320.0 375.3 183.7 2005.5 ± 105.4 42.9 ± 2.8 

 

The thermal stability of the CAs was determined by thermogravimetric analysis (TGA). 

The calculated results for Td,5% and Td,50% are summarized in Table 9. All samples 

showed a single major degradation step and an improvement in thermal stability was 
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observed with an increase of the DS value (Figure 13). The onset degradation tem-

perature Td,5% increased from 260.7 to 292.0 and 320.0 °C for the CAs with a DS31P of 

1.04, 2.18 and 2.97, respectively. Analogously, the Td,50% also increased from 341.4 to 

369.9 and 375.3 °C for the same CA samples. A Td, onset of 252 °C for a cellulose tri-

acetate sample (DS=2.92) and 224–243 °C for a CA (DS=2.50) was observed by Ka-

mide et al.306, which is lower than the Td,5% observed for comparable CAs (CA-7 and 

CA-5, respectively), but shows the same trend with a higher Td for increasing DS val-

ues. Higher thermal degradation temperatures of CA-7 and CA-5 could be explained 

by the absence of any residual acetic acid, which possibly lowers the thermal stability 

of the material. No glass transition temperature was observed for CA-1–CA-3, whereas 

a glass transition was observed for samples CA-4–CA-5 with Tgs ranging from 183.7 

to 190.7 °C. 
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Figure 13 TGA thermograms of all investigated cellulose acetates (left) and the corre-
sponding DSC plots of CA-1–CA-7 (right). 

The three hydroxyl groups of cellulose at the C2, C3 and C6 position are known to 

differ in their reactivity, resulting in a distribution of the acetyl moiety among the three 

hydroxyl groups for CA samples with a DS<3.121 The DS for those three individual 

functionalities was investigated via 13C NMR spectroscopy in an inverse gated decou-

pling experiment by comparing the integral of the three signals at 169.49 ppm, 169.84 

ppm and 170.78 ppm, which can be assigned to the carbonyl carbons of the acetyl 

moiety at C2, C3 and C6 position, respectively. Due to the overlap of the signals, a 

peak deconvolution method was used to determine the integrals of the three peaks as 
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shown in Figure 14. Based on the calculated individual DS values, a higher function-

alization is obtained for the C6 and C3 position compared to the C2 position for all 

investigated CA samples. Consequently, the observed order of reactivity for the acet-

ylation is C6-OH > C3-OH > C2-OH. This result is similar to the homogeneous acety-

lation of cellulose with acetic anhydride in the ionic liquid 1-allyl-3-mathylimidazolium 

chloride121 or in the solvent system DMAc-LiCl.307 In the commercial synthesis of par-

tially substituted CA, the distribution of the acetyl moieties is different from that ob-

served in these homogeneous acetylation reactions because of the deacetylation pro-

cess: During the partial hydrolytic deacetylation of fully acetylated CA, the C6 position 

is preferably hydrolyzed, resulting in a lower individual DS at C6 relative to the DS at 

C3 and C2.93 

 

Figure 14 1H NMR (left, DMSO-d6 + TFA) and 13C NMR (right, DMSO-d6) spectra of 
partially acetylated cellulose acetate (CA-5, DS31P=2.50). Peak deconvolution: blue 
lines in expanded view. 

Different substitution patterns obviously lead to deviations in properties of the material, 

especially the solubility. In a solubility study, it was found that despite the different 

substitution pattern, CA-4 (DS31P=2.18), CA-5 (DS31P=2.50) and CA-6 (DS31P=2.52) 

were soluble in acetone, which is also observed for commercially produced cellulose 

diacetate (DS of 2.0-2.5) and is an important property for processability (e.g. foil cast-

ing) of the material (Table 10). For a sustainable homogeneous cellulose acetylation, 
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recyclability of the solvent and antisolvent used for precipitation is crucial as this ac-

count most to the E-factor (Figure 17). To reduce the influence of sample loss during 

the process and thus ensuring a more precise recycling ratio determination, a larger 

batch (CA-REC, 4.00 g cellulose) was performed. After precipitation and filtration, a 

mixture of isopropanol, DMSO and DBU remains to be recycled. Advantageous for the 

recycling steps is the low number of compounds, which need to be purified. Due to the 

almost quantitative conversion of vinyl acetate (92%) and the evaporation of acetalde-

hyde during the reaction, no side product needs to be removed. 

Table 10 Solubility chart of the synthesized cellulose acetates. 

Entry CHCl3 CH2Cl2 Acetone DMSO H2O 

CA-1      

CA-2      

CA-3      

CA-4      

CA-5      

CA-6      

CA-7      

CA-FP      

This enables an easier purification by fractional distillation as illustrated in Figure 16. 

In other procedures, i.e. when acetic anhydride is used as acetylating agent, the acetic 

acid byproduct forms a salt with DBU, complicating the recovery process.137,308,309 After 

recovery of isopropanol in a first fraction, an intermediate fraction containing isopropa-

nol and DMSO (Figure 16) needed to be collected to ensure a complete removal of 

the alcohol. This prevents a partial non-derivative dissolution mechanism with a possi-

ble transesterification side reaction of isopropanol with vinyl acetate in a second cycle. 

Transesterification of methanol with acetic anhydride as acetylation agent in the non-

derivative dissolution approach was shown to occur by Liu et al.144 To facilitate the 

recycling process, DMSO and DBU was then distilled together in a third fraction and 

the molar composition of the obtained mixture was calculated by comparison of the 

integrals in the 1H NMR spectrum (equation (6)–(8), Figure 15). 
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𝑛DBU

𝑛DMSO
=

𝐼DBU

𝑁H,DBU

𝐼DMSO

𝑁H,DMSO

=
𝐼DBU × 𝑁H,DMSO

𝑁H,DBU × 𝐼DMSO
 (6) 

 𝑛DMSO =
𝑚total

𝑀DMSO +
𝐼DBU × 𝑁H,DMSO

𝑁H,DBU × 𝐼DMSO
× 𝑀DBU

 
(7) 

 𝑛DBU =
𝑚total

𝑀DBU +
𝐼DMSO × 𝑁H,DBU

𝑁H,DMSO × 𝐼DBU
× 𝑀DMSO

 
(8) 

𝑛DBU: amount of substance of DBU in the mixture 

𝑛DMSO: amount of substance of DMSO in the mixture 

𝑚total: total mass of the mixture 

𝑀DBU: molar mass of DBU (𝑀DBU = 152.24 g mol−1) 

𝑀DMSO: molar mass of DMSO (𝑀DMSO = 78.13 g mol−1) 

𝐼DBU: integral of the DBU signal (1.73–1.62 ppm) in the 1H NMR spectrum 

𝐼DMSO: integral of the DMSO signal (2.70–2.30 ppm) in the 1H NMR spectrum 

𝑁H,DBU: number of protons expected for the DBU signal (1.73–1.62 ppm) in the 1H NMR 

spectrum 

𝑁H,DMSO: number of protons expected for the DMSO signal (2.70–2.30 ppm) in the 1H 

NMR spectrum 

 

Figure 15 1H NMR (CDCl3) spectrum of the redistilled DMSO/DBU mixture (3rd fraction). 

Even though minor impurities were detected in the recycled DMSO/DBU fraction, the 

solvent could be successfully reused in a second cycle for the homogeneous synthesis 

of CA-REC2 after adjusting the molar composition by the addition of a calculated 
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amount of fresh DBU (67 eq. DMSO and 3 eq. DBU for 1 eq. AGU) without prior drying 

or considerable differences compared to a fresh batch. CA-REC2 with a DS1H of 2.40 

was obtained using the recycled solvents, compared to a DS1H of 2.36 for CA-5 when 

fresh solvents were used (Table 8). 

 

Figure 16 Scheme for the homogeneous cellulose acetylation and recycling procedure. 
All recycling ratios given in % are related to the used starting material, respectively. 

The distilled intermediate fraction consisting of isopropanol and DMSO was analyzed 

for its molar composition, analogously to the mixed DMSO/DBU fraction, by 1H NMR 

spectroscopy and then added to the pure isopropanol fraction as the low amount of 

DMSO does not affect the precipitation of cellulose acetate when used in a second 

synthesis and purification cycle. Including the recovered DMSO and isopropanol from 

the intermediate fraction, a total recycling ratio of 97.7% DMSO (96.2 + 1.5.% from the 

intermediate fraction), 87.0% DBU and 98.9% iPrOH (92.4 + 6.5%) was achieved for 

the first cycle. This is close to the recovery ratio obtained by Xie et al. (92% DMSO and 

91% DBU) for the acetylation of cellulose with acetic anhydride using the DBU/CO2 

switchable solvent system.137 However, the recovery of DBU is significantly more com-

plex when acetic anhydride is used, because the solution had to be extracted with ethyl 

acetate and neutralized with sodium hydroxide to remove the acetic acid byproduct, 

which generates more waste and consequently decreases the overall sustainability. 
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The CO2 used for solubilization was neglected for E-factor calculations due to its low 

impact and complex quantification. Furthermore, on larger scale, it could be recovered 

as it is released during the functionalization reaction. An E-factor of 1.92 was calcu-

lated for the overall process, which is in the range of the E-factor from industrial syn-

theses of bulk chemicals (<1–5) as reported by Sheldon.11 This E-Factor is significantly 

lower (~3 to almost 10 times) than for other reported cellulose acetate synthesis pro-

cedures.310 After calculation of the partial E-factor for every single component, it is 

obvious that the major contribution to the E-factor comes from iPrOH, as it contributed 

35% to the total E-factor in the first cycle and 72% in the second cycle (Figure 17, 

Figure S27). We assume that the loss of iPrOH can mainly be explained by evapora-

tion during the work-up procedure due to its comparably high volatility. Working in a 

closed system using an industrial setup together with a recovery of the used CO2 and 

capturing of the acetaldehyde byproduct, an E-factor close to 1 should realistically be 

possible. 

 

Figure 17 Pie chart of the partial E-factors for the synthesis of CA-REC (DS1H=2.29) 
in the first recovery cycle with the respective contribution to the total E-factor in %. 

In order to really evaluate whether this process is also superior over the well-refined 

Acetic Acid Process even after 100 cycles and more on a larger scale, further assess-

ment has to be performed in pilot plants. In particular, the one-step synthesis of cellu-

lose diacetate (DS=2.0–2.5), which typically can only be achieved in a two-step pro-

cess, with a more benign acetylation agent, mild conditions, high reagent conversion, 

Acetaldeyde
E=0.41 
(21%)

Conversion VA
E=0.07
(4%)

Yield
E=0.06
(3%)

DMSO
E=0.47 
(24%)

DBU
E=0.24 
(13%)

iPrOH
E=0.67 
(35%)

E-Factor = 1.92
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low degradation, and easy recycling process with high recovery ratios makes the pre-

sented process a very promising and more sustainable alternative to existing proce-

dures. 

 

Conclusion 

A sustainable and homogeneous acetylation of cellulose with vinyl acetate was 

achieved under mild conditions in a CO2 based switchable solvent. After optimization 

of the reaction and work-up procedure by monitoring the reaction using Fourier-trans-

form infrared spectroscopy, a set of CAs with different DS ranging from 1.04 to 2.97 

were directly synthesized by varying the equivalents of vinyl acetate. The direct syn-

thesis of cellulose diacetates (DS=2.0–2.5) is advantageous over the commercially 

used Acetic Acid Process, in which cellulose triacetate needs to be partially hydrolyzed 

due to its otherwise inhomogeneous distribution of acetyl groups along the polymeric 

chain. Higher molecular weight of the synthesized cellulose acetate was maintained 

when the presented procedure with vinyl acetate was applied, if compared to a sample 

synthesized via the Acetic Acid Process from the same cellulose source (Mn=35 kDa 

vs. Mn=12 kDa). No additional catalyst was needed, since DBU was already part of the 

solvent system acting as the transesterification catalyst. In other homogeneous syn-

theses of cellulose acetate using acetic anhydride (or acetyl chloride) as acetylation 

agent, the byproduct acetic acid (or HCl) is generated, which forms a salt with DBU 

and therefore reduces its catalytic activity and complicates the recovery, leading to the 

generation of more waste. All employed solvents in this system were recovered by 

simple fractional distillation with recycling ratios of 98.9% iPrOH, 97.7% DMSO and 

87.0% DBU with 95% CA yield and a vinyl acetate conversion of 92%, resulting in an 

E-factor of 1.92. A possible capture of the generated acetaldehyde during the function-

alization was shown. Thermal properties of the synthesized products were investigated 

by thermogravimetric analysis and differential scanning calorimetry with degradation 

temperatures (Td,5%) ranging from 233.3 to 320.0 °C and glass transition temperature 

(Tg) between 183.7–190.7 °C. Foils from acetone soluble samples were prepared by 

solvent casting and the mechanical properties were analyzed via tensile strength 

measurements revealing elastic moduli (E) between 747.1–2005.5 MPa and ultimate 

tensile strength values between 19.5–42.9 MPa depending on the DS of the samples. 
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4.2 Degree of Substitution Determination of Cellulose Es-

ters via ATR-FTIR Spectroscopy 

 

The author planned and evaluated the experiments and developed the non-linear re-

gression approach. F. Clara M. Scheelje gave valuable input to the research work 

and the evaluations. Olga Matveyeva synthesized parts of the materials library (for 

details see chapter 6.3.2) under co-supervision of the author and was part of evalua-

tions for the non-linear regression approach. 

This chapter is based on previously published results by the author of this thesis: 

Wolfs, J., Scheelje, F. C. M., Matveyeva, O., Meier, M. A. R. Determination of the de-

gree of substitution of cellulose esters via ATR‐FTIR spectroscopy J. Polym. Sci., 

2023, 1–11.311  

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

extended with permission according to the CC BY-NC 4.0 license. 

Abstract 

Cellulose derivatives are promising bio-based polymeric materials with possible appli-

cations ranging from thickening agents and stabilizers to optical films. The precise de-

termination of the degree of substitution (DS) is crucial, as the DS substantially influ-

ences the material properties of such cellulose derivatives. Herein, the applicability of 

ATR-FTIR for DS determination of cellulose esters was investigated. 16 cellulose ac-

etates with DS ranging from 0.41 to 2.99 were synthesized and three acetyl group-

specific vibrational signals were evaluated quantitatively in reference to the cellulose 

anhydroglucose unit vibration n(C–O)AGU. A non-linear correlation for the absorbance 

intensity with the DS was observed and the data was fitted based on a newly developed 

model with correlation coefficients R2 between 0.958 and 0.998, depending on the 

evaluated signal. This DS determination method is simple and efficient, since it does 

not need any prederivatization or extensive sample preparation and can furthermore 

be applied to non-soluble samples. In order to widen the scope, eight cellulose butyr-
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ates, six cellulose laurates and six cellulose benzoates with different DS were synthe-

sized and the DS determination method could be analogously applied to these cellu-

lose esters, but a separate calibration for the different esters was found to be neces-

sary. 

Synthesis of Cellulose Acetates with Different DS Values 

For the DS determination of cellulose acetates using ATR-FTIR spectroscopy, a cali-

bration needed to be recorded in the first step. Therefore, a range of cellulose acetates 

with different, evenly spaced DS values were synthesized directly in homogeneous 

solution using the (previously) established DMSO/DBU/CO2 switchable solvent system 

with vinyl acetate as the reactant, as introduced in chapter 4.1 (Figure 

18).129,130,132,137,140,141  

 

Figure 18. Synthesis of cellulose acetates, butyrates, benzoates, and laurates with 
different DS. 

This synthetic route enables a precise and direct control of the DS over a very broad 

range by simply varying the equivalents of reactants.140 In this way, 16 cellulose ace-

tates were synthesized and their DS was determined using 1H NMR spectroscopy 

(DS1H) as shown in Figure 19a. Trifluoroacetic acid was used as an additive for the 1H 

NMR measurements to shift the water signal to lower field, as it otherwise interfered 

with the signal of the AGU protons, leading to less precise integration. Next, the DS of 

all cellulose acetates was additionally determined using quantitative 31P NMR spec-

troscopy after derivatization with a phosphitylation agent, applying the method as re-

ported by Kilpeläinen et al. (Figure 19b).208 However, the cellulose acetate samples 

with lower DS (DS1H ≤ 1.21) could not be measured using this 31P NMR technique due 

to solubility issues (Table 11).  
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Figure 19. (a) 1H NMR spectrum (DMSO-d6 + TFA) of an exemplary cellulose acetate 
with a calculated DS1H=1.63 (b) and the 31P NMR spectrum (CDCl3) of the same sam-
ple after phosphitylation with a calculated DS31P=1.64. The TMDP-anhydride results 
from a side reaction with water. 

Table 11. DS values of all synthesized cellulose acetates applying different determi-
nation methods. 

Sample DS1H
 DS31P DSIR,O-H DSIR,C=O DSIR,C-H DSIR,C-O DSIR 

CAc-1 0.41 -a) 0.24 0.43 0.45 0.36 0.42 
CAc-2 0.59 -a) 0.47 0.57 0.53 0.52 0.54 
CAc-3 0.70 -a) 0.34 0.64 0.71 0.66 0.67 
CAc-4 1.11 -a) 1.12 0.96 1.02 1.03 1.00 
CAc-5 1.21 -a) 0.77 1.12 1.21 1.10 1.15 
CAc-6 1.33 1.44 1.60 1.42 1.54 1.39 1.45 
CAc-7 1.58 1.58 1.66 1.70 1.76 1.58 1.68 
CAc-8 1.63 1.64 1.57 1.63 1.63 1.65 1.64 
CAc-9 2.14 2.12 2.26 2.54 2.39 2.21 2.38 
CAc-10 2.33 2.31 2.60 2.24 2.23 2.39 2.29 
CAc-11 2.36 2.24 2.18 2.60 2.45 2.27 2.44 
CAc-12 2.42 2.34 2.24 2.46 2.32 2.21 2.33 
CAc-13 2.48 2.41 2.58 2.35 2.35 2.47 2.39 
CAc-14 2.55 2.46 2.41 2.94 2.66 2.48 2.69 
CAc-15 2.74 2.83 2.99 2.59 2.88 3.04 2.84 
CAc-16 2.99 2.96 2.96 3.07 3.08 2.88 3.01 

a) Not determined due to insolubility. 

The determined DS31P values of the cellulose acetate samples were considerably close 

to those determined via 1H NMR spectroscopy, as the calculated average relative error 

between the DS1H and DS31P was 2.7% (Figure 20). Both NMR-derived DS values 

confirm each other and are the basis of the following investigations. 
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Figure 20 Determined DS31P plotted against the DS1H. 

DS Determination of Cellulose Acetates via ATR-FTIR Spectroscopy 

IR spectra of all cellulose acetate samples were measured using an ATR-FTIR spec-

trometer, making the measurements more convenient compared to a transmission 

FTIR instrument, as no KBr pellets need to be prepared. For every synthesized cellu-

lose acetate, five different samples were measured to minimize possible measurement 

errors. The deviation of five different measurements is exemplarily shown in Figure 21 

(relative standard error for the integrated n(C=O) signal of CAc-7 = 4.7%). 
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Figure 21 Overlaid ATR-FTIR spectra of a cellulose acetate sample with DS1H=1.58 

(CAc-7, 5 measurements). All spectra are referenced to the n(C–O)AGU signal. 
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Three main vibrational signals arise in the IR spectrum due to the acetylation of cellu-

lose: the carbonyl stretching vibration n(C=O) at ca. n=1740 cm-1, the acetyl C–H de-

formation vibration (C–H) at ca. n=1370 cm-1, and the acetyl C–O stretching vibration 

n(C–O)ester at ca. n=1220 cm-1. The O–H stretching vibration n(O–H) at ca. 

n=3325 cm-1 decreases during the acetylation. 

 

The strongest signal of native cellulose is the C–O stretching vibration of the AGU 

backbone n(C–O)AGU at n=1030 cm-1 and the intensity of this signal is assumed to not 

be affected by the degree of substitution. This signal was therefore chosen as the ref-

erence and all other signals were examined relative to it. The trend of an increasing 

absorbance of the three main acetyl related peaks with an increasing DS in visualized 

in Figure 22. Pure and unmodified MCC was used as the reference substance with 

DS=0. 
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Figure 22. Overlaid ATR-FTIR spectra of cellulose acetates with different DS values 

and expanded views of the n(C=O), (C–H), and n(C–O)ester vibrations of the acetyl 
moiety. 

The spectrum of native cellulose exhibits a certain absorbance intensity in the wave-

number range of all three acetyl group specific signals (n(C=O), (C–H), and n(C–O)es-

ter), which can be interpreted as the offset (Figure 23) and are quantified by the variable 

c in equation (9). The absorbance intensity of all cellulose acetate samples of the re-

spective acetyl peaks were plotted against the DS1H and are presented in Figure 23. 

The DS1H was determined in triplicates from three different samples of each cellulose 

acetate batch and the standard deviation was calculated (error bars in Figure 23). The 
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low deviation (ranging from  = 0.01 to 0.04) indicates high DS homogeneity within the 

sample of the synthesized cellulose acetates. 
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Figure 23. Absorbance peak area of the respective acetyl signal plotted against the 
DS1H of cellulose acetate. A non-linear regression was performed based on equation 

(9). The absorbance of all samples was determined after being referenced to the n(C–
O)AGU vibration. The error bars correspond to the respective standard deviations of a 
fivefold determination for the absorbance and a triple determination for the DS1H. 

According to Lambert-Beer’s law, a linear correlation for the absorbance intensity with 

increasing DS was expected. However, a curvilinear correlation was observed, which 

is in accordance with the investigations of Cheng et al. for mixtures of cellulose tri-

acetate and MCC to model cellulose acetates in a DS range of 1.80–2.85.218 In this 

previous publication, it was assumed that the Lambert-Beer law has its limitations and 

is only valid for systems with a low dispersion coefficient or at low concentrations.218 

They found a second degree polynomial function to fit best to the observed data and 

took this as a confirmation of validity (𝐷𝑆 = 𝑎𝑟2 + 𝑏𝑟 + 𝑐, with r being the ratio between 

the individual acetyl signal and the C-O stretching vibration reference signal).218 Nev-

ertheless, the curvilinear relationship can also be explained by another, in our opinion 
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more plausible reason: if the reference peak intensity is influenced in a linear manner 

with increasing DS, which is in contrast to the previously made assumption, the rela-

tionship can be explained with equation (9). 

𝐴 =
𝑎 × 𝐷𝑆

1 + 𝑏 × 𝐷𝑆
+ 𝑐 

(9) 

A is the absorbance, a is a peak specific constant quantifying to which extent the re-

spective acetyl signal increases with increasing DS, b is a constant quantifying to which 

extent the reference peak is influenced with increasing DS, and c is the offset in A from 

zero, which is caused by the cellulose backbone structure. Two plausible scenarios 

could influence the reference peak in a linear manner as described by equation (9): 

first, the acetyl moieties cause an additional signal that overlaps with the n(C–O)AGU 

signal at ca. n=1030 cm-1, therefore leading to an increase with increasing DS. This 

correlation is illustrated by a simulation based on modelled IR spectra (Figure 24). The 

simulation in Figure 24 was performed with the software Origin 9.8.0.200. The FT-IR 

absorbance spectrum of CAc-7 was used as a template and the relevant peaks (n(O–

H), n(C=O), (C–H), n(C–O)ester, and n(C–O)AGU) were fitted applying a gaussian fit 

(Equation (10)). The resulting five fit equations (Table 12) were used in the next step 

to simulate different DS values. The fitted n(C–O)AGU peak was kept constant, whereas 

the n(C=O), (C–H), and n(C–O)ester peaks were linearly increased and the n(O–H) 

peak linearly decreased (with the assumption of a linear peak intensity correlation as 

described by the Lambert-Beer law) and plotted for a calculated DS of 1.0, 1.5, 2.0, 

and 3.0 (Figure 24 a-d). The peak intensities based on the fitted peak equations were 

calculated in the range of DS=0.0–3.0 in increments of DS=0.05 and plotted against 

the calculated DS for the n(C=O), (C–H), and n(C–O)ester signal (Figure 24 e). 

 

𝑦 = 𝑦0 +
𝐴

𝑤√𝜋/2
𝑒

−2
(𝑥−𝑥c)2

𝑤2  
(10) 
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Table 12 Values of the gaussian fit equation for the different peaks for DS=1.0. 

Peak 𝑦0 𝑥c 𝐴 𝑤 

n(C–O)AGU 0 1030.6 216.8 150.1 

n(C–O)ester 0 1228.4 56.6 62.5 

(C–H) 0 1370.1 15.2 25.3 

n(C=O) 0 1732.3 57.7 67.1 

n(O–H) 0 3450.8 66.7 141.0 

Second, the reference peak n(C–O)AGU can be seen as a sum of all C–O vibrations on 

the AGU backbone. Therefore, through acetylation, the C–O stretching vibrations in 

the AGU are likely shifted, which could lead to a narrower peak overlap, resulting in a 

relative increase of the reference peak. The second assumption is strengthened by the 

fact that the C–O stretching vibration of the AGU at n=1030 cm-1 becomes narrower 

with increasing DS (Figure 22). With these considerations in mind, the relationship 

from equation (9) was used as the fit equation for a non-linear fit applied to the data as 

shown in Figure 23. The calculated values a and b from the non-linear fit equation as 

well as the offset values c are summarized in Table 13. The DSIR were then calculated 

based on the obtained results from these calibration curves (Table 11) and were plot-

ted against the determined DS1H for a comparison of the two methods (Figure 25). 

Table 13 Results of the non-linear fit for cellulose acetate (CAc), cellulose butyrate 
(CBu), cellulose laurate (CL), and cellulose benzoate (CBz) as well as CAcs based on 
mixtures of cellulose triacetate and cellulose (CAc-mixtures). 

Cellulose ester Peak a b c R2 

CAc n(O–H) -72.310±7.320 0.540±0.094 87.282 0.958 

CAc n(C=O) 22.738±1.113 0.470±0.048 0.062 0.993 

CAc (C–H) 3.414±0.129 0.163±0.028 0.428 0.998 

CAc n(C–O)ester 26.764±0.940 0.216±0.024 0.886 0.998 

CAc-mixtures n(−) -39.668±1.914 0.147±0.024 87.282 0.992 

CAc-mixtures n(C=O) 20.077±1.104 0.391±0.049 0.062 0.997 

CAc-mixtures (C–H) 5.451±0.392 0.499±0.078 0.428 0.997 

CAc-mixtures n(C–O)ester 28.396±1.275 0.264±0.027 0.886 0.998 

CBu n(C=O) 22.039±2.794 0.295±0.099 0.062 0.988 

CBu n(C–O)ester 30.098±4.826 0.433±0.154 0.886 0.985 

CL n(C=O) 16.338±1.121 0.021±0.038 0.062 0.995 

CL n(C–O)ester 12.324±0.849 0.160±0.032 0.886 0.997 

CBz n(C=O) 24.333±1.875 0.500±0.086 0.062 0.992 

CBz n(C–O)ester 60.093±10.832 1.189±0.324 0.886 0.996 
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Figure 24 (a)–(d) Simulated IR spectra of cellulose acetate with different DS, linearly 
increasing absorbance of the three acetyl signals (C=O, C-H and C-O vibration) with a 
constant absorbance of the C-O stretching vibration of the AGU as a reference signal. 
(e) Simulated absorbance intensities based on this model for different DS values. (f) 
Simulated IR spectrum of cellulose acetate with a DS of 1.0 and a hypothetical peak 
from the acetyl group (red), which arises at the same wavenumber as the reference 
peak (C-O stretching vibration of the AGU). (g) Simulated IR spectrum of cellulose 
acetate with the adjusted reference peak (purple) representing the sum of the two 
peaks: (black and red in (f)). (h)–(j) Simulated IR spectra of cellulose acetate with in-
creasing DS and a linearly increasing reference peak. (k) Simulated absorbance inten-
sities based on this model for different DS values. 
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The comparison shows that the highest average relative error was observed for the 

evaluation of the O–H stretching vibration, i.e. the DSIR,O-H in relation to the DS1H. This 

can be explained by i) the comparably broad n(O–H) signal, which leads to higher 

uncertainties and deviations for the integration of the peak, and ii) the n(O–H) signal is 

considerably influenced by water, which can be adsorbed to cellulose acetate samples 

in varying amounts, depending on the individual DS and the time the sample was ex-

posed to (humid) air. Even though all samples were dried at 100 °C under reduced 

pressure (30 mbar) for 12 h and immediately measured, the n(O–H) signal resulted in 

the highest deviations, which is also confirmed by the comparably low correlation co-

efficient R2 for the calibration curve of the n(O–H) signal (Table 13). The DSIR were 

then calculated based on the obtained results from these calibration curves (Table 11) 

and were plotted against the determined DS1H for a comparison of the two methods 

(Figure 25). 
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Figure 25. DSIR determined from the calibration of the respective peak (n(O–H), 

n(C=O), (C–H), and n(C–O)ester) compared to the DS1H of all synthesized cellulose 
acetates. 

The DSIR,O-H was therefore not considered for further quantitative evaluations. However, 

in special cases, such as for the determination of historical cellulose acetate objects 

containing plasticizers (e.g. triphenyl phosphate or diethyl phthalate), the n(C=O), (C–

H), and n(C–O)ester band cannot be used due to overlapping peaks from the plasticizers. 
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Melo et al. demonstrated a successful DS determination of historical objects containing 

plasticizers using the n(O–H) signal.219 Nevertheless, for pure cellulose acetate sam-

ples, the n(O–H) signal was considered unsuitable, as explained before. 

The DSIR,C=O, DSIR,C-H, and DSIR,C-O resulted in similar average relative error values 

(5.5–7.3%) in relation to the DS1H. It was found that the arithmetic mean of the DSIR,C=O, 

DSIR,C-H, and DSIR,C-O results in an even lower average relative error of 4.9% as can be 

seen in Figure 25e. This averaging and thus most efficient use of all information con-

tained in the spectra thus represents the most accurate means of calibration. 

 

Comparison of homogeneous cellulose acetates with mixtures of CTA/MCC 

In previous investigations in this field, often mixtures of cellulose acetates (mostly tri-

acetates) with pure, unmodified cellulose were prepared to simulate cellulose acetates 

with different intermediate DS values.207,218 These were then used to create calibration 

curves for cellulose acetate in certain DS ranges. It was often assumed that this pro-

cedure is valid, but not confirmed by a suitable comparison to calibrations performed 

on a broad range of homogeneous cellulose acetate samples with evenly distributed 

DS values. We thus prepared mixtures of CTA with MCC and compared the obtained 

data to the dataset we observed from homogeneous cellulose acetates (Figure 26). It 

was found that both methods led to similar results, but the deviations within the five-

fold determination for a single sample are considerably higher for the mixtures (with 

only few exceptions), as can be seen by the error bars, i.e. the standard deviation, in 

Figure 26.  
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Figure 26 Comparison of homogeneously synthesized cellulose acetates with mix-
tures of CTA and MCC. 
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This can be explained by the higher heterogeneity within the sample, which conse-

quently leads to deviations during the FTIR measurement, especially in the case of 

ATR-FTIR instruments as the penetration depth of the evanescent wave into the sam-

ple is only in the range of few micrometers.312 This reduces the statistical effect in the 

measurement of heterogeneous samples and therefore leads to higher deviations for 

different measurements. 

 

DS Determination of other Cellulose Esters 

The calibration curve obtained from cellulose acetates was assumed to be applicable 

to other aliphatic or aromatic cellulose esters, as the relevant functional groups moni-

tored via ATR-FTIR remain similar. Therefore, a set of cellulose butyrates, laurates, 

and benzoates with different DS were synthesized and analyzed analogously as the 

cellulose acetates (Figure 27). All determined DS values are summarized in Table 14. 

The absorbance of the two ester moiety signals n(C–O)ester and n(C=O) relative to the 

reference peak n(C–O)AGU were investigated and plotted against the DS1H of the re-

spective cellulose esters (Figure 28). A fit based on equation (9) was performed and 

the calculated values for a and b are summarized in Table 13. The DSIR values were 

then calculated based on the calibration curve from cellulose acetate, as well as an 

individual calibration curve based on the respective cellulose esters (Table 14). 
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Figure 27 Overlaid ATR-FTIR spectra of (a–d) cellulose butyrate, (e–h) cellulose 
laurate, and (i–l) cellulose benzoate with expanded views of the relevant vibration. 
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Table 14. DS values of all synthesized cellulose butyrates (CBu), cellulose laurates 
(CL), and cellulose benzoates (CBz) applying different determination methods. 

Sample DS1H DS31P DSIR,C-O
b) DSIR,C=O

b) DSIR,C-O
c) DSIR,C=O

c) 

CBu-1 0.56 -a) 0.56 0.62 0.57 0.67 
CBu-2 1.03 1.08 0.81 0.96 0.79 1.10 
CBu-3 1.34 1.42 1.25 1.47 1.13 1.87 
CBu-4 1.62 1.52 1.60 1.45 1.38 1.84 
CBu-5 1.62 1.63 1.84 1.77 1.54 2.39 
CBu-6 1.75 1.72 1.98 1.45 1.62 1.83 
CBu-7 2.37 2.24 2.22 2.39 1.76 3.77 
CBu-8 2.42 2.15 2.35 2.38 1.82 3.74 
CL-1 1.11 1.13 1.06 1.24 1.07 0.68 
CL-2 1.61 1.49 1.65 2.92 1.62 1.29 
CL-3 1.68 1.65 1.68 3.05 1.63 1.30 
CL-4 2.11 1.83 2.12 6.36 2.05 2.03 
CL-5 2.42 2.28 2.55 21.19 2.25 2.49 
CL-6 2.47 2.25 2.28 9.09 2.13 2.18 

CBz-1 0.76 0.91 0.75 0.80 0.66 1.01 
CBz-2 1.02 1.07 1.10 1.18 1.06 1.37 
CBz-3 1.36 1.46 1.53 1.65 1.67 1.72 
CBz-4 1.86 1.79 1.62 1.74 2.15 1.92 
CBz-5 2.25 2.17 2.13 2.29 2.15 1.92 
CBz-6 2.38 2.34 2.46 2.65 2.01 1.87 

a) Not determined due to insolubility. b) Calculated using a calibration based on the 
respective ester (CBu, CL, CBz). c) Calculated using the calibration based on cellulose 
acetate. 
 

The fitted curves were compared to the calibration performed for cellulose acetate and 

high deviations were obtained for the n(C=O) vibrational signal (Figure 28a). The n(C–

O)ester signal absorbance intensities showed a better correlation to the calibration of 

cellulose acetate, as shown in Figure 28b. The absorbance intensities are differently 

influenced for every class of cellulose ester, as can be seen from the fitted curves, as 

well as from the calculated values for a and b in Table 13. A calibration based on the 

absorbance intensities of cellulose acetate can therefore not be generally applied to 

other cellulose esters, even if they are aliphatic and do not bear any other functional 

groups. A separate calibration is necessary in order to achieve sufficiently precise re-

sults. This is confirmed by the fact that the calculated DSIR,C-O and DSIR,C=O values 

based on a calibration from cellulose acetate differ considerably from the DS values 

determined via 1H NMR, 31P NMR, or ATR-FTIR with a calibration based on the re-

spective cellulose ester itself (Table 14). Especially for cellulose laurates, unreliable 



Results and Discussion   

88 

DSIR,C-O and DSIR,C=O values were obtained when a calibration from cellulose acetate 

was applied. Generally, the approach of using ATR-FTIR spectroscopy was shown to 

be applicable to different cellulose esters apart from cellulose acetate, but a separate 

calibration must be performed for accurate results based on the n(C–O)ester absorb-

ance intensity. 
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Figure 28. Non-linear fits of the absorbance intensity of the n(C–O)ester and n(C=O) of 
cellulose butyrate, benzoate, and laurate plotted against the DS1H. The fit of cellulose 
acetate is shown for comparison, respectively. 

Conclusion 

The relationship between the DS and the absorbance intensity of different substituent 

specific vibrational signals in ATR-FTIR spectra was investigated for four different cel-

lulose esters. 16 cellulose acetates, eight cellulose butyrates, six cellulose laurates, 

and six cellulose benzoates with varying DS were synthesized, and their respective 

DS values were determined via 1H and 31P NMR spectroscopy. The determined DS 

was set into relation to the absorbance intensity of the n(C–O)ester, n(C=O), and (C–

H) vibration of the ester moiety after referencing these signals to the n(C–O)AGU of the 

cellulose AGU. A non-linear correlation was observed and a model was proposed de-

scribing this relationship. The presented DS determination method is advantageous in 

terms of its quick and simple measurement, but especially because of its applicability 

to non- or poorly soluble samples, as no pretreatment is necessary. As most other DS 

determination methods rely on soluble samples and the solubility in most cases re-

duces for cellulose derivatives with lower DS, the presented method is expected to 

complement existing methods. 
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4.3 Cellulose Thionocarbamate Synthesis via a Tandem 

Reaction Approach in the DMSO/DBU/CO2 Switchable 

Solvent System 

This chapter is based on previously published results by the author of this thesis: 

Wolfs, J.; Nickisch, R.; Wanner, L.; Meier, M. A. R. Sustainable One-Pot Cellulose 

Dissolution and Derivatization via a Tandem Reaction in the DMSO/DBU/CO2 

Switchable Solvent System. J. Am. Chem. Soc. 2021, 143 (44), 18693–18702.201 

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

extended with permission from the American Chemical Society, copyright 2021. 

The author developed the synthetic procedure, planned and evaluated the experi-

ments, and wrote the manuscript. R. Nickisch gave valuable input to the research 

work and synthesized the used n-dodecylisothiocyanate. L. Wanner synthesized 

parts of the materials library (for details see chapter 6.3.3) under supervision of the 

author. 

 

Abstract 

New sustainable concepts have to be developed to overcome the increasing problems 

of resource availability. Cellulose derivatives with tunable material properties are prom-

ising bio-based alternatives to existing petroleum-derived polymeric materials. How-

ever, the chemical modification of cellulose is very challenging, often requiring harsh 

conditions and complex solubilization or activation steps. More sustainable procedures 

towards novel cellulose derivatives are therefore of great interest. Herein, a novel con-

cept combining two approaches is described: i) tandem catalysis and ii) cellulose deri-

vatization applying a single catalyst for three transformations in the DMSO/DBU/CO2 

switchable solvent system. Cellulose was functionalized with four different bio-based 

isothiocyanates, which were formed in situ via a catalytic sulfurization of isocyanides 

with elemental sulfur, preventing the exposure and handling of isothiocyanates. The 

degree of substitution of the formed O-cellulose thiocarbamates was shown to be con-

trollable in a range of 0.52–2.16 by varying the equivalents of reactants. All obtained 
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products were analyzed by ATR-IR, 1H, 13C, and 31P NMR spectroscopy, as well as 

size exclusion chromatography, elemental analysis, differential scanning calorimetry 

and thermal gravimetric analysis. Finally, the tandem reaction approach was shown to 

be beneficial in terms of efficiency as well as sustainability compared to a stepwise 

synthesis and recycling ratios ranging from 79.1% to 95.6% were obtained for the em-

ployed components, resulting in an E-factor of 2.95 for the overall process. 
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Cellulose Dissolution and Derivatization 

Cellulose was dissolved in the DMSO/DBU/CO2 switchable solvent system applying 

the optimized conditions as reported by our group in 2018.132 This enables the disso-

lution of cellulose under very mild conditions (40 °C, atmospheric pressure) within 

20 minutes, which is beneficial, especially compared to ionic liquids, as usually ele-

vated temperatures and several hours for the solubilization of cellulose are required in 

these cases.126 Then, as a first proof of concept, a functionalization of cellulose in the 

DMSO/DBU/CO2 switchable solvent system with an isothiocyanate was performed as 

shown in Scheme 25. n-Dodecyl isothiocyanate was used as a reactant, yielding the 

corresponding O-cellulose-N-n-dodecyl thiocarbamate (CD-1, Table 15).  

 

Scheme 25 One-pot cellulose solubilization in the DMSO/DBU/CO2 switchable solvent 
system and subsequent derivatization with (in situ formed) isothiocyanates resulting in 
O-cellulose thiocarbamates. DBU has to be added only at the beginning of the cellu-
lose solubilization. 
 

Successful derivatization was obtained as confirmed by 1H NMR (Figure 29) and ATR-

IR spectroscopy (Figure 38a). However, an unexpected side reaction took place as 

indicated by the broad signal at =6.62−5.44 ppm in the 1H NMR spectrum and a signal 

in the IR-spectrum at n=1709 cm-1, which could not be assigned to any of the O-cellu-

lose-N-n-dodecyl thiocarbamate functionalities. 
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Figure 29 1H NMR spectrum (THF-d8) of CD-1. Integrals referenced to the methyl pro-
tons 6. 

 

Side Reaction Investigation 

In order to investigate the side reaction, a model reaction was chosen to facilitate the 

analytical assessment, as cellulose derivatives are mostly more challenging in their 

structural evaluation. Cellulose was therefroe substituted by n-hexanol as a model al-

cohol component and reacted with n-dodecyl isothiocyanate under the otherwise same 

reaction conditions. Two main products were formed during this reaction and sepa-

rated via flash column chromatography. 1H NMR spectroscopy revealed the formation 

of 27 mol% O-n-hexyl-N-n-dodecyl carbamate, besides 73 mol% of the expected O-n-

hexyl-N-n-dodecyl thiocarbamate by a comparison of the integrals of the isolated crude 

mixture after work-up as shown in Figure 30. The unexpected formation of the oxocar-

bamate was further confirmed by IR and 13C NMR spectroscopy, as well as mass spec-

trometry (Experimental Section, Figure S138–Figure S141). 
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Figure 30 Top: 1H NMR spectrum (CDCl3) of the crude mixture of O-n-hexyl-N-n-do-
decyl thiocarbamate and O-n-hexyl-N-n-dodecyl carbamate for determination of the 
thio- oxo carbamate ratio. Signals a and b are observed because of the cis/trans isom-
erism of the thiocarbamate moiety caused by the hindered rotation due to the partial 
double bond character.313 Bottom: 1H NMR spectra (left: DMSO-d6, right: CDCl3) of the 
purified model compounds O-n-hexyl-N-n-dodecyl carbamate (left) and O-n-hexyl-N-
n-dodecyl thiocarbamate (right). 

In order to rule out a possible conversion of the formed thiocarbamate to the corre-

sponding oxocarbamate in a second step (as explained for various reaction conditions 

in the literature),314–316 the purified O-n-hexyl-N-n-dodecyl thiocarbamate was stirred 

under the before applied reaction conditions and worked up analogously. However, the 

thiocarbamate remained stable over a period of 24 h and no conversion to the corre-

sponding oxocarbamate was observed, indicating formation of the side product during 
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the reaction and not in a subsequent step. In further investigations, the stability of n-

dodecyl isothiocyanate was checked in the switchable solvent system in the absence 

of an alcohol and found a near quantitative formation of N,N’-didodecylurea (Scheme 

26). 

 

Scheme 26 Performed control experiments for the side reaction investigation. 

With these findings as summarized in Scheme 26, it can be hypothesize that, even 

though the reaction was performed under inert conditions, small amounts of water 

could lead to this reaction: The isothiocyanate reacts with water, forming the corre-

sponding thiocarbamic acid, which is unstable and decomposes to an amine and COS. 

The amine forms a carbamate salt with the CO2 present in the system and then reacts 

with another equivalent of amine to the symmetric urea under elimination of one equiv-

alent water as described by e.g. Zhao et al.317 The recovered water keeps the cycle 

reacting, which explains a near quantitative conversion with just small amounts of wa-

ter present (Scheme 27). 
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Scheme 27 Proposed formation of N,N’-didodecyl urea from n-dodecyl isothiocyanate 
in the switchable solvent system. The formation of the urea from an amine is adapted 
from Zhao et al.317 

Zhao et al.317 proposed this reaction mechanism to proceed via an intermediate isocy-

anate, which could be detected in our investigations. n-Dodecylisocyanate was found 

as an intermediate in low concentration when n-dodecylisothiocyanate was heated to 

70 °C in the absence of an alcohol in the DMSO/DBU/CO2 switchable solvent system, 

as confirmed by gas chromatography measurements (Figure 31).  

 

Figure 31 Stacked GC spectra of the references DMSO, n-dodecylisocyanate, n-do-
decylisothiocyanate and the reaction mixture of n-dodecylisothiocyanate in the 
DBU/CO2 switchable solvent system at 70 °C after 2, 4, and 24 h. The product (N,N’-
didodecylurea) is not detected in these measurements because of its insolubility in 
ethylacetate. 
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This explains the formation of a carbamate when an additional alcohol is present, as 

in this case. An analogous formation of the oxocarbamate moiety could be confirmed 

on cellulose samples by a comparison of the observed IR spectra of CD-1 and a O-cel-

lulose-N-n-dodecyl carbamate sample, which was synthesized using a n-dodecylisocy-

anate (Figure 32). 

 

Figure 32 Comparison of the IR spectra of CD-1 and a O-cellulose-N-n-dodecyl car-
bamate sample, which was synthesized using n-dodecylisocyanate. 

 

Tandem Reaction Approach 

In order to establish a tandem reaction for cellulose functionalization with a triple use 

of DBU, the isothiocyanate reactant has to be formed in situ in the DMSO/DBU/CO2 

switchable solvent system. This in situ isothiocyanate formation was achieved by the 

addition of a suspension consisting of the liquid isocyanide and elemental sulfur to the 

cellulose solution without the addition of further solvent or DBU. A slow, dropwise ad-

dition of the suspension is crucial because higher loadings of sulfur in the reaction 

mixture leads to the precipitation of cellulose. This can be explained by the necessity 

of DBU for the sulfur activation forming polysulfide chains or trisulfur radical ani-

ons,266,292,318 which partially withdraws DBU from the DMSO/DBU/CO2 switchable sol-

vent system, destabilizing the solubilized cellulose carbonate and consequently leads 

to the precipitation of cellulose. The in situ isothiocyanate formation was carried out at 

40 °C, but optimization studies showed that a subsequent increase to 70 °C after full 

addition of the suspension is beneficial to achieve higher conversions of the isothiocy-

anate to the corresponding O-cellulose thiocarbamate. The isothiocyanate was formed 
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successfully as an intermediate, as confirmed by gas chromatography measurements 

of the reaction solution. Due to the high reactivity of isothiocyanates, only low amounts 

could be detected, indicating a rapid conversion to the O-cellulose thiocarbamate. This 

observation is beneficial for the design of safe procedures, which is requested by one 

of the Twelve Principles of Green Chemistry. The reactive and intrinsically noxious 

isothiocyanate compound is generated in situ and immediately reacts with the hydroxyl 

groups of the cellulose, reducing a potential exposure risk. Even though isothiocya-

nates are considered reactive, in an attempted heterogeneous functionalization of cel-

lulose with an excess of n-dodecylisothiocyanate and the absence of any solvent, no 

conversion could be detected by IR measurements (Figure 33), indicating the neces-

sity of a catalyst and/or solvent for the derivatization reaction. 

 

Figure 33 Overlayed IR-spectra of native cellulose (MCC), cellulose after an attempted 
heterogeneous modification with n-dodecyl isothiocyanate (CD-het) and CD-5 as a 
comparison. 

The influence of DBU as a catalyst on the third reaction step was further investigated 

by the same model reaction as already used for the side reaction investigation (reac-

tion of n-hexanol with n-dodecylisothiocyanate) with varying equivalents of DBU (0–

1.0 eq.). The model reactions were screened using gas chromatography and an in-

crease in the formation of O-n-hexyl-N-n-dodecyl thiocarbamate was detected with in-

creasing equivalents of DBU, as shown in Figure 34, confirming that DBU accelerates 

this reaction. 
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Figure 34 Reaction screening of the model reaction of n-hexanol with n-dodecylisothi-
ocyanate with different equivalents of DBU. The formation of O-n-hexyl-N-n-dodecyl 
thiocarbamate was monitored using gas chromatography. 

After having established a fundamental understanding of this new tandem reaction and 

after having confirmed the triple use of DBU, a set of 16 O-cellulose thiocarbamates 

with four different substituents and different degrees of substitution were synthesized 

via the tandem reaction approach as shown in Scheme 25 and are summarized in 

Table 15. The herein presented approach can be categorized as a tandem reaction 

because one catalyst promotes three different mechanisms: 1) partial carbonylation of 

cellulose132 leading to dissolution in DMSO, 2) isothiocyanate synthesis by sulfuriza-

tion of an isocyanide, and 3) cellulose derivatization to the corresponding O-cellulose 

thiocarbamate. As the side reaction forming the oxocarbamate species is potentially 

caused by water, all reactions were performed under inert conditions. However, a par-

tial oxocarbamate formation could not be suppressed. The mole fraction of thiocarba-

mate (xS,NMR) in the modified cellulose samples was quantified by comparison of the 

two N-H signal integrals in the 1H NMR spectra (Figure 29). Due to the broad signals 

with low intensity, elemental analysis was used as a second method to verify the de-

termined mole fraction (Table 15). 
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Table 15 Synthesized O-cellulose thiocarbamates with the thiocarbamate mole frac-
tion determined via elemental analysis and 1H NMR spectroscopy (xS,EA and xS,NMR), 
degree of substitution determined via 31P NMR spectroscopy (DS31P) and elemental 
analysis (DSEA,NC and DSEA,NH), and degradation temperature (Td,5%). 

Sample Reagent Eq.a xS,EA
b xS,NMR

c DS31P
d DSEA,NC

e DSEA,NH
e 

Td,5% / 

°C 

CD-1 n-C12-NCS 3.0 58.4±0.8% 54.5% 1.70 1.67±0.06 1.48±0.17 249.7 

CD-2 n-C12-NC+S8 1.0 16.4±0.4% 17.6% 0.52 0.78±0.03 0.75±0.05 222.2 

CD-3 n-C12-NC+S8 1.5 33.7±1.0% 40.0% 0.89 0.88±0.03 0.76±0.04 254.6 

CD-4 n-C12-NC+S8 2.0 59.4±1.1% -f 1.07 1.17±0.04 1.05±0.11 247.2 

CD-5 n-C12-NC+S8 3.0 48.2±5.4% 52.0% 1.56 1.48±0.00 1.34±0.02 247.2 

CD-6 n-C12-NC+S8 6.0 73.1±2.3% 69.0% 2.16 2.09±0.22 1.62±0.26 234.7 

CC-1 cy-C6-NC+S8 2.0 38.9±0.1% 42.1% 1.00 0.93±0.00 0.92±0.00 239.7 

CC-2 cy-C6-NC+S8 3.0 51.0±0.1% 58.1% 1.20 1.13±0.01 1.21±0.02 239.7 

CB-1 n-C4-NC+S8 2.0 38.8±0.3% 38.8% 1.31 1.26±0.00 1.17±0.01 212.2 

CB-2 n-C4-NC+S8 3.0 68.1±1.4% 67.0% 1.30 1.24±0.03 1.35±0.10 239.7 

CO-1 Oleyl-NC+S8 2.0 61.0±1.2% - g 1.69 1.70±0.07 1.53±0.17 262.2 

CO-2 Oleyl-NC+S8 3.0 66.8±1.5% - g 2.11 2.55±0.29 2.56±0.35 264.7 

CD-2wt% n-C12-NC+S8 3.0 55.6±0.5% 51.6% 1.24 1.27±0.00 1.13±0.04 n.d. 

CD-4wt% n-C12-NC+S8 3.0 71.3±0.2% 64.8% 1.61 1.75±0.00 1.57±0.02 n.d. 

CD-5wt% n-C12-NC+S8 3.0 74.8±0.4% 68.1% 1.59 1.65±0.02 1.45±0.03 n.d. 

CD-REC n-C12-NC+S8 3.0 76.6±0.5% 70.4% 1.47 1.42±0.06 1.44±0.09 n.d. 
aEquivalents of isothiocyanate/isocyanide per AGU; 1.12 eq. sulfur was used per eq. of isocyanide in 
the tandem reaction approaches. All samples (except for CD-2wt%, CD-4wt%, and CD-5wt%) were 
performed with a cellulose concentration of 3 wt%. bMole fraction of thiocarbamate determined via 
elemental analysis. cMole fraction of thiocarbamate determined via 1H NMR spectroscopy. dCalcu-
lated values corrected using elemental analysis data. eThe error is the standard deviation calculated 
from two or three measurements, depending on the sample (see Experimental Section Table 28). 
fNot determined due to low signal intensity in the 1H NMR spectrum caused by low solubility. gNot 
determined due to overlap with double bond signals. 

Despite a low signal intensity in the 1H NMR spectra, the determined ratios were re-

markably similar to those calculated from elemental analysis data as shown in Figure 

35a, revealing that 1H-NMR spectroscopy is a sufficient analysis for determination of 

the mole fraction for the (thio)carbamate cellulose derivatives. The highest discrepancy 

was observed for CD-3, but the relative deviation remained below 19%. From the xS 

data in Table 15, a trend can be seen with declining oxocarbamate formation when 

higher equivalents of reactant were used. In the IR spectrum, the thio- as well as the 

oxocarbamate moiety cause an increase of the N-H deformation vibration signal at 

n=1530 cm-1, whereas only the oxocarbamate moiety causes a C=O stretching vibra-

tion signal. By normalization of the IR spectra to the N-H deformation vibration signal 

instead of the C-O stretching vibration of the AGU, the influence of different degrees 

of substitution could be eliminated for a relative comparison of the oxocarbamate for-

mation in different samples. As a result, the trend of a declining side reaction ratio 
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could be confirmed via IR spectroscopy by a relative comparison of the C=O signal 

intensities for samples CD-2–CD-6 as shown in Figure 35b. Besides the applied con-

centration of 3 wt% cellulose in the DMSO/DBU/CO2 switchable solvent system, a test 

series with 2, 4, and 5 wt% was performed to investigate the influence of cellulose 

concentration on the DS and oxocarbamate formation. A lower DS and mole fraction 

of thiocarbamate was observed at low cellulose concentration (2 wt%, DS31P=1.22), 

whereas the obtained DS remained stable at 3, 4, and 5 wt% cellulose concentration 

(DS31P=1.56, 1.61, and 1.59, respectively). Furthermore, the oxocarbamate formation 

was favored at lower concentrations as presented in Figure 35c by an increase of the 

C=O stretching vibration signal relative to the N-H deformation vibration signal. This 

trend could be confirmed by the determined thiocarbamate mole fraction (Table 15) 

with xs,NMR=51.6, 52.0, 64.8, and 68.1% for 2, 3, 4, and 5 wt% cellulose concentration, 

respectively. This is beneficial in terms of sustainability, as the reaction provides com-

parable DS with less side reaction when less solvent is used for the functionalization.  

 

Figure 35 Bar chart comparison of the thiocarbamate mole fraction (xs) determined via 
elemental analysis and 1H NMR spectroscopy. xs,NMR of CD-4 could not be determined 
due to low signal intensity caused by low solubility, xs,NMR of CO-1 and CO-2 could not 
be determined due to overlap with double bond signals (a). Overlayed IR-spectra of 
CD-2−CD-6 normalized to the N-H deformation vibration for a relative comparison of 
oxocarbamate formation (b). Overlayed IR-spectra of four O-cellulose-N-n-dodecyl thi-
ocarbamate samples synthesized with different cellulose concentrations (5, 4, 3, and 
2 wt%) normalized to the N-H deformation vibration for a relative comparison of oxo-
carbamate formation. 3 eq. n-dodecyl isocyanide were used per AGU in all four 
batches (c). 

The influence of aging on the thiocarbamate mole fraction xS,EA was investigated by 

storage of sample CO-2 for 2 months under air. No oxidation of the thiocarbamate 
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moiety was observed, as the mole fraction remained stable (xS,EA=66.8±1.5% vs. 

69.1±2.3% after 2 months). 

The degree of substitution of the synthesized O-cellulose thiocarbamates could not be 

determined via 1H NMR spectroscopy because of overlapping signals from THF-d8 and 

H2O with signals of the AGU protons. Therefore, the DS31P was determined by a pro-

cedure introduced by Kilpeläinen et al.208, in which the remaining free hydroxyl groups 

of the respective cellulose sample are reacted with the phosphitylating agent 2-chloro-

4,4,5,5-tetramethyl-1,3,2-dioxaphospholane to yield phosphite esters, which can be 

detected quantitatively by 31P NMR spectroscopy. To verify the determined DS31P, el-

emental analysis was used as a second method for DS determination. Using elemental 

analysis data, the DS can be calculated based on the nitrogen to carbon ratio (DSEA,NC) 

or the nitrogen to hydrogen ratio (DSEA,NH) according to equation (11) and (12). 

𝐷𝑆𝐸𝐴,𝑁𝐶 =
𝑛𝐶,𝐴𝐺𝑈 ×

𝑤𝑁

𝑀(𝑁)

𝑛𝑁,𝑆
𝑤𝐶

𝑀(𝐶)
− 𝑛𝐶,𝑆 ×

𝑤𝑁

𝑀(𝑁)

 (11) 

𝐷𝑆EA,NH =
𝑛H,AGU ×

𝑤N

𝑀(N)

𝑛N,S
𝑤H

𝑀(H)
− (𝑛H,S − 𝑛𝐻) ×

𝑤N

𝑀(N)

 (12) 

𝑤H: mass fraction of hydrogen 

𝑤C: mass fraction of carbon 

𝑀(H): molar mass of hydrogen 𝑀(H) = 1.00784 
g

mol
 

𝑀(C): molar mass of carbon 𝑀(C) = 12.0107 
g

mol
 

𝑀(N): molar mass of nitrogen 𝑀(N) = 14.0067 
g

mol
 

Any solvent residues or other impurities in the investigated cellulose samples distort 

the DS measurements drastically, which is why a high purity is essential and thus was 

proven by 1H NMR spectroscopy (Experimental Section). The measured DSEA,NC and 

DSEA,NH are in accordance with the determined DS31P in most cases as shown in Fig-

ure 36 by a comparison of the three narrow bars for the individual sample. By compar-

ison of the used equivalents of isocyanide with the obtained DS, the conversion can 

be determined (Figure 36). The highest conversions were observed when oleyl isocy-

anide was used as the reactant, or when low equivalents (1.0 eq.) of reactant were 
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chosen (CO-2: 85% conversion and CD-2: 78% conversion, calculated based on the 

DSEA,NC). 

 

Figure 36 Bar chart comparison of the degrees of substitution determined via 31P NMR 

spectroscopy (DS31P) and elemental analysis (DSEA,NC, DSEA,NH) and the used equiva-

lents of reactant per AGU. 

By comparing the two samples CD-1 and CD-5 (Table 15), the direct functionalization 

of cellulose with an isothiocyanate can be compared to the tandem reaction approach 

under the otherwise same reaction conditions (3.0 eq. reactant). The thiocarbamate 

mole fraction (58.4±0.8% vs. 48.2±5.4%), as well as the DS31P (1.70 vs. 1.56) is slightly 

higher when n-dodecyl isothiocyanate was used directly, compared to when formed in 

situ. However, since the separate synthesis of n-dodecyl isothiocyanate from n-do-

decyl isocyanide yields 88% product,266 3.0 eq of the presynthesized isothiocyanate 

theoretically correspond to 3.41 eq. isocyanide. This overcompensates the lower ob-

tained DS31P, because a theoretical DS31P=1.82 should be obtained when 3.41 eq. iso-

cyanide were used instead of 3.0 eq in the tandem procedure (linear correlation as-

sumed for the extrapolation, see Figure 37). Together with the higher synthetic effort 

and waste formation of a stepwise synthesis, the tandem reaction approach is benefi-

cial in terms of efficiency as well as sustainability. 
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Figure 37 Linear fit of the DS31P with 0.0–3.0 equivalents of isocyanide reactant and 
extrapolation of the DS31P with 3.41 eq. of isocyanide (calculated: DS31P = 1.82). 

The degree of substitution of CD-2–CD-6 could be controlled in a range of DS31P=0.52–

2.16 by varying the equivalents of isocyanide reactant between 1.0–6.0 eq. per AGU. 

The successful derivatization was confirmed by ATR-IR spectroscopy as the charac-

teristic thiocarbamate signals of the N-H bending vibration at n=1530 cm-1 and the C=S 

stretching vibration at n=1150 cm-1 were observed (Figure 38). A decrease of the O-H 

stretching vibration at n=3360 cm-1 and an increase of the N-H bending vibration at 

n=1530 cm-.1 was found, which confirms the trend of an increasing degree of substitu-

tion from CD-2 to CD-6. All spectra were normalized to the C-O stretching vibration of 

the AGU at n=1023 cm-1 for a relative comparison, as the intensity of this signal is not 

considerably affected by the derivatization. 
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Figure 38. (a) Stacked IR-spectra and expanded views of the overlayed (b) O-H or N-
H stretching vibrations and (c) N-H bending vibration for CD-1–CD-6 with MCC as a 
reference. All spectra were normalized to the signal of the C-O stretching vibration at 

n=1023 cm-1. MCC=microcrystalline cellulose. 

Size exclusion chromatography measurements of the O-cellulose thiocarbamates re-

vealed a trend of increasing hydrodynamic volume (i.e. decreasing retention time) with 

an increase of the DS for samples CD-2–CD-4 (Figure 39). This correlation is expected 

due to the increase of the average molecular weight, however this trend does not con-

tinue for samples CD-5, CD-6, and CD-1 even though the DS increases for these sam-

ples. Contrarily, the retention time decreases with an increasing DS in these cases. A 

possible explanation is that the polymer adapts a more compact shape in solution due 

to the increased hydrophobicity and the growing interactions of the introduced thiocar-

bamate side chains, leading to a decrease in hydrodynamic volume. 

 

Figure 39. Size exclusion chromatography traces of CD-1–CD-6 recorded in DMAc 
(0.03 wt% LiCl). 
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The thermal stability of the samples was investigated using thermogravimetric analysis 

(TGA). The calculated results for Td,5% ranged from 222.2 to 264.7 °C, which was lower 

than that of native microcrystalline cellulose (319.7 °C). The lower Td,5% is expected to 

result from the cleavage of the thiocarbamate moiety, which is indicated by the two-

step thermal degradation process (Figure 40). In earlier studies, similar behavior was 

reported for polymers containing thiocarbamate moieties in the side-chain and a ther-

mal decomposition to the corresponding thiol and isocyanate was verified via IR spec-

troscopy and gas chromatography coupled with mass spectrometry.319 Comparable 

degradation temperatures of thiocarbamate moieties between 219–228 °C were ob-

served in this study, which further indicates the thiocarbamate cleavage of O-cellulose 

thiocarbamates in a first step.  

 

 

Figure 40 TGA analysis of the synthesized O-cellulose thiocarbamates with MCC as 
a reference. 

DSC measurements were performed for the synthesized O-cellulose thiocarbamates 

and no glass transition could be observed in the range of −50 to 200 °C (Figure 41). 

A certain instability in the baseline was found, but no Tg could be found. 
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Figure 41 DSC analysis of the synthesized O-cellulose thiocarbamates and MCC as 
a reference, second heating step. 

All samples were obtained as white or yellow powdery solids with different solubilities, 

depending on the substituent as well as the DS. A solubility study (Table 16) revealed 

that all samples were soluble in DMAc + LiBr. No trend between the DS or the substit-

uent on the solubility in DMSO or THF could be concluded. 

Table 16 Solubility chart of the synthesized O-cellulose thiocarbamates. 

Sample CHCl3 DMSO THF DMAc + LiBr 

CD-1     

CD-2     

CD-3     

CD-4     

CD-5     

CD-6     

CC-1     

CC-2     

CB-1     

CB-2     

CO-1     

CO-2     

CD-2wt%     

CD-4wt%     

CD-5wt%     

CD-REC     

red = insoulble, green = soluble 
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For a sustainable cellulose functionalization using a homogeneous approach, recycla-

bility of the solvent and antisolvent is essential, as this accounts most to the generation 

of waste and thus the E-factor. To reduce the influence of sample loss and ensure a 

more precise recycling ratio determination, the process was scaled up (CD-REC, 

4.00 g cellulose) and the used components for solubilization and precipitation/purifica-

tion (DMSO, DBU, and isopropanol) were recycled via fractional distillation. Recycling 

ratios of 91.5% for DMSO, 79.1% for DBU, and 95.6% for isopropanol were obtained, 

which is close to recovery ratios reported for cellulose acetylations in the 

DMSO/DBU/CO2 switchable solvent system by Xie et al. (92% DMSO and 91% 

DBU)137 or in one of our previous reports (97.7% DMSO, 87.0% DBU, 98.9% isopro-

panol)140. This results in a calculated E-factor of 2.95 for the overall process, which is 

significantly lower (up to 5 times) than reported one-step modifications of cellulose un-

der various conditions.310 Considering that a separate synthesis of the isothiocyanate 

reactant solely results in an E-factor of 1.22–2.81 (depending on the isothiocyanate)266 

makes the presented tandem reaction approach highly efficient for the synthesis of O-

cellulose thiocarbamates. The contribution of the individual losses of the different com-

ponents was evaluated and is summarized in Figure 42. 

 

Figure 42 Pie chart of the different E-factor contributions for the synthesis of CD-REC. 

The reusability of the recovered DMSO/DBU mixture was subsequently demonstrated 

by a successful synthesis of an O-cellulose-N-oleyl thiocarbamate without considera-

ble differences compared to a fresh batch (DS31P=1.63 with 2.0 eq. oleyl isocyanide 

and redistilled DMSO/DBU compared to CO-1 with DS31P=1.69) after the molar com-

position of the redistilled DMSO/DBU fraction was appropriately adjusted by the addi-

tion of a calculated amount of fresh DBU. 
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Conclusion 

A novel functionalization approach for cellulose with isothiocyanates providing O-cel-

lulose thiocarbamates was achieved in the DMSO/DBU/CO2 switchable solvent. The 

isothiocyanate was generated in situ via a DBU catalyzed sulfurization of isocyanides 

with elemental sulfur, resulting in a tandem reaction protodcol for cellulose derivatiza-

tion with a single catalyst. Besides the expected thionocarbamate formation, a partial 

formation of an oxocarbamate moiety was observed. This was confirmed by a model 

reaction, in which cellulose was substituted with n-hexanol and reacted with n-dodecyl-

isothiocyanate under the otherwise same reaction conditions. The formation of 

23 mol% O-n-hexyl-N-n-dodecyl carbamate besides 73 mol% of O-n-hexyl-N-n-do-

decyl thiocarbamate was confirmed by 1H NMR, 13C NMR, and IR spectroscopy, as 

well as mass spectrometry. The extent of thiocarbamate formation in the synthesized 

O-cellulose thiocarbamates was quantified by 1H NMR spectroscopy and verified via 

elemental analysis as well as IR spectroscopy. The concentration of cellulose in the 

switchable solvent system was shown to influence the thiocarbamate formation ratio, 

leading to higher mole fraction of thiocarbamate side chains with less side reaction at 

higher concentrations. A set of 16 O-cellulose thiocarbamates was synthesized with 

four different substituents and the degree of substitution was shown to be controllable 

between DS31P=0.52–2.16 by varying the equivalents of reactant with conversions of 

up to 85%. Thermal properties of the synthesized products were investigated by ther-

mogravimetric analysis and differential scanning calorimetry revealing degradation 

temperatures (Td,5%) ranging from 222.2 to 264.7 °C and no observable glass transition 

temperature in a range of −50 to 210 °C. The tandem reaction approach was shown to 

be beneficial in terms of efficiency as well as sustainability compared to a stepwise 

synthesis, and the recyclability of the used components was demonstrated with recov-

ery ratios of 91.5% DMSO, 79.1% DBU and 95.6% isopropanol. This results in a cal-

culated E-factor of 2.95 for the synthesis of O-cellulose thiocarbamates in a novel one-

pot tandem procedure, demonstrating the versatility of the DMSO/DBU/CO2 switchable 

solvent system for cellulose dissolution and functionalization with a triple catalytic use 

of DBU. 
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4.4 Polythionourethane Thermoset Synthesis via Activa-

tion of Elemental Sulfur in an Efficient Multicomponent 

Reaction Approach 

This chapter is based on previously published results by the author of this thesis: 

Wolfs, J.; Ribca, I.; Meier, M. A. R.; Johansson, M. Polythionourethane Thermoset 

Synthesis via Activation of Elemental Sulfur in an Efficient Multicomponent Reaction 

Approach. ACS Sustain. Chem. Eng. 2023, 11 (9), 3952–3962.320 

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

extended with permission from the American Chemical Society, copyright 2023. 

The author developed the synthetic procedure, conducted and evaluated the experi-

ments, and wrote the manuscript. I. Ribca gave valuable input to the research work, 

was part of several discussions, and assisted with analytical measurements. 

Abstract 

For the transition towards a safer and more sustainable production of polymeric mate-

rials, new synthetic concepts need to be developed. Herein, a catalytic, solvent-free 

synthesis approach for novel thionourethane thermoset materials is described, in 

which the diisothiocyanate reactant is generated in situ via a sulfurization of isocya-

nides with elemental sulfur, preventing the exposure and handling of the diisothiocya-

nate. In this one-pot procedure, castor oil fulfills a dual role: i) acting as the solvent for 

the in situ diisothiocyanate synthesis in the first step and ii) reacting as the polyol com-

ponent in the subsequent thionourethane thermoset formation. The kinetics of the con-

secutive two-steps were studied in detail via real-time IR measurements, and the ther-

moset crosslinking step was found to be thermally triggerable after the diisothiocyanate 

reactant is quantitatively formed, enabling high control over the curing process of the 

system. Differential scanning calorimetry, thermal gravimetric analysis, and rheological 

measurements were performed to investigate the thermal and mechanical properties 

of the novel thionourethane thermosets and then compared to analogous polyurethane 

materials. Our results demonstrate an unprecedented approach for thermoset synthe-
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sis via an in situ reagent synthesis, i.e., the generation of isothiocyanates from isocy-

anides by catalytic activation of elemental sulfur, and subsequent thermally triggerable 

thermosetting with a polyol, resulting in materials with appealing properties. 

 

 

 

OH-value Determination of Castor Oil and Isocyanide Synthesis 

For the synthesis of thionourethane thermosets with in situ generation of the diisothio-

cyanate reactant, a catalytic sulfurization approach of diisocyanides with elemental 

sulfur was chosen (Scheme 28). This reaction is performed in castor oil, which acts as 

the solvent for the formation of the diisothiocyanate and then as the polyol component 

in the crosslinking step. To achieve a successful thermoset curing, an exact stoichiom-

etry between the diisothiocyanate and the hydroxyl groups of the polyol (i.e. castor oil) 

is a prerequisite. Therefore, the hydroxyl value of castor oil was first determined using 

a derivatizing approach, in which the free hydroxyl groups of castor oil react with 2-

chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane to form a phosphite, which can 

then quantitatively be determined via 31P-NMR spectroscopy together with an internal 

standard (Experimental Section, Figure S171). In a triple determination, the OH-value 

was calculated to OHS = 2.39±0.02 mmol g-1, which corresponds to a hydroxyl value 

of HV = 134.1±1.2 mg KOH g-1. The determined hydroxyl value is close to values re-

ported in the literature, which range from 102–165 mg KOH g-1, depending on factors 

like the exact origin and storage time of the individual batch of castor oil.321–326 

The used diisocyanides were synthesized according to a more sustainable synthesis 

procedure developed by Meier et al.327 using three bio-based diamines (1,5-diamin-

opentane, 1,10-diaminodecane, and 1,12-diaminododecane) as well as two common 

ON

Curing
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petroleum-based diamines (1,6-diaminohexane and isophorone diamine). Further-

more, three diisothiocyanates (1,5-diisothiocyanatopentane, 1,6-diisothiocyanatohex-

ane, and isophorone diisothiocyanate) were synthesized according to the procedure of 

Meier et al.266 in order to compare resulting thionourethane thermosets from presyn-

thesized diisothiocyanates with in situ generated diisothiocyanates.266 

 

Scheme 28 Synthesis of Polythionourethane Thermosets Based on Castor Oil with in 
situ Generation of Diisothiocyanates via Catalytic Sulfurization of Diisocyanides with 
Elemental Sulfur. 

In Situ Diisothiocyanate Formation 

First reactions for the formation of diisothiocyanates from diisocyanides with elemental 

sulfur and DBU as the base revealed that castor oil is a suitable solvent for this syn-

thesis. The amount of castor oil was chosen to fit a 1:1 stoichiometry of OH groups to 

the generated isothiocyanate functional groups to ensure a quantitative conversion in 

the second reaction step. IR spectroscopy was used to monitor the reaction progress, 

as the isocyanide, isothiocyanate, as well as the resulting thionourethane functional 

group exhibit distinct signals in the IR spectrum (Figure 43). The investigations showed 

that a heterogeneous synthesis of diisothiocyanates from diisocyanides and elemental 

sulfur with quantitative conversions is possible according to IR measurements. Fur-

thermore, it was found that the isothiocyanate formation reaction proceeded much 

faster than the subsequent reaction of the isothiocyanate with the hydroxyl group of 

castor oil. This behavior is beneficial in multiple ways: first, a faster reaction of the 

diisocyanide enables a quantitative formation of the diisothiocyanate before the curing 

takes place, which prevents problems concerning the heterogeneity of the first reaction 

step with an increase of viscosity or gelation due to the curing. Second, the “activated” 

mixture can be transferred into a mold of choice after quantitative conversion of the 
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diisocyanide, and finally, the crosslinking reaction can actively be triggered by an in-

crease in temperature. 

 

Figure 43 Stacked IR spectra of the multicomponent reaction of castor oil with 1,5-
diisocyano pentane, elemental sulfur, and DBU as organo-base at three stages of the 

reaction. All spectra were normalized on the nas(C-H2) signal at 2929 cm-1. 

Thermoset Synthesis 

Investigations on the crosslinking reaction, using presynthesized 1,6-diisothiocyanato 

hexane (C6-DiNCS) with castor oil in 1:1 stoichiometry of the isothiocyanate to hydroxyl 

functional group, resulted in no gelation, even though quantitative conversion of the 

isothiocyanate functionality was detected via IR spectroscopy. It was found that a slight 

excess of isothiocyanate functional groups over the hydroxyl groups (1.1:1.0) is nec-

essary for the successful curing of the material. This can be explained by two possible 

side reactions: first, if low amounts of water are present in the reaction mixture, the 

isothiocyanate group can react with water, forming a thionocarbamic acid, which is 

unstable and degrades to an amine. This results in a deactivated chain-end, which can 

be reactivated if a certain excess of diisothiocyanate is present under the formation of 

an interposed thiourea moiety (Scheme 29). 
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Scheme 29 Hypothesized deactivation of the active chain end in the presence of water 
with a subsequent reactivation chain-end with a slight excess of diisothiocyanate under 
the formation of an interposed thiourea moiety. 

A second explanation could be the partial formation of dimers or trimers of the isothio-

cyanate functional group, which was reported to be possible under the catalysis of DBU 

by Taguchi et al.328,329 However, the extent of possible thiourea and/or trimer formation 

remained lower than the detection limit of the applied analytical methods (i.e. 1H NMR 

and IR spectroscopy), and could therefore not undoubtedly be confirmed for this sys-

tem. Furthermore, crosslinking reactions of C6-DiNCS with castor oil in the absence of 

DBU at T=100 °C did not lead to any detectable thionourethane formation after 48 h 

reaction time, which indicates the necessity of a base for the reaction. DBU can there-

fore be considered to act in a dual role, as it catalyzes both reaction steps, i.e. the 

isothiocyanate formation and the thionourethane formation.201,266,300 Other organo-

bases (triethylamine, 4-dimethylaminopyridine, 1,4-diazabicyclo[2.2.2]octane, and 

1,5,7-triazabicyclo[4.4.0]dec-5-ene) were screened as possible alternatives, but DBU 

was found to be the most effective candidate in this context. 

The full two-step process from 1,5-diisocyanido pentane (C5-DiNC), S8, castor oil, and 

DBU as organo-base with in situ generation of the intermediate 1,5-diisothiocyanato 

pentane (C5-DiNCS) to the fully cured thionourethane thermoset material was moni-

tored in real-time using IR-spectroscopy. A temperature of T=55 °C was chosen for the 

formation of the C5-DiNCS in castor oil as a solvent, followed by an increase to 

T=100 °C for the crosslinking reaction after full conversion to the diisothiocyanate was 
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detected. The progress of the reaction is displayed in Figure 44a–d with a decrease 

of the n(-NC) signal and a simultaneous increase of the n(N=C=S) signal in the first 

36 min at T=55 °C. Upon heating to T=100 °C, a decrease of the n(N=C=S) signal with 

a simultaneous increase of the thionourethane (N-H) signal was obtained. All spectra 

were normalized to the nas(C-H2) stretching vibration at n=2929 cm-1, as no change in 

C-H bonds takes place and the absorbance intensity of this signal is therefore expected 

to stay constant throughout the reaction. 

 

Figure 44 (a) 3D surface plot of the IR spectra from real-time IR measurements of 1,5-
diisocyano pentane with elemental sulfur and DBU as organo-base in castor oil; (b)+(c) 

expanded views of n(-NC), n(N=C=S), and (N-H) vibrations; (d) IR-spectroscopy ab-
sorbance area of the respective signal over time applying a peak deconvolutional 

method for the quantification of n(-NC) and n(N=C=S) as shown in Figure 45. 

Figure 44a–b show that the n(-NC) and n(N=C=S) signals overlap, which complicates 

a quantitative evaluation, as the peaks cannot be directly quantified via a simple inte-

gration. Therefore, a peak deconvolutional method was used to reliably quantify the 

individual signals for the first reaction step. The n(N=C=S) signal was found as a dou-

ble peak and therefore two fits (Fit 1 and Fit 3 in Figure 45) were used to quantify the 

signal, whereas the n(-NC) signal was quantified by Fit 2 in Figure 45 for every IR 
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measurement of the first reaction step. The resulting quantitative data from the peak 

deconvolution method are plotted in Figure 44d (the quantitative data of the crosslink-

ing reaction at 100 °C was determined via simple integration of the signals).330 

 

 

 

Figure 45 Demonstration of the peak deconvolution results of three exemplary spectra 
at different times of the reaction of 1,5-diisocyanopentane with elemental sulfur and 
DBU in castor oil as a solvent, performed at T = 55 °C. 
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The slight excess of elemental sulfur (1.14 eq of sulfur atoms per isocyanide functional 

group) is necessary for a quantitative formation of the isothiocyanate as reported pre-

viously.266 The remaining sulfur remains in the thermoset material as no mass loss 

could be detected (quantitative yield), which accounts for a total weight percentage of 

0.8–0.9% (depending on the used diisocyanide) of the final material. Structural analy-

sis of the formed thermoset using NMR spectroscopy could not be performed due to 

its insolubility why a model reaction was performed instead to complement the IR data. 

Therefore, a monoisothiocyanate (n-dodecylisothiocyanate) instead of a diisothiocya-

nate was used, which led to a soluble product and could consequently be analyzed by 

NMR spectroscopy. The 1H NMR, COSY, as well as HSQC spectra confirm the thi-

onourethane functionality and quantitative derivatization of the OH groups were de-

tected (Experimental Section Figure S167–Figure S169). 

Kinetic Investigations 

Based on the real-time IR observations, the kinetics of the two reaction steps were 

investigated in more detail to get a deep insight into the in situ generation of diisothio-

cyanates in castor oil, as well as the crosslinking behavior of the system. These inves-

tigations were performed using C5-DiNC. The first reaction step, the diisothiocyanate 

formation from the diisocyanide with elemental sulfur in castor oil, is a heterogeneous 

reaction, in which the sulfur is solubilized as it reacts. The solid S8 is first activated by 

DBU, forming a polysulfur chain, which is soluble in castor oil, and then reacts with the 

isocyanide forming the isothiocyanate functional group.263,266 The reaction rate r of this 

reaction clearly depends on the concentration of the isocyanide as well as the one of 

sulfur, resulting in second order reaction kinetics (equation (13)). However, as the sul-

fur is being solubilized as it reacts, the concentration of activated polysulfur chains 

remains almost stable throughout the reaction. This results in a second order kinetics 

reaction with apparent first order kinetics, because the reaction rate r is effectively only 

dependent on the isocyanide concentration when the concentration of the reactive pol-

ysulfur chains remains constant (equations (14)–(15)). 
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𝑟 ∝ [𝑁𝐶][𝑆x] (13) 

[𝑆X] = const. (14) 

𝑟 ∝ [𝑁𝐶] (15) 

The reaction was monitored at three different temperatures and the resulting linear 

correlation of ln([𝑁𝐶]0/[𝑁𝐶]) with time, as shown in Figure 46b, was used for the de-

termination of k1, confirming the assumption of apparent first order kinetics. Similar 

peak deconvolution methods as previously explained for the quantification of the n(-NC) 

signal was used again in this approach, and the resulting data are shown in Figure 

46a and Figure 46b. Minor deviations from linearity at 35 and 45 °C in Figure 46b can 

be explained by slight deviations in the oil bath temperature (±1 °C), which leads to a 

not completely preventable fluctuation of the kinetics data. This effect has higher influ-

ence on the reaction at 35 °C compared to the reactions at 45 and 55 °C, which ex-

plains the lower fluctuation at 45 °C and no noticeable fluctuation at 55 °C. Additionally, 

viscosity changes, which increase with conversion, could also affect the kinetics. 

The second reaction step (crosslinking) was investigated by the reaction of presynthe-

sized 1,5-diisothiocyanato pentane (C5-DiNCS) with castor oil in an online IR setup, 

monitoring the reduction of the n(N=C=S) signal (Figure 46c). This homogeneous re-

action follows second order kinetics, as the reaction rate r is proportional to the con-

centration of isothiocyanate and hydroxyl functional groups. This is confirmed by the 

linear correlation of ln([𝑁𝐶𝑆][𝑂𝐻]0/[𝑁𝐶𝑆]0[𝑂𝐻]) with time for the determination of the 

reaction rate constant of the crosslinking reaction step k2 as shown in Figure 46d. The 

Arrhenius plot was used for the determination of the activation energies Ea by applying 

a linear fit and applying the Arrhenius equation (Figure 46e and equation (21)). 

ln(𝑘) = ln(𝐴) −
𝐸𝑎

𝑅𝑇
 (16) 

𝑘: rate constant 
𝐴: preexponential factor 
𝐸𝑎: activation energy 

𝑅: universal gas constant, 𝑅 = 8.3145 J mol−1K−1 

𝑇: Temperature, [𝑇] = K 
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Besides the calculation of Ea, this plot can furthermore be used to determine k1 and k2 

values for any other temperature, which thus enables a prediction of the kinetics of the 

system for any other temperature program. For example, the k2 value can be extrapo-

lated for 55 °C, which enables the calculation of the reaction kinetics for the crosslink-

ing without an elevation to higher temperatures, resulting in a theoretical time of gela-

tion at 55 °C of tgel=63 h 15 min (Experimental Section equations (41)–(42)). Further-

more, it can be predicted at which temperature both reactions proceed at the same 

rate, which is the intercept of the two linear fits if both reactions are of the same reaction 

order (k1=k2 at the intercept). Beyond this point would therefore correspond to the tem-

perature range, at which the second reaction step becomes faster than the first. How-

ever, as the first reaction step follows apparent first order kinetics, and the crosslinking 

reaction second order kinetics, a calculative correction depending on the actual con-

centrations of the components has to be applied (Experimental Section equations 

(43)–(48)). 

 

Figure 46 (a) IR-spectroscopy absorbance area of the n(-NC) signal for the diisothio-
cyanate formation reaction in castor oil at T=35, 45, and 55 °C; (b) k1 determination 
applying first order kinetics for the diisothiocyanate formation reaction; (c) IR-spectros-

copy absorbance area of the n(N=C=S) signal for the polythionourethane crosslinking 
reaction at T=80, 90, and 100 °C; (d) k2 determination applying second order kinetics 
for the polythionourethane crosslinking reaction; (e) arrhenius plot of both reaction 
steps for the determination of the activation energies Ea and extrapolations of k1/k2 
values at different temperatures. 
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The temperature at which both reactions proceed at the same rate was consequently 

calculated to a hypothetical temperature of T=-115 K. This result indicates a faster re-

action rate for the first reaction step at any practically chosen temperature. All deter-

mined k1, k2, and Ea values are summarized in Table 17. 

Table 17 Determined k1 and k2 values of the two reaction steps (isothiocyanate and 
thionourethane formation, compare Scheme 28) at different temperatures and calcu-
lated activation energies Ea. 

Isothiocyanate formation: 

k1 (s-1) Ea  

(kJ mol-1) 35 °C 45 °C 55 °C 

4.76×10-4 9.58×10-4 1.83×10-3 56.6 

     

Thionourethane formation: 

k2 (M-1 s-1) Ea 

(kJ mol-1) 80 °C 90 °C 100 °C 

5.98×10-5 1.23×10-4 1.77×10-4 59.7 

In order to investigate the structure-property relationship on the resulting materials, a 

library of thionourethane thermosets was synthesized utilizing different diisocyanides 

applying the optimized conditions from the prior kinetic investigations. Furthermore, 

two reference materials based on 1,6-diisocyanatohexane (C6-DiNCO) and isophorone 

diisocyanate (IP-DiNCO) were synthesized to compare the conventional polyurethane 

thermosets with the novel polythionourethane thermosets concerning their mechanical 

and thermal properties. Additionally, three thionourethane thermosets were synthe-

sized using presynthesized diisothiocyanates for a comparison to the materials, which 

were synthesized via the multicomponent reaction approach with in situ generation of 

the diisothiocyanate (Table 18). 

Thermal Properties 

The thermal properties of all synthesized materials were analyzed using DSC and TGA 

measurements. DSC thermograms revealed a glass transition temperature Tg for all 

materials, ranging from -19 to -42 °C (Table 18).  
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Table 18 Thermal properties of the synthesized thermoset materials as determined via 
DSC and TGA. 

Reagent Tg (°C) Td,5% (°C) Td,50% (°C) Char residue (%)a 

C5-DiNC + S8 -35 207 372 3.6 

C5-DiNCS -34 205 371 0.6 

C6-DiNC + S8 -39 212 375 1.3 

C6-DiNCS -31 210 377 1.4 

C6-DiNCO -34 312 388 0.4 

C10-DiNC + S8 -38 220 379 0.7 

C12-DiNC + S8 -42 224 379 0.3 

IP-DiNCS -31 216 370 1.9 

IP-DiNCO -19 304 375 1.2 
aDetermined at 600 °C. 

 

When comparing the oxourethane reference material to the thionourethane thermoset 

based on C6-DiNCO/C6-DiNCS, respectively, the observed glass transition tempera-

tures were found to differ by 2 °C (-33 °C vs. -31 °C, Figure 47a), indicating that the 

thionourethane functionality does not have a major impact on the glass transition be-

havior compared to the oxourethane functionality. A slightly larger difference in Tg was 

obtained when comparing the thionourethane thermoset synthesized from C6-DiNCS 

with the in situ generated isothiocyanate from C6-DiNC + S8. (-31 °C vs. -39 °C, Figure 

47a). However, in the case of the C5-analogue, a difference of just 1 °C was observed 

(-34 °C vs. -35 °C, Table 18). Thus, no considerable deviation between the in situ and 

non in situ approach can be concluded. Generally, the glass transition of all thermosets 

is in a comparable temperature range, not being substantially affected by the type of 

diisothiocyanate/diisocyanate, except for the IP-DiNCO based thermoset, which shows 

a considerably higher Tg of -19 °C. 

In TGA measurements, a multi-step degradation mechanism with two major steps was 

found for the thionourethane thermoset materials, whereas a one-step degradation is 

observed for the oxourethane reference materials (Figure 47b). The first degradation 

step of the materials was characterized by the Td,5%, and was found to range from 205 

to 224 °C for the thionourethane materials, which is close to degradation temperatures 

that were found for other polymers containing the thionourethane moiety: Sun and 

Tang et al.300 found poly(O-thiocarbamate)s with Td,5% values in a range of 192–240 °C, 

depending on the substituent, and in a prior investigation in our group, we found Td,5% 

values of 212–265 °C for thionourethane functionalized cellulose derivatives.201 In all 
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these cases, a two-step degradation mechanism was observed, leading to the as-

sumption that the thionocarbamate functional group starts degrading in these temper-

ature ranges, followed by a second degradation step of the residual material. Similar 

behavior was also observed for S-thiocarbamate (thiolourethane) containing polymers, 

where the degradation of the S-thiocarbamate functionality to the corresponding iso-

cyanate and thiol could be detected.331 

 

Figure 47 (a) Stacked DSC thermograms and (b) overlaid TGA thermograms of the 
reference oxourethane thermoset based on C6-DiNCO compared to the thi-
onourethane thermosets synthesized using a presynthesized C6-DiNCS and the in situ 
generated diisothiocyanate from C6-DiNC + S8. The data of all other materials can be 
found in the Experimental Section Figure S174 and Figure S175. 

The second degradation step was evaluated at Td,50%, and a narrow temperature range 

was found for all materials (370–388 °C), especially comparing the thionourethane with 

the oxourethane thermoset materials (Table 18). Similar degradation temperatures for 

castor oil/isophorone diisocyanate-based oxourethane prepolymers were also re-

ported previously by Gurunathan et al. with Td,50%=382.9–431.0 °C, depending on the 

chosen polyol/diisocyanate ratio.322 

Rheological Investigations 

The curing process was monitored using in situ rheological measurements based on 

the C5-DiNCS and castor oil under three different isothermal conditions (80, 90, and 

100 °C). The time of gelation 𝑡gel was determined from the intercept of the loss- and 

storage moduli (Figure 48a–c) and ranged from 5 h 49 min at 100 °C to 17 h 56 min 

at 80 °C.  
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Figure 48 (a)–(c) Rheology measurements of the isothermal in situ curing of 1,5-
diisothiocyanato pentane and castor oil with DBU as organo-base at three different 
temperatures; (d) Arrhenius relationship applied to gelation times for the determination 
of Ea; (e)+(f) rheology temperature sweep measurement of a fully cured thionourethane 
thermoset (based on 1,6-diisothiocyanato hexane and castor oil (e)), and of a fully 
cured oxourethane thermoset (based on 1,6-diisocyanato hexane and castor oil (f)). 

The time of gelation can be taken as another measure of the overall rate of polymeri-

zation for the isothermal crosslinking processes, as the conversion at the gel point is 

constant and not dependent on the reaction temperature, according to Flory’s gelation 

theory.332–334 The activation Energy Ea can therefore be calculated from the tgel apply-

ing the Arrhenius relationship according to equation (17).333 

ln(𝑡gel
−1) = −

𝐸a

𝑅
 𝑇−1 + ln 𝐴′ 

(17) 

The determined Ea for the crosslinking reaction from rheological measurements (Fig-

ure 48d) is very close to the one determined from online IR measurements 

(Ea,IR = 59.7 kJ mol-1 vs. Ea,Rheometer = 61.7 kJ mol-1) and therefore confirm each other. 

Furthermore, analogous to the possible prediction of any other k value at different tem-

peratures from the Arrhenius relationship in Figure 46e, the time of gelation for any 

other isothermal curing temperature can be predicted due to the linear correlation of 

the Arrhenius relationship (Figure 48d, Experimental Section equation (49)). The 
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crosslinking of the C6-DiNCS with castor oil showed no substantial difference com-

pared to the C5-DiNCS concerning the time of gelation (tgel=5 h 49 min vs tgel=5 h 

33 min) and the resulting mechanical properties (Table 19).  

Table 19 Mechanical properties as determined from rheological measurements. 

Reagent G’25 °C (kPa) G’’25 °C (kPa) 𝜐e (mol m-3)a 

C5-DiNC + S8
b 34.1 14.8 13.8 

C5-DiNCSb 17.4 11.7 7.0 

C6-DiNCSc 18.4 8.5 7.4 

C6-DiNCOc 82.0 7.9 33.1 

IP-DiNCOd 113.9 28.3 45.9 
adetermined based on the storage moduli at 25 °C bCured isothermally at 90 °C, 
cCured isothermally at 100 °C, dCured isothermally at 115 °C. 

The fully cured thermoset based on C6-DiNCS was used to compare its properties to 

the oxourethane reference material based on C6-DiNCO. The thionourethane thermo-

set was found to have a lower storage modulus (G’=82.0 kPa vs G’=18.4 kPa), and 

consequently a lower crosslinking density 𝜐e. This is mainly expected to be a conse-

quence of weaker hydrogen bonds in the thionourethane thermoset compared to the 

oxourethane material. Elongated crosslinks in the thionourethane material can also be 

caused by the assumed side reactions as discussed before (interposed thiourea moi-

ety and/or dimerization of the isothiocyanate) but seem less likely, as similar side re-

actions also occur in classic urethane thermosets. The influence of temperature on the 

mechanical properties (i.e. storage and loss modulus) was investigated by a tempera-

ture sweep measurement of the fully cured material and the storage modulus remained 

stable up to a temperature of 130 °C (rubbery plateau), after which an irreversible dras-

tic storage modulus decrease was found for the thionourethane material (Figure 

48e+f). These observations are in accordance with the results from TGA measure-

ments, as onsets of thermal degradation reactions were detected starting at 130 °C. 

The rapid drop in modulus also implies a stepwise degradation mechanism with a rapid 

decrease in molecular weight in the first step. These novel thionourethane thermosets 

result in softer materials with generally lower storage modulus values if compared to 

classic polyurethane thermosets, which usually exhibit storage moduli in the range of 

low MPa values at room temperature.64,335–337 A major general advantage of polyure-

thanes over other polymer classes is the possibility of in situ foaming by the addition 
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of small amounts of water to the reaction mixture (which generates CO2) for the pro-

duction of polymer foams. This is theoretically also possible for the presented thi-

onourethane system, but under the formation of COS, which should be prevented due 

to its toxicity, and therefore limits the system in its current research state to non-foamed 

thermosets. Photographs of a thionourethane thermoset sample for a basic demon-

stration of the optical appearance is shown in Figure 49. 

 

Figure 49 Photographs of the resulting thionourethane thermoset material. 

 

Conclusion 

A novel multicomponent reaction based thionourethane thermoset synthesis approach 

from diisocyanides, elemental sulfur, and castor oil was achieved. The isothiocyanate 

was generated in situ via a DBU-catalyzed sulfurization of isocyanides, which was in-

vestigated in detail by real-time IR measurements. The kinetics for the formation of the 

diisothiocyanates were found to be of second order with apparent first order, likely due 

to the heterogeneous nature of the reaction. The crosslinking reaction was found to 

follow second order kinetics and proceeded considerably slower compared to the 

isothiocyanate formation reaction, resulting in a thermally triggerable curing of the sys-

tem. These kinetic investigations enable a prediction of the diisothiocyanate formation, 

as well as the crosslinking process for any chosen temperature program, which could 

be confirmed by rheological in situ curing experiments. Compared to analogous 

oxourethane thermoset materials, similar glass transition temperatures of the thi-

onourethane thermosets were found, whereas a two-step thermal degradation process 

was found for the thionourethane materials with a Td,5%=212 °C compared to a 

Td,5%=312 °C for an analogous oxourethane thermoset. In terms of mechanical prop-

erties, generally lower storage moduli were found for the thionourethanes compared to 
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the oxourethane analogues. The possibility of an in situ generation of the diisothiocy-

anate in castor oil, which acts in a dual role first as solvent and then as reactant, was 

found advantageous over other thermoset synthesis procedures and the presented 

system consequently fulfills many aspects of the Twelve Principles of Green Chemistry, 

like 100% atom economy, zero waste production (E-Factor = 0, all reactants remain in 

the final thermoset), utilization of catalysts (instead of stoichiometric amounts of base), 

use of renewable materials, avoidance of intermediate products, solvents, waste, and 

toxic chemicals. Finally, this approach with in situ generation of the diisothiocyanate is 

expected to be applicable to other liquid polyols besides castor oil, which could enable 

a platform for thionourethane-based thermosets.  
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5 Conclusion and Outlook 

Based on the aim to develop novel procedures for the sustainable synthesis of poly-

meric materials from renewable substrates, three approaches could be achieved: 

First, a novel homogeneous cellulose acetylation process in the DMSO/DBU/CO2 

switchable solvent system was established, in which vinyl acetate could be employed 

as a more benign acetylation agent compared to the conventionally used acetic anhy-

dride or acetic chloride. The developed procedure resulted in high conversions (up to 

99+%) under mild conditions (60 °C), and less cellulose backbone degradation due to 

the non-acidic conditions was detected compared to the Acetic Acid Process. Further-

more, a direct synthesis of cellulose acetate with lower degrees of substitution was 

possible by simple adjustment of the reactant equivalents, which is not possible in the 

Acetic Acid Process due to the heterogeneous reaction process. Additionally, a novel 

method for the degree of substitution determination of cellulose esters was developed 

using ATR-FTIR spectroscopy. This method facilitates the measurement process and 

enables a non-destructive degree of substitution determination method for cellulose 

acetates, butyrates, laurates, and benzoates. 

Moreover, a conceptionally novel cellulose derivatization procedure was developed, in 

which isothiocyanate reactants were generated in situ in the DMSO/DBU/CO2 switch-

able solvent system via catalytic sulfurization of isocyanides with elemental sulfur. In 

this tandem reaction approach, 100% atom economy was achieved, with a triple cata-

lytic use of the superbase DBU for (i) the solubilization of cellulose, (ii) the generation 

of the isothiocyanate reactant, and (iii) the formation of the O-cellulose thiocarbamate 

product in a one-pot procedure. Four different bio-based isocyanides were used to 

form the respective isothiocyanates in situ, which directly reacted with cellulose, inher-

ently preventing the exposure and handling of these potentially toxic compounds. 

The in situ formation of isothiocyanates from isocyanides and elemental sulfur could 

be transferred to the formation of thionourethane thermosets based on castor oil. It 

was found that diisothiocyanates could be formed in a solvent-free approach, as castor 

oil fulfilled a dual role: acting as the solvent in the first step and subsequently as the 

polyol reactant in the curing process. DBU was used as the organocatalyst and found 
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to promote both the sulfurization reaction and the thionourethane formation. The kinet-

ics of the two consecutive steps were studied in detail via real-time IR measurements, 

and the thionourethane crosslinking step was found to be thermally triggerable, ena-

bling high control over the curing process. 

Overall, fundamental research was performed for the development of sustainable pro-

cedures and novel bio-based polymeric materials. With the multiple use of DBU, the 

synthetic design for high atom economy, the coupling of multiple consecutive reactions 

in one pot, the use of bio-based materials, and the prevention of toxic compounds, 

solvents, and waste, most of the Principles of Green Chemistry could be implemented 

into the respective synthetic procedures. The established approaches are driving the 

transition towards more sustainable development in polymer chemistry, and the result-

ing novel materials hold promise as potential replacements for existing options, such 

as the thionourethane thermosets, offering a viable alternative to classic polyurethanes. 
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6 Experimental Section 

6.1 Materials 

Microcrystalline cellulose (MCC, dried at 100 °C under vacuum for 24 h prior to use), 

2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) (95%), 1,6-diaminohex-

ane (98%), 1,5-diaminopentane (95%), dimethyl acetamide (99%), 1,6-diisocyanato-

hexane (>98%), n-dodecylisocyanate (99%), endo-N-hydroxy-5-norbornene-2,3-dicar-

boximide (97%), glacial acetic acid (≥99%), isophorone diisocyanate (98%), n-hexanol 

(98%), oleyl amine (>98%), para-toluenesulfonyl chloride (>98%), silica gel (technical 

grade, pore size 60 Å, 230–400 mesh particle size), and vinyl laurate (>99%), were 

purchased from Sigma-Aldrich. 1,12-Diaminododecane (>98%), diazabicy-

clo[5.4.0]undec-7-ene (DBU) (distilled and stored over molecular sieves under Ar-at-

mosphere), isophorone diamine (cis- and trans- mixture, >99%), vinyl benzoate 

(>99%), and vinyl butyrate (TCI, >98%) were purchased from TCI. Butyl isocyanide 

(>98%), cyclohexyl isocyanide (>98%), dimethyl sulfoxide (DMSO) (dry and stored 

over molecular sieve, >99%), ethyl formate (>98%), trifluoroacetic acid (99%), and vi-

nyl acetate (99%, stabilized) were purchased from Acros Organics. Chloroform 

(≥99.8%), dichloromethane (≥99.8%), pyridine (≥99.5%), and triethylamine (≥99.5%) 

were purchased from Fisher Scientific. Acetic anhydride (≥99%) was purchased from 

Carl Roth. Dodecyl amine (97%) was purchased from Alfa Aesar. 1,10-Diaminodec-

ane was purchased from Fluorochem. Deuterated solvents DMSO-d6 (99.8%), THF-

d8 (99%), D2O (99%), and CDCl3 (98%) were purchased from Eurisotop. Filter paper 

type MN 615 (used as cellulose source for acetylations) was purchased from Machery-

Nagel. Castor oil (cold-pressed) was purchased from Mea Vita. CO2 (99.995%) was 

purchased from Air Liquide. Sulfur (elemental, dried at 80 °C under vacuum for 24 h 

prior to use), acetone, and isopropanol were of technical grade. 
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6.2 Instrumentation 

Infrared spectroscopy (IR). Infrared spectra of all cellulose samples were recorded 

using a Bruker Alpha-p instrument with ATR unit in a range of n=400–4000 cm-1 and 

24 scans per measurement at a resolution of 4 cm-1. All thionourethane and 

oxourethane thermoset samples were measured using a PerkinElmer Spectrum 100 

instrument with an attenuated total reflection (ATR) unit on a diamond crystal and an 

MKII Golden Gate accessory. For every spectrum, 16 scans in a range of n = 600–

4000 cm-1 were recorded at a resolution of 4 cm−1. 

 

Nuclear Magnetic Resonance Spectroscopy (NMR). 1H NMR spectra were rec-

orded using a Bruker Ascend 400 MHz with 128 scans for all cellulose derivatives and 

16 scans for all other organic molecules, and a delay time d1 of 5 seconds for cellulose 

samples and 1 second for all other samples at 298 K. The chemical shift was reported 

in ppm and referenced to the solvent signal of partly deuterated DMSO-d6 at 2.50 ppm, 

CDCl3 at 7.26 ppm, and THF-d8 at 3.58 ppm. 13C NMR spectra were recorded using a 

Bruker Avance DRX at 126 MHz with 26624 scans for cellulose samples and 

1024 scans for all other samples and a delay time d1 of 3 seconds at 298 K. The sig-

nals were referenced to the solvent peak of partly deuterated DMSO-d6 at 39.52 ppm 

and CDCl3 at 77.16 ppm. 31P NMR spectra were recorded using a Bruker Ascend in-

strument at 162 MHz with 1024 scans, a delay time d1 of 5 seconds, and 1 second 

acquisition time at 298 K. 

 

Differential Scanning Calorimetry (DSC). DSC measurements of all cellulose ace-

tate samples were performed on a Mettler Toledo DSC821e instrument using 100 L 

aluminum crucibles under nitrogen atmosphere. The samples (20 mg) were measured 

in two heating cycles: 25–200 °C, 200 to -50 °C and -50 to 200 °C at a heating/cooling 

rate of 10 K min-1. All cellulose thionocarbamate samples were measured on a TA In-

struments Discovery 2500 instrument in TA TZero sample holders. The samples were 

measured in two heating cycles: -50 to 210 °C, 210 to -50 °C, and -50 to 210°C at a 

heating/cooling rate of 15 K min-1. All thionourethane and oxourethane thermoset sam-

ples were measured on a Mettler Toledo DSC1 instrument equipped with a sample 

robot. Samples of 10–20 mg were loaded in a 100 µL aluminum crucible with pierced 
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lid and the measurements were performed under nitrogen atmosphere with a flow rate 

of 50 mL min-1. The DSC thermograms were recorded at a heating/cooling rate of 

10 K min-1 using the following heating/cooling program: First heating from 20–105 °C, 

hold at 105 °C for 20 min, then cooling from 105 to -70 °C, hold at -70 °C for 10 min, 

and a final heating step from -70 to 200 °C. The data from the last heating step is 

shown in all DSC curves. 

 

Size Exclusion Chromatography (SEC). SEC analyses of cellulose acetates were 

performed on a Tosoh EcoSEC HLC-8320 system with three columns: PSS PFG Micro 

precolumn (3.0 × 0.46 cm, 10,000 Å), PSS PFG Micro (25.0 × 0.46 cm, 1000 Å), and 

PSS PFG Micro (25.0 × 0.46 cm, 100 Å) and a differential RI detector. Hexafluoroiso-

propanol (HFIP) enriched with 0.1 wt% potassium trifluoroacetate (KTFAc) was used 

as eluent at a temperature of 35 °C and a flow rate of 0.4 mL min-1. The samples were 

prepared with a concentration of 1.0 mg mL-1 and 50 L were injected into the system. 

A poly(methyl methacrylate) standard (Polymer Standard Service, Mp =102–981 kDa) 

was used for extrapolation of the number average molar mass (Mn). All cellulose thi-

onocarbamate samples were measured in DMAc/LiBr on a PL-SEC 50 Plus Integrated 

System with a PLgel 5 m bead-size guard column (50 × 7.5 mm) followed by three 

PLgel 5 m Mixed C columns (300 × 7.5 mm) and a differential RI detector. N,N-Dime-

thylacetamide (DMAc) enriched with 0.03 wt% lithium bromide was used as eluent at 

a temperature of 70 °C and a flow rate of 1.0 mL min-1. The samples were prepared 

with a concentration of 2.0 mg mL-1 and 100 L were injected into the system. A 

poly(methyl methacrylate) standard was used for extrapolation of the number average 

molar mass (Mn). 

 

Thermogravimetric Analysis (TGA). TGA measurements of cellulose acetate sam-

ples were carried out on a Netzsch STA 409C instrument under nitrogen atmosphere. 

The samples (5–10 mg) were heated in a Al2O3 crucible with a heating rate of 10 K 

min-1 in a temperature range of 25 to 600 °C. The cellulose thionocarbamate samples 

were measured on a Netzsch STA 449F3 instrument under nitrogen atmosphere. The 

samples (5−10 mg) were heated in a 85 L aluminium crucible with the following tem-

perature program: Start at 25 °C, heating to 80 °C with 10 K min-1. Hold at 80 °C for 

0.5 min followed by heating to 600 °C with 10 K min-1. All thionourethane and 
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oxourethane thermoset materials were measured on a Mettler Toledo TGA/DSC1 in-

strument. Samples of 10–20 mg were placed in a ceramic crucible and then heated 

using the following program: start at 30 °C, hold for 10 min, followed by heating to 

800 °C at a rate of 5 K min-1 and maintained isothermally at 800 °C for 10 min. All 

measurements were performed under nitrogen atmosphere with a flow rate of 

50 mL min-1.The Td,5% is defined as the temperature of 5% weight loss and the Td,50% 

as the temperature of 50% weight loss.  

 

Tensile strength measurements. Films were prepared by dissolving 100 mg cellu-

lose acetate sample in 2 mL acetone or chloroform and casting the solution into 

poly(tetraflouro ethylene) plates (40 mm diameter). The solvent was evaporated at 

room temperature for 48 h followed by drying in a vacuum oven for 2 h. The films were 

then prepared into bone shapes (16 × 2 mm) and the thickness was determined with 

a digital vernier caliper. Tensile strength was measured using a GABO EXPLORER 

instrument with a 25 N sensor. The initial speed was set to 0.5 mm min-1 and three 

measurements were performed for each sample. 

 

Rheology Measurements. Rheology Measurements were performed using a TA In-

struments DHR-2 rheometer with disposable aluminum plates (25 mm diameter) in a 

plate/plate configuration. All measurements were performed at an angular frequency 

of 1 Hz and 4% strain. For every thermoset curing experiment, 400 µL sample liquid 

was applied and the excess was removed after lowering to the final gap size of 300 µm. 

 

Gas Chromatography (GC). GC chromatograms were recorded on a BRUKER 430 

GC instrument with a capillary column FactorFour VF-5ms (30 m × 0.25 mm × 0.25 mm) 

and a flame ionization detector. Heating program: Start at 95 °C and hold for 1 min. 

Heating to 200 °C with 15 K min-1 and hold at 200 °C for 4 min. Heating to 300 °C with 

15 K min-1 and hold at 300 °C for 2 min. 

 

Mass Spectrometry (MS) Electrospray ionization (ESI) experiments were recorded 

on a Q-Exactive (Orbitrap) mass spectrometer (Thermo Fisher Scientific) equipped 

with a HESI II probe to record high resolution. The spectra were evaluated by molecu-

lar signals [M–H]+ and indicated with their mass-to-charge ratio (m/z). 
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6.3 Experimental Procedure 

6.3.1. Cellulose Acetate Synthesis – Chapter 4.1 

This chapter is based on previously published results by the author of this thesis: 

Wolfs, J.; Meier, M. A. R. A More Sustainable Synthesis Approach for Cellulose Ace-

tate Using the DBU/CO2 Switchable Solvent System. Green Chem. 2021, 23 (12), 

4410–4420.140 

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

extended with permission from the Royal Society of Chemistry. 

 

DS Determination by 31P NMR Method 

DS were determined by derivatization of the CA samples using a phosphorylating 

agent according to the following procedure: An exact amount of 25 mg of each sample 

was dissolved in 1 mL of pyridine followed by the addition of 1 mL CDCl3. Next, 2-

chloro-4,4,5,5-tetramethyl-1,3,2- dioxaphospholane (2-Cl-TMDP, 100 μL, 0.63 mmol) 

was added and the solution was stirred for 15 min. Then, the internal standard endo-

N-hydroxy-5-norbornene-2,3-dicarboximide (150 μL, 123.21 mM in pyri-

dine/CDCl3=3:2, 0.0154 mmol) was added and the solution was stirred for further 

10 min. 0.6 mL of the solution was then transferred to an NMR tube and a 31P NMR 

measurement was performed. The DS values were calculated according to equations 

(18) and (19) as reported by Kilpeläinen et al.208 
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DS31P = DSmax ×

1
OHS

−
1

OHC

𝑀S +
1

OHS
− 1

 
(18) 

 
OHS =

𝑐IS × 𝑉IS × 𝐼R

1000000 × 𝑚S
 (19) 

DSmax: maximum achievable DS value (DSmax = 3 for unsubstituted cellulose) 

OHS: free hydroxyl groups per weight unit of substrate (mol g-1) 

OHC : free hydroxyl groups per weight unit of cellulose ( OHC = DSmax 𝑀AGU⁄ =

3 162.14 g mol−1⁄ ) 

𝑀S: molecular weight of the substituent, not including the linking oxygen atom between 

the substituent and the cellulose backbone (g mol-1) 

𝑐IS: concentration of the used internal standard (mmol L-1) 

𝑉IS: volume of the used internal standard (L) 

𝐼R : integration ratio of remaining functionalized cellulose hydroxyl groups against 

internal standard 

𝑚S: mass of the sample (mg) 

 

Partial DS Determination via 13C NMR Sepctroscopy 

13C NMR spectra for the quantitative determination of the partial DS in C2, C3, and C6 

position were acquired in an inverse gated decoupling method with 26624 scans per 

measurement. Peak deconvolution was performed using the software MestReNova 

v12.0.0, Method: quantitative GSD with 10 improvement cycles, peaks type: positive 

and negative, refinement level: 4 (20 fitting cycles). 

 

General Procedure for the Homogeneous Synthesis of Cellulose Acetate 

In a round-bottom flask, cellulose (2.00 g, 12.33 mmol) was suspended in 60 mL 

DMSO followed by the dropwise addition of 1,8-diazabicyclo[5.4.0]undec-7-ene 

(5.5 mL, 37.00 mmol, 3.0 eq. per anhydroglucose unit). After applying a CO2 flow 

through the solution for 20 min at 40 °C, a clear solution was obtained and vinyl acetate 

(1.0–4.5 eq. per AGU, depending on the experiment) was added dropwise. The homo-

geneous solution was then heated to 60 °C and stirred for 4 h. Subsequently, the dark 

solution was added dropwise into 300 mL of isopropanol under vigorous stirring to pre-

cipitate cellulose acetate. It was then vacuum filtrated and washed with isopropanol (3 

x 50 mL). The obtained precipitate was dried under high vacuum (0.02 mbar) for 24 h. 
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In case of residual DMSO in the product, the material was stirred with 40 mL of isopro-

panol (or methanol) under reflux for 1–12 h, vacuum filtrated and dried again. The final 

product was obtained as a white or yellow powdery substance. Yields were calculated 

based on the DS1H (equations (20) and (21)) and ranged from 84 to 99%.  

 

yield =

𝑚CA

𝑀repunit

𝑚cellulose

𝑀AGU

 
(20) 

 

 𝑀repunit = 𝑀AGU + (𝑀S
̅̅ ̅̅ − 1.01 g mol−1) × 𝐷𝑆 (21) 
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Cellulose Acetate (CA-1): Yield: 91% 

ATR-IR (cm-1): 3032–3675 n(O-H), 2819–2991 n(C-H), 1728 n(C=O), 1370 methyl 

n(C-H), 1229 ester n(C-O), 1023 AGU n(C-O). 
1H NMR (400 MHz, DMSO-d6) H ppm: 2.78–5.30 (m, AGU, 7H), 1.69–2.27 (m, Ac6,2,3, 

9H). 

 

Figure S1 1H NMR (DMSO-d6 + TFA) spectrum of CA-1. 
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Figure S2 31P NMR (CDCl3) spectrum of the phosphitylated CA-1. Peak deconvolution: 
blue lines in expanded view (calculated: DS31P=1.04). 

Low residual amounts of MeOH did not evaporate from CA-1 under high vacuum (0.02 

mbar) and interfered with the signal for DS31P determination. Peak deconvolution was 

used to correct the determined integral. The integration ratio using the data from peak 

deconvolution was calculated: 𝐼R,CA−1 = 12.86. 

Table 20 Calculated area of the peaks in the 31P NMR spectrum by peak deconvolution 
for sample CA-1. 

Peak  / ppm Area / arb. unit 

1 151.31 63598710.84 
2 147.59 4674350.87 
3 147.26 822819323.69 
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Cellulose Acetate (CA-2): Yield: 91% 

ATR-IR (cm-1): 3123–3689 n(O-H), 2828–2998 n(C-H), 1733 n(C=O), 1371 methyl 

n(C-H), 1228 ester n(C-O), 1032 AGU n(C-O). 
1H NMR (400 MHz, DMSO-d6 + TFA) H ppm: 2.79–5.51 (m, AGU, 7H), 1.72–2.26 (m, 

Ac6,2,3, 9H) 

 

Figure S3 1H NMR (DMSO-d6 + TFA) spectrum of CA-2. 

 

Figure S4 31P NMR (CDCl3) spectrum of the phosphitylated CA-2 (calculated: 
DS31P=1.47). 
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Cellulose Acetate (CA-3): Yield: 90% 

ATR-IR (cm-1): 3104–3685 n(O-H), 2819–3007 n(C-H), 1736 n(C=O), 1371 methyl 

n(C-H), 1228 ester n(C-O), 1035 AGU n(C-O). 
1H NMR (400 MHz, DMSO-d6 + TFA) H ppm: 2.73–5.39 (m, AGU, 7H), 1.50–2.21 (m, 

Ac6,2,3, 9H) 

 

Figure S5 1H NMR (DMSO-d6 + TFA) spectrum of CA-3. 

 

Figure S6 13C NMR (inverse gated decoupling, DMSO-d6) spectrum of CA-3 with peak 
deconvolution: blue lines in expanded view. 
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Table 21 Calculated area of the carbonyl peaks via peak deconvolution for sample CA-
3 (DS31P = 1.73). 

Peak  / ppm Area / arb. unit 

76 170.80 186801.54 
73 169.95 164767.94 
72 169.57 51928.79 

 

 

Figure S7 31P NMR (CDCl3) spectrum of the phosphitylated CA-3 (calculated: 
DS31P=1.73). 
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Cellulose Acetate (CA-4): Yield: 83% 

ATR-IR (cm-1): 3213–3662 n(O-H), 2813–3025 n(C-H), 1736 n(C=O), 1366 methyl 

n(C-H), 1219 ester n(C-O), 1028 AGU n(C-O). 
1H NMR (400 MHz, DMSO-d6 + TFA) H ppm: 2.80–5.39 (m, AGU, 7H), 1.52–2.23 (m, 

Ac6,2,3, 9H) 

 

Figure S8 1H NMR (DMSO-d6 + TFA) spectrum of CA-4. 

 

Figure S9 13C NMR (inverse gated decoupling, DMSO-d6) spectrum of CA-4 with peak 
deconvolution: blue lines in expanded view. 
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Table 22 Calculated area of the carbonyl peaks via peak deconvolution for sample CA-
4 (DS31P = 2.18). 

Peak  / ppm Area / arb. unit 

76 170.79 151430.37 
76 170.64 85063.47 
73 169.85 226520.76 
72 169.47 105902.05 

 

 

Figure S10 31P NMR (CDCl3) spectrum of the phosphitylated CA-4 (calculated: 
DS31P=2.18). 
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Cellulose Acetate (CA-5): Yield: 90% 

ATR-IR (cm-1): 3266–3661 n(O-H), 2824–3046 n(C-H), 1736 n(C=O), 1369 methyl 

n(C-H), 1216 ester n(C-O), 1030 AGU n(C-O). 
1H NMR (400 MHz, DMSO-d6 + TFA) H ppm: 2.90–5.49 (m, AGU, 7H), 1.42–2.28 (m, 

Ac6,2,3, 9H) 

 

Figure S11 1H NMR (DMSO-d6 + TFA) spectrum of CA-5. 

 

Figure S12 13C NMR (inverse gated decoupling, DMSO-d6) spectrum of CA-5 with 
peak deconvolution: blue lines in expanded view. 
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Table 23 Calculated area of the carbonyl peaks via peak deconvolution for sample CA-
5 (DS31P = 2.50). 

Peak  / ppm Area / arb. unit 

76 170.78 208230.47 
73 169.84 222476.37 
72 169.49 156993.97 

 

 

Figure S13 31P NMR (CDCl3) spectrum of the phosphitylated CA-5 (calculated: 
DS31P=2.50). 
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Cellulose Acetate (CA-6): Yield: 99% 

ATR-IR (cm-1): 3421–3677 n(O-H), 2828–3041 n(C-H), 1741 n(C=O), 1371 methyl 

n(C-H), 1223 ester n(C-O), 1037 AGU n(C-O). 
1H NMR (400 MHz, CDCl3) H ppm: 2.76–5.44 (m, AGU, 7H), 1.78–2.26 (m, Ac6,2,3, 9H) 

 

Figure S14 1H NMR (CDCl3) spectrum of CA-6. 

 

Figure S15 31P NMR (CDCl3) spectrum of the phosphitylated CA-6 (calculated: 
DS31P=2.52). 
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Cellulose Acetate (CA-7): Yield: 99% 

ATR-IR (cm-1): 3433–3706 n(O-H), 2836–3056 n(C-H), 1738 n(C=O), 1369 methyl 

n(C-H), 1219 ester n(C-O), 1037 AGU n(C-O). 
1H NMR (400 MHz, CDCl3) H ppm: 3.20–5.45 (m, AGU, 7H), 1.75–2.47 (m, Ac6,2,3, 9H) 

 

Figure S16 1H NMR (CDCl3) spectrum of CA-7. 

 

Figure S17 13C NMR (inverse gated decoupling, CDCl3) spectrum of CA-7 with peak 
deconvolution: blue lines in expanded view. 
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Table 24 Calculated area of the carbonyl peaks via peak deconvolution for sample CA-
7 (DS31P = 2.97). 

Peak  / ppm Area / arb. unit 

76 170.34 17208.14 
73 169.86 16753.88 
72 169.42 18172.41 

 

 

Figure S18 31P NMR (CDCl3) spectrum of the phosphitylated CA-7 (calculated: 
DS31P=2.97). 
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Cellulose Acetate (CA-FP): Yield: 91% 

ATR-IR (cm-1): 3148–3687 n(O-H), 2802–3032 n(C-H), 1738 n(C=O), 1369 methyl 

n(C-H), 1216 ester n(C-O), 1032 AGU n(C-O). 
1H NMR (400 MHz, CDCl3) H ppm: 3.02–5.45 (m, AGU, 7H), 1.65–2.14 (m, Ac6,2,3, 9H) 

 

Figure S19 1H NMR (CDCl3) spectrum of CA-FP. 

 

Figure S20 31P NMR (CDCl3) spectrum of the phosphitylated CA-FP (calculated: 
DS31P=2.44). 
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Cellulose Acetate (CA-REC): Yield: 95% 

ATR-IR (cm-1): 3190–3665 n(O-H), 2809–3018 n(C-H), 1740 n(C=O), 1370 methyl 

n(C-H), 1225 ester n(C-O), 1034 AGU n(C-O). 
1H NMR (400 MHz, CDCl3) H ppm: 2.76–5.58 (m, AGU, 7H), 1.22–2.28 (m, Ac6,2,3, 9H) 

 

Figure S21 1H NMR (DMSO-d6 + TFA) spectrum of CA-REC. 

 

Figure S22 31P NMR (CDCl3) spectrum of the phosphitylated CA-REC (calculated: 
DS31P=2.32). 
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Cellulose Acetate (CA-REC2): Yield: 99% 

ATR-IR (cm-1): 3272–3702 n(O-H), 2824–3040 n(C-H), 1740 n(C=O), 1370 methyl 

n(C-H), 1227 ester n(C-O), 1039 AGU n(C-O). 
1H NMR (400 MHz, CDCl3) H ppm: 2.83–5.47 (m, AGU, 7H), 1.51–2.28 (m, Ac6,2,3, 9H) 

 

Figure S23 1H NMR (DMSO-d6 + TFA) spectrum of CA-REC2. 

 

Figure S24 31P NMR (CDCl3) spectrum of the phosphitylated CA-REC2 (calculated: 
DS31P=2.42). 
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General Procedure for the Heterogeneous Synthesis of Cellulose Acetate using 

the Acetic Acid Process 

In a two-necked round-bottom flask equipped with a thermometer and a magnetic stir-

ring bar, cellulose (2.00 g, 12.33 mmol) was suspended in 10 mL glacial acetic acid 

and stirred for 1 h at 40 °C. Afterwards, a mixture of 0.1 mL concentrated sulfuric acid 

in 20 mL glacial acetic acid was added dropwise and stirred at 30 °C for another 20 min. 

Acetic anhydride (15 mL, 159 mmol, 12.9 eq. per anhydroglucose unit) was then added 

dropwise and the temperature was kept below 40 °C. After 1 h stirring, the reaction 

mixture was added dropwise to vigorously stirred water (500 mL) and the product pre-

cipitated as a white solid. It was then vacuum filtrated, washed with excess water until 

the filtrate was not acidic anymore and then dried under vacuum. The yield was calcu-

lated based on the DS1H using equation (22). 

 

yield =

𝑚CA

𝑀repunit

𝑚cellulose

𝑀AGU

 (22) 

 𝑀repunit = 𝑀AGU + (𝑀S − 1.01 g mol−1) × DS1H 
(23) 

 
𝐷𝑆1H =

7 × 𝐼CH3

3 × 𝐼AGU
 (24) 

𝑚CA: mass of the cellulose acetate product 

𝑚cellulose: mass of the cellulose educt 

𝑀repunit: average molar mass of the product’s repeating unit 

𝑀AGU: molar mass of the anhydroglucose unit (𝑀AGU = 162.14 g mol−1) 

𝐼CH3: Integral of the peak of the methyl group in the 1H NMR spectrum. 

𝐼AGU: Integral of the peak of the anhydroglucose unit (AGU) in the 1H NMR spectrum. 
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Cellulose Acetate (CA-HET): Yield: 91% 

ATR-IR (cm-1): 2826–3048 n(C-H), 1738 n(C=O), 1366 methyl n(C-H), 1214 ester 

n(C-O), 1032 AGU n(C-O).  
1H NMR (400 MHz, CDCl3) H ppm: 5.07 (t, H3, 1H), 4.79 (t, H2, 1H), 4.28–4.50 (m, 

H1,6, 2H), 3.98–4.09 (m, H6, 1H), 3.71 (t, H4, 1H), 3.46–3.56 (m, H5, 1H), 2.12 (s, Ac6, 

3H), 2.01 (s, Ac2, 3H), 1.94 (s, Ac3, 3H). 

 

Figure S25 1H NMR (CDCl3) spectrum of CA-HET. 

 

Figure S26 31P NMR (CDCl3) spectrum of the phosphitylated CA-HET (calculated: 
DS31P=2.96).  
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E-Factor calculation 

The E-factor was calculated according to equation (25). 

 
E factor =  

𝑚starting materials + 𝑚Solvent losses − 𝑚Product

𝑚Product
 (25) 

𝑚starting materials: mass of the starting materials 

𝑚Solvent losses: mass of solvent losses (including iPrOH, DMSO and DBU) 

𝑚Product: mass of the desired product 

 

Recycling Process 

After filtration, the product was dried under vacuum and the evaporated iPrOH was 

captured in a cold trap. The residual filtrate containing iPrOH, DMSO and DBU was 

purified by distillation. First, iPrOH was recovered (50–90 mbar, 40 °C) and combined 

with the captured iPrOH in the cold trap. The second (intermediate) fraction was col-

lected containing iPrOH and DMSO (30 mbar, 90 °C) to remove the iPrOH quantita-

tively. Then, the third fraction DMSO/DBU was distilled at 0.1 mbar and 50–150 °C oil 

bath temperature until dry. Recovery yield: 97.7% DMSO, 87.0% DBU, 98.9% iPrOH. 

 

Table 25 Used and recovered substances for the synthesis of the larger batch CA-
REC (2.5 Eq VA, 60 °C, 240 min). 

Substance Used Recovered Recycling ratio 

DMSO 126.68 g 121.88 (+ 1.95)a g 96.2 (+ 1.5)a% 
DBU 11.34 g 9.87 g 87.0% 

iPrOH 364.08 g 336.44 (+ 23.62)a g 92.4 (+ 6.5)a% 
VA 5.31 g - - 

Acetaldehyde - 0 g 0% 

DS1H = 2.29, DS31P = 2.32, Yield: 94.8%, Conversion VA: 91.6% 
a In brackets: DMSO and iPrOH in the intermediate (mixed) fraction. Composition of 
DMSO/iPrOH calculated from the integrals in the 1H NMR spectrum. 

 

25.57 g of the intermediate mixed iPrOH/DMSO fraction was recovered, composed of 

23.62 g iPrOH and 1.95 g DMSO. The composition of this fraction was calculated 

analogously to the composition of the DMSO/DBU fraction (equation(6)–(8)). 

 

5.09 g distillation residue remained in the flask, which is expected to mainly consist of 

degradation products of DBU and DMSO (loss of DMSO+DBU: 4.32 g). Side reactions 

of acetaldehyde or minor degradation products of cellulose are also possible. 
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Calculated E-factor for the whole procedure: 1.92 (23.62 g iPrOH and 1.95 g DMSO 

from the mixed fraction was taken into account, as the mixed fraction was added to the 

iPrOH fraction).  

 

Table 26 Used and recovered substances from a second cycle for the synthesis of CA-
REC2 (3.0 Eq VA, 60 °C, 240 min). 

Substance Used Recovered Recycling ratio 

DMSO 32.28 (+ 1.21)b g 31.41 (+ 0.76)a g 93.8 (+ 2.3)a% 
DBU 2.82 g 2.47 g 87.5% 

iPrOH 171.23 (- 1.21)b g 160.08 (+ 3.11)a g 94.2 (+ 1.8)a% 
VA 1.59 g - - 

Acetaldehyde - 0 g 0% 

DS1H = 2.40, Yield: 99.4%, Conversion VA: 80.0% 
a In brackets: DMSO and iPrOH in the intermediate (mixed) fraction. Composition of 
DMSO/iPrOH calculated from the integrals in the 1H NMR spectrum. b In brackets: 
Corrections based on the DMSO contained in the recovered iPrOH. 

 
 

 

Figure S27 Pie chart of the partial E-factors for the synthesis of CA in the second 
recycling cycle. 

  

Acetaldehyde
E=0.40 (7%) Conversion VA

E=0.20 (3%)

Yield
E=0.01 (0%)

DMSO
E=0.82 (14%)

DBU
E=0.22 (4%)

iPrOH
E=4.23 (72%)

E-Factor = 5.88
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Supporting Figures 

 

Figure S28 1H NMR (DMSO-d6 + TFA) spectra of one homogeneous CA synthesis 
batch precipitated from iPrOH (top), EtOH (middle) and MeOH (bottom) with subse-
quent stirring for 30 min at room temperature. 
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Figure S29 1H NMR (CDCl3) spectra of the supernatant of a purified CA sample 
(DS1H = 2.43) in a solution of 3 Eq. DBU (per AGU) and MeOH (top), EtOH (middle), 
iPrOH (bottom). The samples were stirred for 12 h at r.t. The formation of methyl ace-
tate (top) and ethyl acetate (middle) was found whereas no formation of isopropyl ac-
etate (bottom) was observed. 
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6.3.2. Degree of Substitution Determination via ATR-

FTIR Spectroscopy – Chapter 4.2 

CAc-1, CAc-2, CAc-3, CAc-4, CAc-5, CAc-8, CAc-9, CAc-10, CAc-13, CBu-1, CBu-3, 

CBu-8, CBz-1, CBz-3, CBz-6, CL-1, CL-2, CL-4, and CL-5 were synthesized by Olga 

Matveyeva under supervision of the author of this thesis. 

CAc-6, CAc-7, CAc-11, CAc-12, CAc-14, CAc-15, CAc-16 were synthesized by the 

author of this thesis. 

CBu-2, CBu-4, CBu-7, CBz-4, and CL-6 were synthesized by Evelyn Hayn under su-

pervision of the author of this thesis. 

CBu-5, CBu-6, CBz-2, CBz-5, and CL-3 were synthesized by Sebastian Frentzen un-

der supervision of the author of this thesis. 

 

General Procedure for the Synthesis of Cellulose Esters 

In a round-bottom flask, cellulose (500 mg, [monomeric unit] = 3.08 mmol) was sus-

pended in 11 mL DMSO followed by the dropwise addition of 1,8-diazabicy-

clo[5.4.0]undec-7-ene (1.4 mL, 9.25 mmol, 3.0 eq. per AGU). After applying a CO2 flow 

through the solution for 20 min at 40 °C, a clear solution was obtained and vinyl acetate 

(0.5–4.5 eq. per AGU) for cellulose acetates, vinyl butyrate (0.7–4.5 eq. per AGU) for 

cellulose butyrates, vinyl laurate (1.0–4.5 eq. per AGU) for cellulose laurates or vinyl 

benzoate (0.7–4.5 eq per AGU) for cellulose benzoates was added dropwise. The ho-

mogeneous solution was then heated to 60 °C and stirred for 4 h. Subsequently, the 

solution was added dropwise into 50 mL of isopropanol under vigorous stirring. The 

precipitate was vacuum filtrated and washed with isopropanol (2 × 20 mL), suspended 

in 40 mL isopropanol and heated under reflux 2× for 1–12 h, vacuum filtrated and dried. 

The final product was obtained as a white or yellow solid. Yields ranged from 74 to 

99%.  

 

The baseline of all 1H NMR spectra was corrected manually using a multipoint baseline 

correction, the phase was corrected using the automatic phase correction tool from the 
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software MestReNova 14.2.0-26256. 30–60 L Trifluoroacetic acid (TFA) was added 

to each sample before the measurement to shift the water signal downfield to allow a 

precise integration of the AGU protons signal. The samples were measured within 1 h 

after TFA addition to prevent imprecisions caused by deacetylation. 

The peak assignment for all cellulose acetates is exemplarily shown for CAc-1. The 

standard deviation of the triple determination for the cellulose acetates DS1H was cal-

culated and is reported as the error range for every sample in the figure captions. 

Cellulose Acetates: 

 

Figure S30 1H NMR (DMSO-d6+TFA) spectra of CAc-1 (calculated average 
DS1H=0.41±0.01). 

The DS31P of CAc-1 to CAc-5 could not be determined due to insolubility. 
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Figure S31 1H NMR (DMSO-d6+TFA) spectra of CAc-2 (calculated average 
DS1H=0.59±0.01). 

 

Figure S32 1H NMR (DMSO-d6+TFA) spectra of CAc-3 (calculated average 
DS1H=0.70±0.01). 
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Figure S33 1H NMR (DMSO-d6+TFA) spectra of CAc-4 (calculated average 
DS1H=1.11±0.02). 

 

Figure S34 1H NMR (DMSO-d6+TFA) spectra of CAc-5 (calculated average 
DS1H=1.21±0.01). 
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Figure S35 1H NMR (DMSO-d6+TFA) spectra of CAc-6 (calculated average 
DS1H=1.33±0.02). 

 

 

Figure S36 31P NMR (CDCl3) spectrum of the phosphitylated CAc-6 (calculated: 
DS31P=1.44). 
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Figure S37 1H NMR (DMSO-d6+TFA) spectra of CAc-7 (calculated average 
DS1H=1.58±0.01). 

 

 

Figure S38 31P NMR (CDCl3) spectrum of the phosphitylated CAc-7 (calculated: 
DS31P=1.58). Signal assignment is analogous to Figure S36. 
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Figure S39 1H NMR (DMSO-d6+TFA) spectra of CAc-8 (calculated average 
DS1H=1.63±0.01). 

 

 

Figure S40 31P NMR (CDCl3) spectrum of the phosphitylated CAc-8 (calculated: 
DS31P=1.64). Signal assignment is analogous to Figure S36. 
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Figure S41 1H NMR (DMSO-d6+TFA) spectra of CAc-9 (calculated average 
DS1H=2.14±0.01). 

 

 

Figure S42 31P NMR (CDCl3) spectrum of the phosphitylated CAc-9 (calculated: 
DS31P=2.12). Signal assignment is analogous to Figure S36. 
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Figure S43 1H NMR (DMSO-d6+TFA) spectra of CAc-10 (calculated average 
DS1H=2.33±0.01). 

 

 

Figure S44 31P NMR (CDCl3) spectrum of the phosphitylated CAc-10 (calculated: 
DS31P=2.31). Signal assignment is analogous to Figure S36. 
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Figure S45 1H NMR (DMSO-d6+TFA) spectra of CAc-11 (calculated average 
DS1H=2.36±0.03). 

 

 

Figure S46 31P NMR (CDCl3) spectrum of the phosphitylated CAc-11 (calculated: 
DS31P=2.24). Signal assignment is analogous to Figure S36. 
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Figure S47 1H NMR (DMSO-d6+TFA) spectra of CAc-12 (calculated average 
DS1H=2.42±0.01). 

 

 

Figure S48 31P NMR (CDCl3) spectrum of the phosphitylated CAc-12 (calculated: 
DS31P=2.34). Signal assignment is analogous to Figure S36. 
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Figure S49 1H NMR (DMSO-d6+TFA) spectra of CAc-13 (calculated average 
DS1H=2.48±0.01). 

 

 

Figure S50 31P NMR (CDCl3) spectrum of the phosphitylated CAc-13 (calculated: 
DS31P=2.41). Signal assignment is analogous to Figure S36. 
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Figure S51 1H NMR (DMSO-d6+TFA) spectra of CAc-14 (calculated average 
DS1H=2.55±0.02). 

 

 

Figure S52 31P NMR (CDCl3) spectrum of the phosphitylated CAc-14 (calculated: 
DS31P=2.46). Signal assignment is analogous to Figure S36. 
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Figure S53 1H NMR (DMSO-d6+TFA) spectra of CAc-15 (calculated average 
DS1H=2.74±0.04). 

 

 

Figure S54 31P NMR (CDCl3) spectrum of the phosphitylated CAc-15 (calculated: 
DS31P=2.83). Signal assignment is analogous to Figure S36. 
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Figure S55 1H NMR (DMSO-d6+TFA) spectra of CAc-16 (calculated average 
DS1H=2.99±0.01). 

 

 

Figure S56 31P NMR (CDCl3) spectrum of the phosphitylated CAc-16 (calculated: 
DS31P=2.96). Signal assignment is analogous to Figure S36. 
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Cellulose Butyrates: 

The peak assignment for all cellulose butyrates is exemplarily shown for CBu-1. 

 

Figure S57 1H NMR (DMSO-d6+TFA) spectra of CBu-1 (calculated average 
DS1H=0.56±0.01). 
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Figure S58 1H NMR (DMSO-d6+TFA) spectra of CBu-2 (calculated average 
DS1H=1.03±0.01). 

 

 

Figure S59 31P NMR (CDCl3) spectrum of the phosphitylated CBu-2 (calculated: 
DS31P=1.08). Signal assignment is analogous to Figure S36. 
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Figure S60 1H NMR (DMSO-d6+TFA) spectra of CBu-3 (calculated average 
DS1H=1.34±0.01). 

 

 

Figure S61 31P NMR (CDCl3) spectrum of the phosphitylated CBu-3 (calculated: 
DS31P=1.42). Signal assignment is analogous to Figure S36. 
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Figure S62 1H NMR (DMSO-d6+TFA) spectra of CBu-4 (calculated average 
DS1H=1.62±0.02). 

 

 

Figure S63 31P NMR (CDCl3) spectrum of the phosphitylated CBu-4 (calculated: 
DS31P=1.52). Signal assignment is analogous to Figure S36. 
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Figure S64 1H NMR (DMSO-d6+TFA) spectra of CBu-5 (calculated average 
DS1H=1.62±0.03). 

 

 

Figure S65 31P NMR (CDCl3) spectrum of the phosphitylated CBu-5 (calculated: 
DS31P=1.63). Signal assignment is analogous to Figure S36. 
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Figure S66 1H NMR (DMSO-d6+TFA) spectra of CBu-6 (calculated average 
DS1H=1.75±0.05). 

 

 

Figure S67 31P NMR (CDCl3) spectrum of the phosphitylated CBu-6 (calculated: 
DS31P=1.72). Signal assignment is analogous to Figure S36. 
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Figure S68 1H NMR (DMSO-d6+TFA) spectra of CBu-7 (calculated average 
DS1H=2.37±0.09). 

 

 

Figure S69 31P NMR (CDCl3) spectrum of the phosphitylated CBu-7 (calculated: 
DS31P=2.24). Signal assignment is analogous to Figure S36. 
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Figure S70 1H NMR (DMSO-d6+TFA) spectra of CBu-8 (calculated average 
DS1H=2.42±0.06). 

 

 

Figure S71 31P NMR (CDCl3) spectrum of the phosphitylated CBu-8 (calculated: 
DS31P=2.15). Signal assignment is analogous to Figure S36. 
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Cellulose Benzoates: 

The peak assignment for all cellulose benzoates is exemplarily shown for CBz-1. 

 

Figure S72 1H NMR (DMSO-d6+TFA) spectra of CBz-1 (calculated average 
DS1H=0.76±0.01). 
 

 

Figure S73 31P NMR (CDCl3) spectrum of the phosphitylated CBz-1 (calculated: 
DS31P=0.91). Signal assignment is analogous to Figure S36. 
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Figure S74 1H NMR (DMSO-d6+TFA) spectra of CBz-2 (calculated average 
DS1H=1.02±0.01). 

 

 

Figure S75 31P NMR (CDCl3) spectrum of the phosphitylated CBz-2 (calculated: 
DS31P=1.07). Signal assignment is analogous to Figure S36. 
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Figure S76 1H NMR (DMSO-d6+TFA) spectra of CBz-3 (calculated average 
DS1H=1.36±0.02). 

 

 

Figure S77 31P NMR (CDCl3) spectrum of the phosphitylated CBz-3 (calculated: 
DS31P=1.46). Signal assignment is analogous to Figure S36. 
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Figure S78 1H NMR (DMSO-d6+TFA) spectra of CBz-4 (calculated average 
DS1H=1.86±0.05). 

 

 

Figure S79 31P NMR (CDCl3) spectrum of the phosphitylated CBz-4 (calculated: 
DS31P=1.79). Signal assignment is analogous to Figure S36. 
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Figure S80 1H NMR (DMSO-d6+TFA) spectra of CBz-5 (calculated average 
DS1H=2.25±0.02). 

 

 

Figure S81 31P NMR (CDCl3) spectrum of the phosphitylated CBz-5 (calculated: 
DS31P=2.17). Signal assignment is analogous to Figure S36. 
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Figure S82 1H NMR (DMSO-d6+TFA) spectra of CBz-6 (calculated average 
DS1H=2.38±0.04). 

 

 

Figure S83 31P NMR (CDCl3) spectrum of the phosphitylated CBz-6 (calculated: 
DS31P=2.34). Signal assignment is analogous to Figure S36. 
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Cellulose Laurates: 

The peak assignment for cellulose laurates is exemplarily shown for CL-1. 

 

Figure S84 1H NMR (CDCl3+TFA) spectra of CL-1 (calculated average 
DS1H=1.11±0.01). 

 

 

Figure S85 31P NMR (CDCl3) spectrum of the phosphitylated CL-1 (calculated: 
DS31P=1.13). Signal assignment is analogous to Figure S36. 
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Figure S86 1H NMR (CDCl3+TFA) spectra of CL-2 (calculated average 
DS1H=1.61±0.01). 

 

 

Figure S87 31P NMR (CDCl3) spectrum of the phosphitylated CL-2 (calculated: 
DS31P=1.49). Signal assignment is analogous to Figure S36. 
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Figure S88 1H NMR (CDCl3+TFA) spectra of CL-3 (calculated average 
DS1H=1.68±0.01). 

 

 

Figure S89 31P NMR (CDCl3) spectrum of the phosphitylated CL-3 (calculated: 
DS31P=1.65). Signal assignment is analogous to Figure S36.  
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Figure S90 1H NMR (CDCl3+TFA) spectra of CL-4 (calculated average 
DS1H=2.11±0.02). 

 

 

Figure S91 31P NMR (CDCl3) spectrum of the phosphitylated CL-4 (calculated: 
DS31P=1.83). Signal assignment is analogous to Figure S36. 
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Figure S92 1H NMR (CDCl3+TFA) spectra of CL-5 (calculated average 
DS1H=2.42±0.03). 

 

 

Figure S93 31P NMR (CDCl3) spectrum of the phosphitylated CL-5 (calculated: 
DS31P=2.28). Signal assignment is analogous to Figure S36. 
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Figure S94 1H NMR (CDCl3+TFA) spectra of CL-6 (calculated average 
DS1H=2.47±0.01). 

 

 

Figure S95 31P NMR (CDCl3) spectrum of the phosphitylated CL-6 (calculated: 
DS31P=2.25). Signal assignment is analogous to Figure S36. 
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Procedure for the Preparation of Mixed Cellulose Acetates 

The needed mass of cellulose acetate and microcrystalline cellulose to simulate differ-

ent degrees of substitution were calculated according to equation (26). The two com-

ponents were mixed and ground to a fine powder using a mortar.  

 

𝑚CAc =

𝑚MCC
𝑀MCC

𝐷𝑆CAc
𝐷𝑆mix

× (𝐷𝑆CAc × 𝑀Acetyl + 𝑀MCC) (26) 

𝑚CAc: mass of cellulose acetate 

𝑚MCC: mass of microcrystalline cellulose 

𝑀MCC: molar mass of microcrystalline cellulose (𝑀MCC = 162.14 g mol−1) 

𝐷𝑆CAc: degree of substitution of cellulose acetate 

𝐷𝑆mix: intended degree of substitution of the mixture of cellulose acetate and micro-

crystalline cellulose 

𝑀Acetyl: molar mass of the acetyl substituent 𝑀Acetyl = 42.04 g mol−1 

 

 

DS Determination by the 31P NMR Method 

The DS31P was determined analogous as explained in chapter 6.3.1. 
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6.3.3. Cellulose Thionocarbamate Synthesis – Chapter 

4.3 

This chapter is based on previously published results by the author of this thesis: 

Wolfs, J.; Nickisch, R.; Wanner, L.; Meier, M. A. R. Sustainable One-Pot Cellulose 

Dissolution and Derivatization via a Tandem Reaction in the DMSO/DBU/CO2 Switch-

able Solvent System. J. Am. Chem. Soc. 2021, 143 (44), 18693–18702.201 

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

extended with permission from the American Chemical Society, copyright 2021. 

L. Wanner synthesized CD-1, CD-2, CD-4, CD-5, CD-6, CC-1, CB-1, CB-2, CO-1, CD-

2wt%, CD-4wt%, CD-5wt%, n-dodecyl isocyanide, and oleyl isocyanide under super-

vision of the author. CD-3, CC-2, CO-2, CD-REC, and the model compounds were 

synthesized by the author. 

 

Synthesis of O-Cellulose-N-n-Dodecyl Thiocarbamate (CD-1) Using n-Dodecyl 

Isothiocyanate 

In a round-bottom flask, cellulose (300 mg, [monomeric unit]=1.85 mmol) was sus-

pended in 8.8 mL dry DMSO under argon atmosphere followed by the dropwise addi-

tion of DBU (0.83 mL, 845 mg, 5.55 mmol, 3.0 eq. per AGU). After applying a CO2 flow 

through the solution for 20 min at 40 °C using a balloon, a clear solution was obtained. 

n-Dodecyl isothiocyanate (1.26 g, 5.55 mmol, 3.0 eq. per AGU) was added dropwise 

over a period of 3 h. The temperature was then elevated to 70 °C and the mixture was 

stirred overnight. The modified cellulose precipitated during the reaction and the solid 

was filtrated, washed with 30 mL isopropanol, and then stirred under reflux in 50 mL 

isopropanol for 1 h. After vacuum filtration, the same procedure was repeated with 

50 mL of water to remove residuals of DMSO and DBU and then dried under vacuum 

at 70 °C for 12 h. The final product was obtained as a yellow solid. The yield (71%) 

was calculated based on the DS31P (analogous to equations (20) and (21)). 

ATR-IR n (cm-1): 3672–3114 n(O-H) and n(N-H), 2954 nas(C-H3), 2921 nas(C-H2), 

2851 ns(C-H2), 1709 n(C=O), 1524 (N-H), 1460 (CH2), 1407, 1244 nas(N-(C=O)-O), 

1154 n(C=S), 1061 AGU n(C-O).  
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1H NMR (400 MHz, THF-d8) H (ppm): 9.07–7.22 (m, NH1), 6.62–5.44 (m, NH2), 5.38–

2.70 (m, AGU, CH2
3), 1.69–1.02 (m, CH2

5,4), 0.99–0.73 (m, CH3
6).  

13C NMR (126 MHz, THF-d8) C (ppm): 190.71, 46.34, 42.02, 33.09, 30.87, 30.54, 

29.51, 28.15, 23.77, 14.67. 

 

Figure S96 1H NMR spectrum (THF-d8) of CD-1. AGU = Anhydroglucose unit. 

 

Figure S97 13C NMR spectrum (THF-d8, 8192 scans) of CD-1. AGU = Anhydroglucose 
unit. 
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Figure S98 31P NMR (CDCl3) spectrum of the phosphitylated CD-1 (calculated: 
DS31P=1.70). 
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General Procedure for the Synthesis of O-Cellulose Thiocarbamates with in situ 

Generation of the Isothiocyanate 

In a round-bottom flask, cellulose (250 mg, [monomeric unit]=1.54 mmol) was sus-

pended in 7.3 mL dry DMSO under argon atmosphere, followed by the dropwise addi-

tion of DBU (0.69 mL, 705 mg, 4.63 mmol, 3.0 eq. per anhydroglucose unit (AGU)). 

After applying a CO2 flow through the solution for 20 min at 40 °C using a balloon, a 

clear solution was obtained. In a syringe without piston, elemental sulfur (1.12 eq. of 

sulfur atoms per eq. isocyanide) was placed and the piston reinserted. The liquid iso-

cyanide (1.0−6.0 eq. per AGU, depending on the experiment) was then sucked up with 

the prepared syringe and the resulting suspension of elemental sulfur in isocyanide 

was added dropwise to the reaction through a septum over a period of 3 h. The sul-

fur/isocyanide mixture was resuspended before every addition. The temperature was 

then elevated to 70 °C and the reaction was stirred overnight. The workup procedure 

was different, depending on the sample: Samples CD-5, CD-6, CO-1, CO-2, CD-2wt%, 

CD-4wt%, and CD-5wt% precipitated during the reaction as they became insoluble in 

DMSO (Table 16). In these cases, the precipitated solid was filtrated and washed with 

30 mL isopropanol to receive the crude product. Samples CD-2, CD-3, CD-4, CC-1, 

CC-2, CB-1, and CB-2 remained soluble in DMSO and therefore the homogeneous 

solution was added dropwise into 50 mL of isopropanol (r.t.) under vigorous stirring to 

precipitate the modified cellulose. The solid was filtrated and washed with 20 mL iso-

propanol to receive the crude product. The crude product of all samples was purified 

by stirring in 50 mL isopropanol under reflux for 1 h and subsequently vacuum filtrated. 

The same procedure was repeated with 50 mL of water to remove residuals of DMSO 

and DBU and the pure product was then dried under vacuum at 70 °C for 12 h. The 

final product was obtained as a white or yellow solid. Yields were calculated based on 

the DS31P (analogous to equations (20) and (21)) and ranged from 51 to 81%.  
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O-Cellulose-N-n-dodecyl thiocarbamate (CD-2): Yield: 81%  

ATR-IR n (cm-1): 3659–2999 n(O-H) and n(N-H), 2954 nas(C-H3), 2921 nas(C-H2), 

2853 ns(C-H2), 1699 n(C=O), 1532 (N-H), 1460 (CH2), 1244 nas(N-(C=O)-O), 1154 

n(C=S), 1023 AGU n(C-O). 
1H NMR (400 MHz, DMSO-d6) H (ppm): 10.25–8.67 (m, NH1), 7.60–6.22 (m, NH2), 
5.79–2.76 (m, AGU, CH2

3), 1.77–0.95 (m, CH2
5,4), 0.93–0.66 (m, CH3

6). 

 

Figure S99 1H NMR spectrum (DMSO-d6) of CD-2. AGU = Anhydroglucose unit. 

 

Figure S100 31P NMR (CDCl3) spectrum of the phosphitylated CD-2 (calculated: 
DS31P=0.52). 
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O-Cellulose-N-n-dodecyl thiocarbamate (CD-3): Yield: 75%  

ATR-IR n (cm-1): 3672–3100 n(O-H) and n(N-H), 2921 nas(C-H2), 2853 ns(C-H2), 

1703 n(C=O), 1528 (N-H), 1462 (CH2), 1407, 1249 nas(N-(C=O)-O), 1150 n(C=S), 

1022 AGU n(C-O).  
1H NMR (400 MHz, DMSO-d6) H (ppm): 9.39–8.65 (m, NH1), 7.53–6.24 (m, NH2), 
5.77–2.72 (m, AGU, CH2

3), 1.76–0.95 (m, CH2
5,4), 0.88–0.73 (m, CH3

6). 

 

Figure S101 1H NMR spectrum (DMSO-d6) of CD-3. AGU = Anhydroglucose unit. 

 

Figure S102 31P NMR (CDCl3) spectrum of the phosphitylated CD-3 (calculated: 
DS31P=0.89). 
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O-Cellulose-N-n-dodecyl thiocarbamate (CD-4): Yield: 80%  

ATR-IR n (cm-1): 3657–3106 n(O-H) and n(N-H), 2954 nas(C-H3), 2921 nas(C-H2), 

2853 ns(C-H2), 1705 n(C=O), 1526 (N-H), 1460 (CH2), 1409, 1249 nas(N-(C=O)-O), 

1156 n(C=S), 1057 AGU n(C-O).  
1H NMR (400 MHz, DMSO-d6) H (ppm): 9.97–8.02 (m, NH1), 7.54–6.21 (m, NH2), 
5.83–2.76 (m, AGU, CH2

3), 1.74–0.96 (m, CH2
5,4), 0.94–0.64 (m, CH3

6). 

 

Figure S103 1H NMR spectrum (DMSO-d6) of CD-4. AGU = Anhydroglucose unit. 

 

Figure S104 31P NMR (CDCl3) spectrum of the phosphitylated CD-4 (calculated: 
DS31P=1.07). 
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O-Cellulose-N-n-dodecyl thiocarbamate (CD-5): Yield: 69%  

ATR-IR n (cm-1): 3684–3116 n(O-H) and n(N-H), 2954 nas(C-H3), 2921 nas(C-H2), 

2853 ns(C-H2), 1709 n(C=O), 1530 (N-H), 1458 (CH2), 1409, 1246 nas(N-(C=O)-O), 

1154 n(C=S), 1063 AGU n(C-O). 
1H NMR (400 MHz, THF-d8) H (ppm): 9.09–7.40 (m, NH1), 7.12–5.51 (m, NH2), 5.42–
2.84 (m, AGU, CH2

3), 1.64–1.08 (m, CH2
5,4), 0.99–0.74 (m, CH3

6). 

 

Figure S105 1H NMR spectrum (THF-d8) of CD-5. AGU = Anhydroglucose unit. 

 

Figure S106 31P NMR (CDCl3) spectrum of the phosphitylated CD-5 (calculated: 
DS31P=1.56). 
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O-Cellulose-N-n-dodecyl thiocarbamate (CD-6): Yield: 51%  

ATR-IR n (cm-1): 3614–3131 n(O-H) and n(N-H), 2954 nas(C-H3), 2921 nas(C-H2), 

2851 ns(C-H2), 1720 (C=O), 1524 (N-H), 1465 (CH2), 1407, 1246 nas(N-(C=O)-O), 

1150 n(C=S), 1061 AGU n(C-O).  
1H NMR (400 MHz, THF-d8) H (ppm): 9.00–7.28 (m, NH1), 6.48–5.36 (m, NH2), 5.26–
2.70 (m, AGU, CH2

3), 1.65–1.09 (m, CH2
5,4), 0.97–0.79 (m, CH3

6).  

 

Figure S107 1H NMR spectrum (THF-d8) of CD-6. AGU = Anhydroglucose unit. 

 

Figure S108 31P NMR (CDCl3) spectrum of the phosphitylated CD-6 (calculated: 
DS31P=2.16). 
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O-Cellulose-N-cyclohexyl thiocarbamate (CC-1): Yield: 71%  

ATR-IR n (cm-1): 3659–3059 n(O-H) and n(N-H), 2927 nas(C-H2), 2855 ns(C-H2), 

1703 n(C=O), 1520 (N-H), 1450 (CH2), 1409, 1250 nas(N-(C=O)-O), 1160 n(C=S), 

1028 AGU n(C-O).  
1H NMR (400 MHz, DMSO-d6) H (ppm): 9.57–8.40 (m, NH1), 7.60–5.98 (m, NH2), 
5.74–2.79 (m, AGU, CH3), 2.18–1.42 (m, CH2

4), 1.42–0.65 (m, CH2
5). 

 
Figure S109 1H NMR spectrum (DMSO-d6) of CC-1. AGU = Anhydroglucose unit. 

 
Figure S110 31P NMR (CDCl3) spectrum of the phosphitylated CC-1 (calculated: 
DS31P=1.00). 
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O-Cellulose-N-cyclohexyl thiocarbamate (CC-2): Yield: 67%  

ATR-IR n (cm-1): 3661–3106 n(O-H) and n(N-H), 2931 nas(C-H2), 2855 ns(C-H2), 

1705 n(C=O), 1520 (N-H), 1452 (CH2), 1413, 1250 nas(N-(C=O)-O), 1162 n(C=S), 

1059 AGU n(C-O).  
1H NMR (400 MHz, DMSO-d6) H (ppm): 9.71–8.30 (m, NH1), 7.55–6.02 (m, NH2), 
5.85–2.77 (m, AGU, CH3), 2.19–1.41 (m, CH2

4), 1.41–0.63 (m, CH2
5).  

13C NMR (126 MHz, THF-d8) C (ppm): 33.09, 30.86, 30.54, 29.52, 28.14, 25.98, 23.77, 
14.67, 1.53. 

 

Figure S111 1H NMR spectrum (DMSO-d6) of CC-2. AGU = Anhydroglucose unit. 

The 13C NMR measurement was performed in THF-d8 because of better resolution, 

whereas DMSO-d6 was used as the solvent for the 1H NMR measurement because of 

better resolution. Carbonyl and thiocarbonyl peaks could not be detected in the 
13C NMR spectrum. 
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Figure S112 13C NMR spectrum (THF-d8, 8192 scans) of CC-2. AGU = Anhydroglu-
cose unit. 

 

Figure S113 31P NMR (CDCl3) spectrum of the phosphitylated CC-2 (calculated: 
DS31P=1.20). 
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Figure S114 IR spectra of CC-1 and CC-2. 
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O-Cellulose-N-n-butyl thiocarbamate (CB-1): Yield: 65%  

ATR-IR n (cm-1): 3645–3100 n(O-H) and n(N-H), 2958 nas(C-H3), 2929 nas(C-H2), 

2871 ns(C-H2), 1703 n(C=O), 1528 (N-H), 1458 (CH2), 1408, 1242 nas(N-(C=O)-O), 

1146 n(C=S), 1014 AGU n(C-O).  
1H NMR (400 MHz, DMSO-d6) H (ppm): 9.83–8.24 (m, NH1), 7.56–5.97 (m, NH2), 
5.83–2.74 (m, AGU, CH2

3), 1.72–1.06 (m, CH2
4), 1.09–0.61 (m, CH3

5). 

 

Figure S115 1H NMR spectrum (DMSO-d6) of CB-1. AGU = Anhydroglucose unit. 

 

Figure S116 31P NMR (CDCl3) spectrum of the phosphitylated CB-1 (calculated: 
DS31P=1.31). 
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O-Cellulose-N-n-butyl thiocarbamate (CB-2): Yield: 65%  

ATR-IR n (cm-1): 3672–3102 n(O-H) and n(N-H), 2958 nas(C-H3), 2931 nas(C-H2), 

2871 ns(C-H2), 1707 n(C=O), 1526 (N-H), 1456 (CH2), 1407, 1238 nas(N-(C=O)-O), 

1158 n(C=S), 1016 AGU n(C-O).  
1H NMR (400 MHz, DMSO-d6) H (ppm): 9.80–8.09 (m, NH1), 7.61–6.05 (m, NH2), 
5.92–2.77 (m, AGU, CH2

3), 1.83–1.09 (m, CH2
4), 1.09–0.42 (m, CH3

5).  
13C NMR (126 MHz, DMSO-d6) C (ppm): 188.99, 187.46, 65.67, 44.40, 42.17, 31.53, 
30.66, 29.89, 19.59, 19.44, 13.68. 

 

Figure S117 1H NMR spectrum (DMSO-d6) of CB-2. AGU = Anhydroglucose unit. 

 

Figure S118 13C NMR spectrum (DMSO-d6, 8192 scans) of CB-2. AGU = Anhydroglu-
cose unit. Signals a and b are observed because of the cis/trans isomerism of the 
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thiocarbamte moiety caused by the hindered rotation due to the partial double bond 
character.313 

 

Figure S119 31P NMR (CDCl3) spectrum of the phosphitylated CB-2 (calculated: 
DS31P=1.30). 

 

Figure S120 IR spectra of CB-1 and CB-2. 
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O-Cellulose-N-oleyl thiocarbamate (CO-1): Yield: 57%  

ATR-IR n (cm-1): 3649–3129 n(O-H) and n(N-H), 3005 nas(C-H3), 2921 nas(C-H2), 

2853 ns(C-H2), 1711 n(C=O), 1528 (N-H), 1456 (CH2), 1407, 1242 nas(N-(C=O)-O), 

1154 n(C=S), 1061 AGU n(C-O).  
1H NMR (400 MHz, THF-d8) H (ppm): 8.78–7.42 (NH1), 6.86–5.55 (m, NH2), 5.53–5.24 
(m, CH3), 5.14–2.85 (m, AGU, CH2

4), 2.12–1.94 (m, CH2
5), 1.61–1.48 (m, CH2

6), 1.43–
1.15 (m, CH2

7), 1.00–0.78 (m, CH3
8). 

 

Figure S121 1H NMR spectrum (THF-d8) of CO-1. AGU = Anhydroglucose unit. 

Figure S122 31P NMR (CDCl3) spectrum of the phosphitylated CO-1 (calculated: 
DS31P=1.69). 
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O-Cellulose-N-oleyl thiocarbamate (CO-2): Yield: 59%  

ATR-IR n (cm-1): 3639–3122 n(O-H) and n(N-H), 3005 nas(C-H3), 2921 nas(C-H2), 

2853 ns(C-H2), 1713 n(C=O), 1526 (N-H), 1462 (CH2), 1407, 1242 nas(N-(C=O)-O), 

1156 n(C=S), 1063 AGU n(C-O).  
1H NMR (400 MHz, THF-d8) H (ppm): 8.88–7.31 (m, NH1), 7.04–5.49 (m, NH2), 5.48–
5.23 (m, CH3), 5.11–2.85 (m, AGU, CH2

4), 2.22–1.91 (m, CH2
5), 1.68–1.52 (m, CH2

6), 
1.53–1.05 (m, CH2

7), 1.00–0.73 (m, CH3
8).  

13C NMR (126 MHz, THF-d8) C (ppm): 189.89, 130.68, 130.07, 45.72, 41.45 33.09, 
32.42, 32.30, 32.00, 31.90, 30.27, 30.14, 30.05, 29.91, 29.84, 29.81, 29.47, 28.88, 
27.60, 23.12, 23.00, 14.04. 

 
Figure S123 1H NMR spectrum (THF-d8) of CO-2. AGU = Anhydroglucose unit. 

 
Figure S124 13C NMR spectrum (THF-d8, 8192 scans) of CO-2.  



 Experimental Section 

211 

 

Figure S125 31P NMR (CDCl3) spectrum of the phosphitylated CO-2 (calculated: 
DS31P=2.11). 

 

Figure S126 IR spectra of CO-1 and CO-2. 
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O-cellulose-N-n-dodecyl thiocarbamate at a concentration of 2 wt% (CD-2wt%) 

 

Figure S127 1H NMR spectrum (THF-d8) of CD-2wt%. Calculated thiocarbamate mole 
fraction from 1H NMR spectroscopy: 𝑥𝑆,𝑁𝑀𝑅=51.6%. 

 

Figure S128 31P NMR (CDCl3) spectrum of the phosphitylated CD-2wt% (calculated: 
DS31P=1.22). The DS31P was not corrected with elemental analysis data and thus, 
100% thiocarbamate formation is assumed for the calculated MS. 

O-cellulose-N-n-dodecyl thiocarbamate at a concentration of 3 wt% 

See the data from CD-5. 
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O-cellulose-N-n-dodecyl thiocarbamate at a concentration of 4 wt% (CD-4wt%) 

 

Figure S129 1H NMR spectrum (THF-d8) of CD-4wt%. Calculated thiocarbamate mole 
fraction from 1H NMR spectroscopy: 𝑥𝑆,𝑁𝑀𝑅=64.8%. 

 

Figure S130 31P NMR (CDCl3) spectrum of the phosphitylated CD-4wt% (calculated: 
DS31P=1.60). The DS31P was not corrected with elemental analysis data and thus, 
100% thiocarbamate formation is assumed for the calculated MS. 
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O-cellulose-N-n-dodecyl thiocarbamate at a concentration of 5 wt% (CD-5wt%) 

 

Figure S131 1H NMR spectrum (THF-d8) of CD-5wt%. Calculated thiocarbamate mole 
fraction from 1H NMR spectroscopy: 𝑥𝑆,𝑁𝑀𝑅=68.1%. 

 

Figure S132 31P NMR (CDCl3) spectrum of the phosphitylated CD-5wt% (calculated: 
DS31P=1.58). The DS31P was not corrected with elemental analysis data and thus, 
100% thiocarbamate formation is assumed for the calculated MS. 
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Synthesis of O-Cellulose-N-n-Dodecyl Thiocarbamate in Larger Scale with Sub-

sequent Recycling of the Used Solvents (CD-REC) 

In a round-bottom Schlenk flask, cellulose (4.00 g, [monomeric unit]=24.67 mmol) was 

dried under high vacuum at 120 °C and subsequently suspended in 70 mL dry DMSO 

under argon atmosphere, followed by the dropwise addition of DBU (11.53 mL, 11.76 g, 

77.52 mmol, 3.0 eq. per anhydroglucose unit (AGU)). After applying a CO2 flow 

through the solution for 30 min at 40 °C using a balloon, a clear solution was obtained. 

In a syringe without piston, elemental sulfur (2.77 g, 1.12 eq. of sulfur atoms per eq. 

isocyanide) was placed and the piston reinserted. n-Dodecyl isocyanide (14.46 g, 

3.0 eq. per AGU) was then sucked up with the prepared syringe and the resulting sus-

pension of elemental sulfur in isocyanide was added dropwise to the reaction through 

a septum over a period of 3 h. The sulfur/isocyanide mixture was resuspended before 

every addition. The temperature was then elevated to 70 °C and the reaction was 

stirred overnight. The product precipitated during the reaction as it became insoluble 

in DMSO and was decanted. The crude product was purified by stirring in 150 mL iso-

propanol under reflux for 1 h and subsequently vacuum filtrated. The same procedure 

was repeated with another 150 mL of isopropanol and the pure product was then dried 

under high vacuum at 50 °C for 12 h. The final product was obtained as a yellow solid 

and the yield was calculated based on the DSEA,NC (Equation S10): 91.4%. Recycling 

process: The iPrOH from drying of the purified product was captured in a cold trap. 

The residual filtrate consisting of isopropanol, DMSO and DBU was purified by distilla-

tion. First, isopropanol was evaporated using a rotary evaporator (50 mbar, 50 °C) and 

this fraction was combined with the captured isopropanol from the coldtrap. In a sub-

sequent distillation, a second fraction containing isopropanol and DMSO (0.2 mbar, 

40 °C) was collected in order to remove isopropanol quantitatively, which could lead to 

side reactions in a second cycle. Then, the third fraction (mixed fraction consisting of 

DMSO and DBU) was distilled at 0.1 mbar and 50–150 °C oil bath temperature. Re-

covery yields are summarized in Table 27 and the composition of fraction three was 

analyzed via 1H NMR spectroscopy (Figure S135). 
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O-cellulose-N-n-dodecyl thiocarbamate synthesized in larger scale with recy-

cling of the used solvents (CD-REC): Yield: 91%. 

ATR-IR n (cm-1): 3648–3112 n(O-H) and n(N-H), 2957 nas(C-H3), 2921 nas(C-H2), 

2851 ns(C-H2), 1709 (C=O), 1524 (N-H), 1456 (CH2), 1409, 1249 nas(N-(C=O)-O), 

1158 n(C=S), 1063 AGU n(C-O). 
1H NMR (400 MHz, THF-d8) H (ppm): 9.04–7.11 (m, NH1), 6.43–5.41 (m, NH2), 5.36–
2.70 (m, AGU, CH2

3), 1.57–0.95 (m, CH2
5,4), 0.91–0.65 (m, CH3

6). 

 
Figure S133 1H NMR spectrum (THF-d8) of CD-REC. Calculated thiocarbamate mole 
fraction from 1H NMR spectroscopy: 𝑥𝑆,𝑁𝑀𝑅=70.4%. 

 
Figure S134 31P NMR (CDCl3) spectrum of the phosphitylated CD-REC (calculated: 
DS31P=1.47). 
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Table 27 Used and recovered substances for the synthesis of CD-REC (3.0 eq. n-
dodecyl isocyanide, 0.42 eq. S8). 

Substance Used Recovered Recycling ratio 

Cellulose 4.00 g - - 

n-Dodecyl isocyanide 14.46 g - - 

Sulfur 2.66 g - - 

DMSO 77.03 g 70.49 g 91.5% 

DBU 11.76 g 9.31 g 79.1% 

iPrOH 291.16 g 278.48 g 95.6% 

DS31P = 1.47, DSEA,NC = 1.42±0.06, DSEA,NH = 1.44±0.09, Yield: 10.82 g (91.4%, cal-
culated based on the DSEA,NC), Conversion: 47.3% (calculated based on the DSEA,NC) 

 

The volume of CO2 used for the solubilization was estimated to V = 2 L. Using the ideal 

gas law (𝑝𝑉 = 𝑛𝑅𝑇) and the molar mass of CO2 (M = 44.01 g mol-1), the used mass of 

CO2 was calculated to be m = 3.60 g. With a yield of 10.82 g, CO2 is estimated to 

contribute to the E-Factor with: E-FactorCO2, estimate = 0.33. This contribution was ne-

glected for the total E-Factor calculation due to the uncertainty in quantification and the 

low value. In even larger scales, the used CO2 could be recycled as it is released during 

the derivatization reaction. 

 

 

Figure S135 1H NMR (CDCl3) spectrum of the redistilled DMSO/DBU mixture. 
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O-Cellulose-N-oleyl thiocarbamate synthesized in larger scale with redistilled 

DMSO/DBU (CD-REC2): Yield: 68%. 

ATR-IR n (cm-1): 3653–3107 n(O-H) and n(N-H), 3007 nas(C-H3), 2921 nas(C-H2), 

2853 ns(C-H2), 1705 n(C=O), 1528 (N-H), 1465 (CH2), 1407, 1246 nas(N-(C=O)-O), 

1154 n(C=S), 1055 AGU n(C-O).  
1H NMR (400 MHz, THF-d8) H (ppm): 8.85–7.42 (m, NH1), 7.02–5.59 (m, NH2), 5.48–
5.25 (m, CH3), 5.15–2.90 (m, AGU, CH2

4), 2.20–1.92 (m, CH2
5), 1.69–1.55 (m, CH2

6), 
1.54–1.06 (m, CH2

7), 0.96–0.80 (m, CH3
8).  

 
Figure S136 1H NMR spectrum (THF-d8) of a O-Cellulose-N-oleyl thiocarbamate syn-
thesized with redistilled DMSO and DBU. AGU = Anhydroglucose unit. 

 
Figure S137 31P NMR (CDCl3) spectrum of the phosphitylated O-Cellulose-N-oleyl thi-
ocarbamate synthesized with redistilled DMSO and DBU (calculated: DS31P=1.63). The 
DS31P was not corrected with elemental analysis data and thus, 100% thiocarbamate 
formation is assumed for the calculated MS. 
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Model Compound Synthesis 

In a round-bottom flask, n-hexanol (0.44 mL, 360 mg, 3.52 mmol, 1.0 eq.) was diluted 

in 10 mL DMSO followed by the dropwise addition of DBU (0.53 mL, 536 mg, 

3.52 mmol, 1.0 eq.). A CO2 flow was applied through the solution for 20 min at 40 °C 

using a balloon. n-Dodecyl isothiocyanate (800 mg, 3.52 mmol, 1.0 eq.) was added 

dropwise over a period of 1.5 h. The temperature was then elevated to 70 °C and 

stirred overnight. The organic phase was then extracted with cyclohexane, the extract 

was washed with water (2x) and brine (1x), and then dried over Na2SO4. The solution 

was filtered, the solvent evaporated under reduced pressure and the crude product 

purified via flash column chromatography (cyclohexane/ethyl acetate 15/1). The final 

products (O-n-hexyl-N-n-dodecyl thiocarbamate and O-n-hexyl-N-n-dodecyl carba-

mate) were obtained as colorless liquids. Yield: 49% of O-n-hexyl-N-n-dodecyl thiocar-

bamate, 17% of O-n-hexyl-N-n-dodecyl carbamate (combined yield: 66%). 
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O-n-Hexyl-N-n-dodecyl carbamate: 

ATR-IR n (cm-1): 3340 n(N-H), 2956 nas(C-H3), 2919 nas(C-H2), 2849 ns(C-H2), 1683 

n(C=O), 1532 (N-H), 1470 (CH2), 1271, 1248 nas(N-(C=O)-O), 1145, 723, 622. 
1H NMR (400 MHz, DMSO-d6) H (ppm): 7.01 (t, 3J = 5.8 Hz, 1H, NH1), 3.91 (t, 3J = 6.6 
Hz, 2H, CH2

2), 2.94 (td, 3J = 6.6 Hz 2H, CH2
3), 1.52 (p, 3J = 6.7 Hz, 2H, CH2

4), 1.44–
1.34 (m, 2H, CH2

5), 1.33–1.15 (m, 24H, CH2
6), 0.93–0.80 (m, 6H, CH3

7). 
13C NMR (101 MHz, DMSO-d6) C (ppm): 156.79 (C=O1), 63.91 (CH2

2), 40.47 (CH2
3), 

31.78 (CH2
4), 31.41 (CH2

4), 29.87 (CH2
4), 29.52 (CH2

4), 29.49 (CH2
4), 29.46 (CH2

4), 
29.45 (CH2

4), 29.19 (CH2
4), 26.67 (CH2

4), 25.53 (CH2
4), 22.57 (CH2

4), 22.51 (CH2
4), 

14.41 (CH2
5), 14.33 (CH2

5). 
ASAP-MS: C19H39NO2 [M+H]+, calculated: 314.30, found: 314.4. 

 
Figure S138 1H NMR spectrum (DMSO-d6) of O-n-hexyl-N-n-dodecyl carbamate. 

 
Figure S139 13C NMR spectrum (DMSO-d6, 1024 scans) of O-n-hexyl-N-n-dodecyl 
carbamate. 
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O-n-Hexyl-N-n-dodecyl thiocarbamate: 

ATR-IR n (cm-1): 3246 n(N-H), 2954 nas(C-H3), 2923 nas(C-H2), 2851 ns(C-H2), 1549 

(N-H), 1518, 1465 (CH2), 1403, 1337, 1164 n(C=S), 1121, 724. 
1H NMR (400 MHz, CDCl3) H (ppm): 6.60 (s br, 1H, NH1a), 6.18 (s br, 1H, NH1b), 4.47 
(t, 3J = 6.6 Hz, 2H, CH2

2a), 4.40 (t, 3J = 6.8 Hz, 2H, CH2
2b), 3.53 (td, 3J = 7.3, 5.7 Hz, 

2H, CH2
3a), 3.25 (td, 3J = 7.1, 5.8 Hz, 2H, CH2

3b), 1.79–1.45 (m, 4H, CH2
4,5), 1.45–1.21 

(m, 24H, CH2
6), 0.94–0.81 (m, 6H, CH2

7). 
13C NMR (101 MHz, CDCl3) C (ppm): 190.49 (C=O1a), 190.13 (C=O1b), 72.12 (CH2

2a), 
70.52 (CH2

2b), 45.26 (CH2
3a), 43.17 (CH2

3b), 31.92 (CH2
4), 31.49 (CH2

4), 31.42 (CH2
4), 

29.64 (CH2
4), 29.62 (CH2

4), 29.57 (CH2
4), 29.51 (CH2

4), 29.49 (CH2
4), 29.34 (CH2

4), 
29.28 (CH2

4), 29.18 (CH2
4), 29.12 (CH2

4), 28.68 (CH2
4), 28.65 (CH2

4), 28.61 (CH2
4), 

26.88 (CH2
4), 26.77 (CH2

4), 25.60 (CH2
4), 25.55 (CH2

4), 22.69 (CH2
4), 22.56 (CH2

4), 
22.55 (CH2

4), 14.12 (CH2
5), 14.00 (CH2

6). 
ASAP MS: C19H39NOS [M+H]+, calculated: 330.28, found: 330.3. 

 

Figure S140 1H NMR spectrum (CDCl3) of O-n-hexyl-N-n-dodecyl thiocarbamate. Sig-
nals a and b are observed because of the cis/trans isomerism of the thiocarbamte 
moiety caused by the hindered rotation due to the partial double bond character.313 
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Figure S141 13C NMR spectrum (CDCl3, 1024 scans) of O-n-hexyl-N-n-dodecyl thio-
carbamate. Signals a and b are observed because of the cis/trans isomerism of the 
thiocarbamte moiety caused by the hindered rotation due to the partial double bond 
character.313  

 

Model Reaction Screening 

The model reactions were screened using gas chromatography. Calibrations for the 

thionocarbamate and the (oxo-)carbamate compound were created and then used for 

the quantification as shown in Figure S143. 

 

Figure S142 Gas chromatography calibration curves of O-n-hexyl-N-n-dodecyl thio-
carbamate (left) and O-n-hexyl-N-n-dodecyl carbamate (right) with 1,3,5-trimethox-
ybenzene as internal standard. 
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Figure S143 Formation of O-n-hexyl-N-n-dodecyl thiocarbamate and O-n-hexyl-N-n-
dodecyl carbamate over time with 0–1.00 eq. DBU at 70 °C. Determined via gas chro-
matography. 
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N,N‘ Didodecylurea: 

ATR-IR n (cm-1): 3336 n(N-H), 2956 nas(C-H3), 2917 nas(C-H2), 2849 ns(C-H2), 1613 

n(C=O), 1569 (N-H), 1467 (CH2), 1240, 722, 609, 588. 

1H NMR (400 MHz, CDCl3) H (ppm): 4.17 (t, 3J = 5.7 Hz, 2H, NH1), 3.14 (td, 3J = 7.2, 
5.6 Hz, 4H, CH2

2), 1.49 (p, 3J = 7.2 Hz, 4H, CH2
3), 1.38–1.19 (m, 36H, CH2

4), 0.88 (t, 
3J = 6.7 Hz, 6H, CH3

5).  
The analytical data is in accordance to the data reported in literature.338 

 

Figure S144 1H NMR spectrum (CDCl3) of N,N‘ didodecylurea. 
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Synthesis of Diisocyanides and Diisothiocyanates 

Diisocyanides were synthesized according to the procedure of Meier et al.327 and 

diisothiocyanates were synthesized according to the procedure of Meier et al.266  

n-Dodecylisocyanide: 

1H NMR (400 MHz, CDCl3) H (ppm): 3.37 (tt, 3J = 6.8 Hz, 3JN-H = 2.0 Hz, 2H, CH2
1), 

1.74-1.61 (m, 2H, CH2
2), 1.42 (p, 3J = 7.2 Hz, 2H, CH2

3), 1.36–1.17 (m, 16H, CH2
4), 

0.88 (t, 3J = 7.1 Hz, 3H, CH3
5). 

 

Figure S145 1H NMR spectrum (CDCl3) of n-dodecylisocyanide. 
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Oleylisocyanide: 

1H NMR (400 MHz, CDCl3) H (ppm): 5.44–5.29 (m, 2H, CH1), 3.42–3.33 (m, 2H, CH2
2), 

2.06–1.92 (m, 4H, CH2
3), 1.74–1.61 (m, 2H, CH2

4), 1.50–1.39 (m, 2H, CH2
5), 1.38–

1.15 (m, 12H, CH2
6), 0.88 (t, 3J = 6.7 Hz, 3H, CH3

7). 

 

Figure S146 1H NMR spectrum (CDCl3) of oleylisocyanide. 
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n-Dodecylisothiocyanate: 

1H NMR (400 MHz, CDCl3) H (ppm): 3.44 (t, 3J = 6.7 Hz, 2H, CH2
1), 1.68–1.57 (m, 2H, 

CH2
2), 1.34 (d, 3J = 7.1 Hz, 2H, CH2

3), 1.28–1.12 (m, 16H, CH2
4), 0.81 (t, 3J = 6.8 Hz, 

3H, CH3
5). 

 

 

Figure S147 1H NMR spectrum (CDCl3) of n-dodecylisothiocyanate. 
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DS Determination by 31P NMR Method 

The DS was determined by derivatization of the cellulose sample using a phosphory-

lating agent according to a procedure developed by Kilpeläinen et al.208: An exact 

amount of 10 mg of each sample was dissolved in 1 mL of pyridine followed by the 

addition of 1 mL CDCl3. Next, 2-chloro-4,4,5,5-tetramethyl-1,3,2- dioxaphospholane 

(2-Cl-TMDP, 50 μL, 0.63 mmol) was added and the solution was stirred for 15 min. 

Then, the internal standard endo-N-hydroxy-5-norbornene-2,3-dicarboximide (60 μL, 

123.21 mM in pyridine/CDCl3=3:2, 0.0074 mmol) was added and the solution was 

stirred for further 10 min. 0.6 mL of the solution was then transferred to an NMR tube 

and a 31P NMR measurement was performed at 162 Mhz. The DS values were calcu-

lated analogous to equations (18) and (19). 

 

Thiocarbamate Content Calculation from Elemental Aanalysis Data 

For the quantification of thiocarbamate formation besides (oxo)carbamate formation, 

elemental analysis was used. From the molar ratio of sulfur (S) to nitrogen (N), the mole 

fraction of thiocarbamate (𝑥S) can be calculated according to equation (27). 

𝑥S =
S

N
=

𝑤S

𝑀(S)
𝑤N

𝑀(N)

≤ 1 (27) 

𝑤S: mass fraction of sulfur 

𝑤N: mass fraction of nitrogen 

𝑀(S): molar mass of sulfur 𝑀(S) = 32.0650 
g

mol
 

𝑀(N): molar mass of nitrogen 𝑀(N) = 14.0067 
g

mol
 

 

 

DS Determination by Elemental Analysis 

The degree of substitution determined by elemental analysis (𝐷𝑆EA) was calculated 

based on the ratio of nitrogen to carbon (equation (28)) and on the ratio of nitrogen to 

hydrogen (equation (29)). In equation (28) the 𝐷𝑆EA,NC multiplied by the number of 

nitrogen atoms of the substituent (𝑛N,S) equals the amount of nitrogen (N) and the 

amount of carbon (C) equals the number of carbon atoms of the substituent (𝑛C,S) 
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multiplied by the 𝐷𝑆EA,NC plus the number of carbon atoms of the anhydroglucose unit 

(𝑛C,AGU). 

N

C
=

𝑛N,S × 𝐷𝑆EA,NC

𝑛C,S × 𝐷𝑆EA,NC + 𝑛C,AGU
 (28) 

𝐷𝑆EA,NC : degree of substitution determined via elemental analysis based on the 

nitrogen to carbon ratio 

𝑛N,S: number of nitrogen atoms introduced per OH functionalization = 1 

𝑛C,S: number of carbon atoms of the substituent = 13, 5, 7, 19 for dodecyl, butyl, 

cyclohexyl, and oleyl moiety, respectively. 

𝑛C,AGU: number of carbon atoms of the anhydroglucose unit = 6 

 

The calculation of the 𝐷𝑆EA,NH  is analogous to the calculation of the 𝐷𝑆EA,NC . In 

equation (29) the 𝐷𝑆EA,NH multiplied by the number of nitrogen atoms of the substituent 

equals the amount of nitrogen (N) and the amount of hydrogen (H) equals the number 

of hydrogen atoms of the substituent (𝑛C,S) multiplied by the 𝐷𝑆EA,NC plus the number 

of hydrogen atoms of the anhydroglucose unit (𝑛C,AGU). In addition, for the calculation 

of the amount of hydrogen (H) one hydrogen on the hydroxyl group is substituted per 

substituent. 

N

H
=

𝑛N,S × 𝐷𝑆EA,NH

𝑛H,S × 𝐷𝑆EA,NH + 𝑛H,AGU − 𝑛H × 𝐷𝑆EA,NH
 (29) 

𝐷𝑆EA,NH : degree of substitution determined via elemental analysis based on the 

nitrogen to hydrogen ratio 

𝑛N,S: number of nitrogen atoms introduced per OH functionalization = 1 

𝑛H,S: number of hydrogen atoms of the substituent = 26, 10, 12, 36 for dodecyl, butyl, 

cyclohexyl, and oleyl moiety, respectively.  

𝑛H,AGU: number of hydrogen atoms of the anhydroglucose unit = 10 

𝑛H: number of hydrogen atoms which are substituted per OH functionalization = 1 

 

The determination of 𝑛C,S, 𝑛C,AGU, 𝑛H,S and 𝑛H,AGU is exemplary shown in Figure S148 

for a cellulose thiocarbamate sample. 
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Figure S148 Illustration for the determination of the number of carbon and hydrogen 
atoms (𝑛𝐶,𝑆, 𝑛𝐶,𝐴𝐺𝑈, 𝑛𝐻,𝑆 and 𝑛𝐻,𝐴𝐺𝑈) in a monosubstituted O-cellulose-N-n-dodecyl thi-

ocarbamate. 

From elemental analysis the mass fraction (𝑤) is determined, which can be divided by 

the molar mass (𝑀) to calculate the molar content of the respective element (N, C, H) 

in the measured sample. With this correlation, the equations (28) and (29) can be 

written as shown in equations (30) and (31) to calculate the 𝐷𝑆EA. 

𝐷𝑆𝐸𝐴,𝑁𝐶 =
𝑛𝐶,𝐴𝐺𝑈 ×

𝑤𝑁

𝑀(𝑁)

𝑛𝑁,𝑆
𝑤𝐶

𝑀(𝐶)
− 𝑛𝐶,𝑆 ×

𝑤𝑁

𝑀(𝑁)

 (30) 

𝐷𝑆EA,NH =
𝑛H,AGU ×

𝑤N

𝑀(N)

𝑛N,S
𝑤H

𝑀(H)
− (𝑛H,S − 𝑛𝐻) ×

𝑤N

𝑀(N)

 (31) 

𝑤H: mass fraction of hydrogen 

𝑤C: mass fraction of carbon 

𝑀(H): molar mass of hydrogen 𝑀(H) = 1.00784 
g

mol
 

𝑀(C): molar mass of carbon 𝑀(C) = 12.0107 
g

mol
 

𝑀(N): molar mass of nitrogen 𝑀(N) = 14.0067 
g

mol
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Table 28 Elemental analysis raw data of the synthesized O-cellulose thiocarbamates. 

Sample 𝒘𝐍 𝒘𝐂 𝒘𝐇 𝒘𝐒 

CD-1 0.0431 0.6084 0.0963 0.0657 

CD-1 0.0423 0.6072 0.0993 0.0486 

CD-2 0.0297 0.5326 0.0838 0.0114 

CD-2 0.0304 0.5318 0.0821 0.0111 

CD-3 0.0338 0.5687 0.0912 0.0268 

CD-3 0.033 0.5663 0.0919 0.0247 

CD-4 0.0367 0.5756 0.0941 0.049 

CD-4 0.0369 0.5686 0.0893 0.0511 

CD-5 0.041 0.5996 0.0962 0.0392 

CD-5 0.0413 0.6033 0.0961 0.052 

CD-6 0.0456 0.6212 0.1011 0.0748 

CD-6 0.047 0.6263 0.1025 0.0822 

CD-6 0.0448 0.6258 0.1060 0.0732 

CD-REC 0.0404 0.5888 0.0914 0.0705 

CD-REC 0.0396 0.5858 0.0913 0.0691 

CD-REC 0.0392 0.5855 0.0915 0.0693 

CC-1 0.0434 0.4996 0.0714 0.0387 

CC-1 0.0434 0.5005 0.0716 0.0386 

CC-2 0.0485 0.5135 0.0704 0.0568 

CC-2 0.0489 0.5131 0.0718 0.057 

CB-1 0.0578 0.4839 0.0727 0.0518 

CB-1 0.0572 0.4787 0.0724 0.0504 

CB-2 0.0578 0.4839 0.0727 0.0518 

CB-2 0.0572 0.4787 0.0724 0.0504 

CO-1 0.0327 0.6279 0.0983 0.0444 

CO-1 0.0329 0.6344 0.1006 0.0467 

CO-1 0.0325 0.6337 0.1021 0.0459 

CO-2 0.0363 0.6572 0.103 0.0543 

CO-2 0.0353 0.6552 0.1029 0.0552 

CD-2wt% 0.0391 0.5939 0.0960 0.0502 

CD-2wt% 0.0390 0.5922 0.0941 0.0492 

CD-4wt% 0.0428 0.6031 0.0964 0.0701 

CD-4wt% 0.0425 0.5987 0.0961 0.0692 

CD-5wt% 0.0425 0.6048 0.0970 0.0724 

CD-5wt% 0.0422 0.6040 0.0973 0.0727 

CO-2a 0.0355 0.6560 0.1020 0.0543 

CO-2a 0.0346 0.6554 0.1025 0.0566 
aSecond measurement 2 months later. Calculated: xS,EA=69.1±2.3%. 
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6.3.4. Polythionourethane Thermoset Synthesis – Chap-

ter 4.4 

This chapter is based on previously published results by the author of this thesis: 

Wolfs, J.; Ribca, I.; Meier, M. A. R.; Johansson, M. Polythionourethane Thermoset 

Synthesis via Activation of Elemental Sulfur in an Efficient Multicomponent Reaction 

Approach. ACS Sustain. Chem. Eng. 2023, 11 (9), 3952–3962.320 

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

extended with permission from the American Chemical Society, copyright 2023. 

 

1,5-Diisocyano pentane, 1,12-diisocyano dodecane, and 1,5-diisothiocyanato pentane 

was synthesized by Robin Kahler. 1,6-Diisocyano hexane and 1,6-diisothiocyanato 

hexane was synthesized by Xenia Kraft. 1,5-Diisocyanopentane, isophorone diisocya-

nide, and isophorone diisothiocyanate was synthesized by Jonas Kahler. 1,6-Diisocy-

ano hexane was synthesized by Johanna Rietschel. 1,10-Diisocyano decane, all thi-

onourethane, oxourethane materials, and model compounds were synthesized by the 

author. 

 

Synthesis of Diisocyanides and Diisothiocyanates 

Diisocyanides were synthesized according to the procedure of Meier et al.327 and 

diisothiocyanates were synthesized according to the procedure of Meier et al.266  
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1,5-Diisocyano pentane: 

1H-NMR (400 MHz, CDCl3) H (ppm): 3.42 (tt, 3J = 6.6 Hz, 2J = 2.0 Hz, 4H, CH2
1), 1.79–

1.65 (m, 4H, CH2
2), 1.67–1.54 (m, 2H, CH2

3). 
13C-NMR (126 MHz, CDCl3) C (ppm): 156.3 (t), 41.3 (t), 28.2, 23.2. 

ATR-IR n (cm-1): 2943, 2867, 2147, 1454 , 1353, 1026, 929, 860, 845, 733. 

Purity according to GC-measurement: 99+%. 

HRMS (ESI): calculated m/z for C7H10N2 [M+H+]=123.0917, found: 123.0918. 

 

Figure S149 1H NMR spectrum (400 MHz, CDCl3) of 1,5-diisocyano pentane. 
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Figure S150 13C NMR spectrum (126 MHz, CDCl3) of 1,5-diisocyano pentane. 
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1,6-Diisocyano hexane 

1H-NMR (400 MHz, CDCl3) H (ppm): 3.41 (tt, 3J = 6.7 Hz, 2J = 2.0 Hz, 4H, CH2
1), 1.78–

1.64 (m, 4H, CH2
2), 1.53–1.43 (m, 4H, CH2

3). 
13C-NMR (126 MHz, CDCl3) C (ppm): 156.0 (t), 41.4 (t), 28.8, 25.5. 

ATR-IR n (cm-1): 2938, 2863, 2147, 1454, 1352, 960, 930. 

Purity according to GC-measurement: 99+%. 

HRMS (ESI): calculated m/z for C8H12N2 [M+H+]=137.1073, found: 137.1072. 

 

 

Figure S151 1H NMR spectrum (400 MHz, CDCl3) of 1,6-diisocyano hexane. 
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Figure S152 13C NMR spectrum (126 MHz, CDCl3) of 1,6-diisocyano hexane. 
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1,10 Diisocyano decane 

1H-NMR (400 MHz, CDCl3) H (ppm): 3.37 (tt, 3J = 6.8 Hz, 2J = 2.0 Hz, 4H, CH2
1), 1.74–

1.61 (m, 4H, CH2
2), 1.43 (p, 3J = 7.6 Hz, 4H, CH2

3), 1.33–1.29 (m, 8H, CH2
3). 

13C-NMR (126 MHz, CDCl3) C (ppm): 155.6 (t), 41.5 (t), 29.2, 29.0, 28.6, 26.2. 

ATR-IR n (cm-1): 2927, 2857, 2146, 1454, 1440, 1351, 920, 722, 533. 

Purity according to GC-measurement: 99+%. 

HRMS (ESI): calculated m/z for C12H20N2 [M+H+]=193.1699, found: 193.1698. 

 

 

Figure S153 1H NMR spectrum (400 MHz, CDCl3) of 1,10-diisocyano decane. 



Experimental Section  

238 

 

Figure S154 13C NMR spectrum (126 MHz, CDCl3) of 1,10-diisocyano decane. 
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1,12 Diisocyano dodecane 

1H-NMR (400 MHz, CDCl3) H (ppm): 3.38 (tt, 3J = 6.9 Hz, 2J = 2.0 Hz, 4H, CH2
1), 1.75–

1.62 (m, 4H, CH2
2), 1.44 (p, 3J = 7.6 Hz, 4H, CH2

3), 1.34–1.28 (m, 12H, CH2
3). 

13C-NMR (126 MHz, CDCl3) C (ppm): 155.6 (t), 41.6 (t), 29.4, 29.3, 29.1, 28.7, 26.3. 

ATR-IR n (cm-1): 2924, 2855, 2146, 1466, 1453, 1351, 931, 846, 722, 543. 

Purity according to GC-measurement: 99+%. 

HRMS (ESI): calculated m/z for C14H24N2 [M+H+]=221.2012, found: 221.2010. 

 

Figure S155 1H NMR spectrum (400 MHz, CDCl3) of 1,12-diisocyano dodecane. 
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Figure S156 13C NMR spectrum (126 MHz, CDCl3) of 1,12-diisocyano dodecane. 
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Isophorone diisocyanide 

This compound could not be purified to a satisfactory degree via column 

chromatography, which can be seen by the signals of impurities in the NMR spectra 

and 4% impurity according to a GC measurement. 

1H-NMR (400 MHz, CDCl3) H (ppm): 3.75–3.67 (m, 0.77H, 1a), 3.66–3.55 (m, 0.24H, 

1b), 3.27 (q, 0.47H, 2b), 3.08 (s, 1.55H, 2a), 2.02–1.88 (m, 2H, 3a+b), 1.68–1.01 (m, 

7H, 3a+3b+4a+4b), 1.01–0.86 (m, 6H, 5a+b) 
13C-NMR (126 MHz, CDCl3) C (ppm): 158.2, 158.0, 155.4, 155.3, 55.6, 49.9, 47.2, 

46.9, 45.9, 45.8, 45.7, 41.5, 41.3, 35.2, 35.1, 34.4, 34.2, 31.5, 31.3, 29.5, 27.3, 26.8, 

23.2. 

ATR-IR n (cm-1): 2955, 2935, 2874, 2142, 1461, 1392, 1368, 1252, 1201, 1143, 1017, 

965, 943, 921, 898, 864, 769, 620, 442 

Purity according to GC-measurement: 96%. 

HRMS (ESI): calculated m/z for C12H18N2 [M+H+]=191.1543, found: 191.1540. 

 

Figure S157 1H NMR spectrum (400 MHz, CDCl3) of isophorone diisocyanide. 
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Figure S158 13C NMR spectrum (126 MHz, CDCl3) of isophorone diisocyanides. 
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n-Dodecyl isothiocyanate  

1H NMR (400 MHz, CDCl3) H (ppm): 3.44 (t, J = 6.7 Hz, 2H, CH2
1), 1.68–1.57 (m, 2H, 

CH2
2), 1.34 (p, J = 6.8 Hz, 2H, CH2

3), 1.22–1.18 (m, 16H, CH2
4), 0.81 (t, J = 6.8 Hz, 

3H, CH2
5). 

13C-NMR (126 MHz, CDCl3) C (ppm): 129.6, 45.2, 32.0, 30.1, 29.7, 29.6, 29.5, 29.5, 

28.9, 26.7, 22.8, 14.3. 

ATR-IR n (cm-1): 2922, 2852, 2183, 2085, 1455, 1348, 1303, 721. 

HRMS (ESI): calculated m/z for C13H25N2 [M+H+]=228.1780, found: 228.1779. 

 

Figure S159 1H NMR spectrum (400 MHz, CDCl3) of n-dodecyl isothiocyanate. 
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Figure S160 13C NMR spectrum (126 MHz, CDCl3) of n-dodecyl isothiocyanate. 
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1,5-Diisothiocyanato pentane 

1H-NMR (400 MHz, CDCl3) H (ppm): 3.56 (t, 3J = 6.5 Hz, 4H, CH2
1), 1.74 (p, 3J = 

6.9 Hz, 4H, CH2
2), 1.62–1.49 (m, 2H, CH2

3). 
13C-NMR (101 MHz, CDCl3) C (ppm): 130.37, 44.88, 29.29, 23.82. 

ATR-IR n (cm-1): 2923, 2861, 2179, 2073, 1448, 1346, 1081, 728. 

Purity according to GC-measurement: 97%. 

HRMS (ESI): calculated m/z for C7H10N2S2 [M+H+]=187.0358, found: 187.0359. 

 

 

Figure S161 1H NMR spectrum (400 MHz, CDCl3) of 1,5-diisothiocyanato pentane. 
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Figure S162 13C NMR spectrum (101 MHz, CDCl3) of 1,5-diisothiocyanato pentane. 
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1,6-Diisothiocyanato hexane 

1H-NMR (400 MHz, CDCl3) H (ppm): 3.53 (t, 3J = 6.5 Hz, 4H, CH2
1), 1.73 (p, 3J = 4.0 

Hz, 4H, CH2
2), 1.53–1.39 (m, 4H, CH2

3). 
13C-NMR (126 MHz, CDCl3) C (ppm): 129.9, 45.0, 29.8, 25.9. 

ATR-IR n (cm-1): 2933, 2860, 2180, 2073, 1447, 1344, 1080, 732, 682. 

Purity according to GC-measurement: 99+%. 

HRMS (ESI): calculated m/z for C8H12N2S2 [M+H+]=201.0515, found: 201.0513. 

 

 

Figure S163 1H NMR spectrum (400 MHz, CDCl3) of 1,6-diisothiocyanato hexane. 
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Figure S164 13C NMR spectrum (126 MHz, CDCl3) of 1,6-diisothiocyanato hexane. 
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Isophorone diisothiocyanate 

1H-NMR (400 MHz, CDCl3) H (ppm): 3.88 (tt, 3J = 11.9 Hz 2J = 3.7 Hz, 0.75H, 1a), 

3.73 (tt, 3J = 11.8 Hz 2J = 3.8 Hz, 0.25H, 1b), 3.52 (d, 2J = 14.3 Hz, 0.23H, 2b), 3.41 

(d, 2J = 14.3 Hz, 0.26H, 2b), 3.24 (s, 1.52H, 2a), 2.02-1.85 (m, 2H, 3a+b), 1.52 (m, 

0.61H, 4b), 1.44-1.23 (m, 4H, 3a+b, 4a+b), 1.19-1.05 (m, 4H, 4a, 5), 1.07-0.95 (m, 6H, 

6). 
13C-NMR (101 MHz, CDCl3) C (ppm): 131.5, 58.7, 53.1, 51.0, 50.9, 46.3, 46.0, 42.1, 

41.9, 37.1, 37.1, 34.6, 34.3, 31.9, 31.6, 29.8, 27.5, 27.3, 23.5. 

ATR-IR n (cm-1): 2957, 2923, 2859, 2179, 2065, 1465, 1441, 1388, 1364, 1338, 1299, 

1249, 1198, 1143, 957, 922, 898, 869, 792, 713. 

Purity according to GC-measurement: 98+%. 

HRMS (ESI): calculated m/z for C12H18N2S2 [M+H+]=255.0984, found: 255.0984. 

 

 

Figure S165 1H NMR spectrum (400 MHz, CDCl3) of isophorone diisothiocyanate. 
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Figure S166 13C NMR spectrum (101 MHz, CDCl3) of isophorone diisothiocyanate. 
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Model Compound Synthesis Procedure: 

In a 5 mL screw cap vial, castor oil (934 mg, nOH groups=2.23 mmol), n-dodecyliso-

thiocyanate (557 mg, 2.45 mmol, 1.10 equiv of isothiocyanate functional groups per 

OH group), and DBU (66.5 µL, 445.5 µmol, 0.2 equiv per OH group) were combined. 

The vial was sealed with a screw cap and then heated to 80 °C in an oil bath for 48 h 

under permanent stirring with a magnetic stirring bar. The crude product was then 

purified by flash column chromatography and the product was obtained as a yellow oil. 

 

Scheme S1 Model reaction of castor oil with n-dodecylisothiocyanate. 

 

Figure S167 1H NMR spectra (CDCl3) of castor oil (top) and the model compound (i.e. 
castor oil fully derivatized with n-dodecylisothiocyanate, bottom).Signals a/a’ and b/b’ 
are observed because of the cis/trans isomerism of the thionourethane moiety caused 
by the hindered rotation due to the partial double bond character as reported by Bau-
man.313 
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Figure S168 1H, 1H COSY (CDCl3) spectrum of the model compound. 
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Figure S169 1H, 13C HSQC (CDCl3) spectrum of the model compound. 

 

 

Figure S170 ATR-IR spectrum of the model compound. 
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General Procedure for the Synthesis of Polythionourethane Thermosets with in 

situ Generation of the Diisothiocyanate 

In a 4 mL screw cap vial, castor oil (292 mg, nOH groups=697.9 µmol), the diisocyanide 

(383.8 µmol, 1.10 equiv of isocyanide functional groups per OH group), S8 (109.4 µmol, 

1.14 equiv of sulfur atoms per isocyanide group) were combined and vortexed. Then, 

DBU (20.9 µL, 139.6 µmol, 0.20 equiv per OH group) was added and vortexed again. 

The reaction mixture was heated to 55 °C in an oil bath and stirred. After 40 min, a 

homogeneous solution was obtained, and the vial was flushed with nitrogen gas and 

sealed with a screw cap. The reaction mixture was then heated to 100 °C in an oil bath 

for 16 h and the fully cured thermoset was obtained as a brown rubbery solid. 

 

General Procedure for the Synthesis of Polythionourethane Thermosets with 

Diisothiocyanates 

In a 4 mL screw cap vial, castor oil (292 mg, nOH groups=697.9 µmol), the diisothiocya-

nate (383.8 µmol, 1.10 equiv of isothiocyanate functional groups per OH group), and 

DBU (20.9 µL, 139.6 µmol, 0.20 equiv per OH group) were combined and vortexed to 

a homogeneous solution. The vial was flushed with nitrogen gas and sealed with a 

screw cap. The reaction mixture was then heated to 100 °C in an oil bath for 16 h and 

the fully cured thermoset was obtained as a brown rubbery solid. 

 

General Procedure for the Synthesis of Polyurethane Thermosets 

In an aluminum mold (2 cm in diameter), castor oil (996 mg, nOH groups=2380.4 µmol), 

and the diisocyanate (200 mg, 1190 µmol, 1.00 equiv of isocyanate functional group 

per OH group) were combined and stirred. The mixture was then placed in an oven 

at 100 °C for 16 h. The fully cured thermoset was obtained as a colorless rubbery 

solid. 
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OH-value Determination of Castor Oil by 31P NMR Method 

For the OH-value determination of castor oil, 20–30 mg castor oil was filled in a vial 

and the exact mass was determined. It was then diluted in 1 mL of pyridine, followed 

by the addition of 1 mL of CDCl3. Next, 2-chloro-4,4,5,5-tetramethyl-1,3,2- dioxaphos-

pholane (2-Cl-TMDP, 100 µL, 0.63 mmol) was added to the mixture, and the solution 

was stirred for 15 min. Then, 150 L of the internal standard solution (544.17 mg endo-

N-hydroxy-5-norbornene-2,3-dicarboximide in 14.649 g pyridine and 15.050 g CDCl3, 

OHIS=100.42 mmol g-1) was added and the exact mass of the added standard was 

weighed. The solution was stirred for another 10 min at room temperature and then 

0.6 mL were transferred to an NMR tube for a subsequent 31P NMR measurement. 

The determination was performed in triplicate and the OH-values were calculated ac-

cording to equation (32). 

 

Scheme S2 Phosphitylation reaction of castor oil. 

𝑂𝐻S =
𝑂𝐻IS × 𝑚IS × 𝐼R

𝑚S
 (32) 

𝑂𝐻S: free hydroxyl groups per weight unit of substrate (mol g-1) 

𝑂𝐻IS: free hydroxyl groups of the used internal standard (mol g-1) 

𝑚IS: mass of the used internal standard (mg) 

𝐼R: integration ratio of phosphorylated castor oil hydroxyl groups signal integral divided 

by the internal standard signal integral 

𝑚S: mass of the sample (mg) 

 

The determined integration ratios 𝐼R  and the corresponding 31P NMR spectra are 

reported in Figure S171. 
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Figure S171 31P NMR (CDCl3) spectra of the phosphitylated castor oil (triple determi-

nation) for the determination of the integration ratio 𝐼𝑅. The calculated values for 𝑂𝐻𝑆 
can be found in Table 29. 

 

The 𝑂𝐻S value can be converted to the for polyurethane chemistry more common 

hydroxyl value 𝐻𝑉 by using equation (33). 

𝐻𝑉 = 𝑂𝐻S × 𝑀KOH (33) 

𝐻𝑉: hydroxyl value, [𝐻𝑉] =
mg KOH

g
 

𝑀KOH: molar mass of KOH, 𝑀KOH = 56.11 
g

mol
 

 

Table 29 Values of 𝑂𝐻𝐼𝑆, 𝑚𝐼𝑆, 𝑚𝑆, and 𝐼𝑅 for the determination of 𝑂𝐻𝑆 of castor oil using 
equation (32) and the corresponding 𝐻𝑉 calculated applying equation (33). 

Sample 
𝑂𝐻IS 

(µmol g-1) 
𝑚IS 
(mg) 

𝑚S 
(mg) 

𝐼R 
 

𝑂𝐻S 
(mmol g-1) 

𝐻𝑉 
(mg KOH g-1) 

1 100.42 165.2 26.7 3.80 2.36 132.4 

2 100.42 167.7 25.4 3.63 2.41 135.2 

3 100.42 166.4 27.4 3.94 2.40 134.7 
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The average hydroxyl value of the triple determination was calculated to 

𝑂𝐻S =  2.39 ±  0.02 mmol g−1 and 𝐻𝑉 = 134.1 ± 1.2 
mg KOH

g
. 

The average molecular weight of castor oil was calculated based on the fatty acid 

composition, which was determined according to the procedure reported by Barison et 

al.339 with the assumption of only triglycerides in the oil. The corresponding integrals 

are shown in Figure S172. 

 

Figure S172 1H NMR spectrum of castor oil with the corresponding integrals for the 
evaluation of the fatty acid composition according to Barison et al.339 

 

Table 30 Fatty acid composition determined according to the procedure reported by 
Barison et al..339 

Fatty acid 𝑥 𝑀fattyacid (g mol-1) 

Oleic acid 8.1% 282.47 

Linoleic acid 4.5% 280.45 

Ricinoleic acid 87.4% 298.47 

 

The average molecular weight of castor oil �̅�castor oil  was calculated according to 

equation (34). 
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�̅�castor oil = 3 × ∑(𝑀fatty acid × 𝑥) + 𝑀glycerol − 3 × 𝑀H2O = 927.12 g mol−1 (34) 

�̅�castor oil: average molecular weight of castor oil 

𝑀fatty acid: molecular weight of the respective fatty acid 

𝑀glycerol: molecular weight of glycerol, 𝑀glycerol = 92.09 g mol−1 

𝑀H2O: molecular weight of water, 𝑀H2O = 18.02 g mol−1 

 

The functionality of castor oil was calculated using equation (35) based on the 

estimated average molecular weight of castor oil. 

𝑓 = 𝑂𝐻S × �̅�castor oil = 2.216 (35) 

𝑓: functionality of hydroxyl groups of castor oil 

 

Conversion of Gelation Calculation 

Based on the determined hydroxyl value and the corresponding functionality 𝑓 , 

applying the extended Carothers equation, the conversion of gelation can be 

calculated according to equation (36). 

𝑝 =
2

𝑓
−

2

𝑓�̅�𝑛

 

𝑝: conversion 

�̅�𝑛: average degree of polymerization 

For �̅�𝑛 → ∞, the term 
2

𝑓�̅�𝑛
→ 0, which results in equation (36). 

𝑝𝐺 =
2

𝑓
= 0.903 (36) 

𝑝g: conversion of gelation 
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Peak Deconvolution 

These deconvolutional calculations (Figure 45) were performed using the software 

Origin 2022b. A gauss fit was applied for the deconvolution process. The n(N=C=S) 

stretching vibration signal results in a double peak and therefore two fits had to be 

applied for this signal, resulting in a total of three fits, which had to be performed (Fit 1 

and Fit 3 for the n(N=C=S) stretching vibration, and Fit 2 for the n(-NC) stretching 

vibration in Figure 45). The following values were kept constant for the fitting 

calculation: Fit 1: 𝑥c = 2185, 𝑤 = 47; Fit 2: 𝑥c = 2147; Fit 3: 𝑥c = 2093, 𝑤 = 76; with 

𝑥c  being the center of the peak and 𝑤  being the width (𝑤 = FWHM/√ln 4). These 

values were determined from a fit that was performed on a spectrum of the pure 

compounds, respectively. 

 

Rate Constant Determination (k1 and k2) 

For the determination of k1, castor oil (450 mg, nOH groups=1.076 mmol), 1,5-diisocyano 

pentane (72.27 mg, 591.6 µmol, 1.10 equiv of isocyanide functional groups per OH 

group), and S8 (40.0 mg, 156.0 µmol, 1.14 equiv of sulfur atoms per isocyanide group) 

were combined and vortexed in a 4 mL screw cap vial. Then, DBU (32.1 µL, 

215.1 µmol, 0.2 equiv per OH group) was added and vortexed again. The reaction 

mixture was placed in an oil bath at the desired temperature (35, 45, or 55 °C) and 

stirred manually. A sample was taken every minute and an IR spectrum was recorded. 

For the determination of k2, castor oil (320 mg, nOH groups=764.8 mmol) and 1,5-diisothi-

ocyanato pentane (78.5 mg, 421.3 µmol, 1.10 equiv of isocyanide functional groups 

per OH group) were combined in a 4 mL screw cap vial and vortexed. Afterwards, DBU 

(22.9 µL, 153.2 µmol, 0.2 equiv per OH group) was added and vortexed again. For the 

online IR measurement, the reaction mixture was placed on the ATR crystal, which 

was heated to the desired temperature (80, 90, or 100 °C) and a spectrum was taken 

in time intervals of 1 min for a period of 35 h at 80 °C, 18 h at 90 °C, and 12 h at 100 °C.  

For the k determination, the data was plotted in Figure 46b and d according to the 

relationship in equations (37) and (38). 

ln (
[𝑁𝐶]0

[𝑁𝐶]
) = 𝑘1𝑡 

(37) 
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ln
[𝑁𝐶𝑆]0[𝑂𝐻]

[𝑁𝐶𝑆][𝑂𝐻]0
= 𝑘2([𝑂𝐻]0 − [𝑁𝐶𝑆]0) 𝑡 

(38) 

The values for [𝑁𝐶𝑆]0 and [𝑂𝐻]0 are known from the starting concentration, and [𝑁𝐶𝑆] 

can be determined from the n(N=C=S) stretching vibration signal in the IR spectra. The 

values for [𝑂𝐻], however, cannot reliably be determined due to the low intensity of the 

n(O-H) signal and the overlap with the arising n(N-H) during the reaction. Therefore, 

the values for [𝑂𝐻]  were calculated using equation (39), which assumes no side 

reaction (1 eq of NCS reacts per 1eq of OH) and is based on the fact that one OH 

group reacts per NCS group. Prior experiments indicated a certain degree of side 

reaction of the isothiocyanate functionality (which can be approximated to ≤10% 

based on the necessary 0.10 equiv. excess of di-NCS for a successful gelation of the 

material). Nevertheless, this approach was pursued to estimate the [𝑂𝐻]  and 

consequences of the deviation caused by the side reaction were considered as 

explained in the following paragraph. 

[𝑂𝐻] = [𝑁𝐶𝑆] − ([𝑁𝐶𝑆]0 − [𝑂𝐻]0) (39) 

The error for the calculation of [𝑂𝐻] increases over time, as the extent of the side 

reaction increases. This results in a considerable deviation from linearity in Figure 

S173a for high conversions. The 𝑘2 values were therefore determined based on the 

data until a maximum of 75% conversion, as the extent of side reaction is low until this 

point and was therefore assumed as a neglectable deviation from linearity as shown 

in Figure S173b. 
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Figure S173 Plots for the determination of 𝑘2 based on second order kinetics. a Data 
plotted over the whole reaction time, b Data plotted until 75% conversion with a linear 
fit (red line). 

For the calculation of the concentrations, the density of the resulting reaction mixture 

had to be measured and was determined to be 𝜌 = 0.991 g mL−1. For the performed 

reaction, this results in: [𝑁𝐶𝑆]0 = 1.98 mol L−1  and [𝑂𝐻]0 =  1.80 mol L−1 . For the 

calculation of the 𝑘2 values, equation (40) was used. 

𝑘 =
𝑚

[𝑂𝐻]0 − [𝑁𝐶𝑆]0
 (40) 

𝑚: Slope of the linear fit from ln(([NCS] [OH]0)/([NCS]0 [OH])) plotted over time as 
shown in Figure S173b. 
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Calculations Based on Kinetics 

For the calculation of the isothiocyanate concentration at any time of the reaction, 

equation (41) was used. 

[𝑁𝐶𝑆] =
−[𝑁𝐶𝑆]0([𝑁𝐶𝑆]0 − [𝑂𝐻]0)

[𝑂𝐻]0 𝑒𝑘2([𝑂𝐻]0−[𝑁𝐶𝑆]0)𝑡−[𝑁𝐶𝑆]0
 (41) 

This equation (41) can be used to calculate the concentration of isothiocyanate groups 

at any time of the crosslinking reaction. This can then be used to calculate the time of 

gelation at e.g. 55 °C, applying 𝑘2,55 °C = 7.44 × 10−5 M−1s−1  together with the 

concentration of isothiocyanate at gelation from equation (42). 

[𝑁𝐶𝑆]gelation = 𝑝𝐺 × [𝑁𝐶𝑆]0 (42) 

[𝑁𝐶𝑆]gelation = 0.905 × 1.98 M = 1.79 M  

This results in a calculated time of gelation at 55 °C of 𝑡g,55 °C = 63 h 15 min.  
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Calculative approach because of apparent 1st order kinetics for first reaction 
step vs 2nd order in the second reaction step: 

Equation (43) shows that the reaction rates have different dependencies on the 

concentrations of the reactants as the reactions are of a different order. 

𝑟1 = 𝑘1[𝑁𝐶]      and       𝑟2 = 𝑘2[𝑁𝐶𝑆][𝑂𝐻] (43) 

In order to determine the temperature at which both reactions proceed at the same 

rate, equation (44) has to be applied: 

𝑟1 = 𝑟2 (44) 

With [𝑁𝐶] = 1.98 mol L−1, [𝑁𝐶𝑆] = 1.98 mol L−1, and [𝑂𝐻] = 1.80 mol L−1 

0.555 𝑘1 = 𝑘2 (45) 

−0.5878 = ln(𝑘2) − ln(𝑘1) (46) 

The reciprocal temperature can then be calculated, at which both reactions proceed at 

the same reaction rate for the given concentration. 

𝑇−1 = −0.0087321 K−1 (47) 

Which corresponds to: 

𝑇 = −115 K (48) 

It should be noted that the reaction rate 𝑟2 of the second reaction step will at some 

point during the reaction become slower than the reaction rate 𝑟1 of the first reaction 

step due to the nature of 1st vs 2nd order kinetic reactions. Nevertheless, as the hypo-

thetical temperature 𝑇 = −115 K is anyways outside of the relevant temperature range, 

the first reaction can practically be considered to have a higher reaction rate compared 

to the second reaction step. 
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Thermal Analysis 

The thermal analysis data of the DSC and TGA measurements are monitored in 

Figure S174, Figure S175, and Table 31. 

 

Figure S174 Stacked DSC thermograms of all synthesized thermoset materials. Devi-
ations in the heat flow for the thionourethane thermoset materials at above 160 °C can 
be explained with the onset of first degradation reactions, as confirmed by TGA meas-
urements (Figure S175). 
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Figure S175 Overlaid TGA thermograms of all synthesized thermoset materials.  

 

Table 31 Degradation temperatures of all synthesized thermoset materials. 

Sample Td,5% (°C) Td,50% (°C) 

C5-DiNC + S8 207 372 

C5-DiNCS 205 371 

C6-DiNC + S8 212 375 

C6-DiNCS 210 377 

C6-DiNCO 312 388 

C10-DiNC + S8 220 379 

C12-DiNC + S8 224 379 

IP-DiNCS 216 370 

IP-DiNCO 304 375 
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Rheology 

The linear fit equation for the Arrhenius relationship as shown in Figure 48 was 

determined to: ln(𝑡g
−1) = −7422.40 𝑇−1 + 9.95. 

Based on the Arrhenius relationship, gelation times at other isothermal curing 

temperatures 𝑇 can be predicted according to equation (49). 

𝑡g = 𝑒7422.40 𝑇−1−9.95 (49) 

 

 

Figure S176 Rheology measurements of the curing of 1,5-diisothiocyanato pentane, 
which was in situ generated from 1,5-diisocyanido pentane and sulfur in castor oil with 
DBU as organo-base prior to the crosslinking process. The curing was performed iso-
thermally at 90 °C. 
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Figure S177 Rheology measurements of the curing of 1,6-diisothiocyanato hexane 
with castor oil and DBU as organo-base. Curing was performed isothermally at 100 °C. 

 

 

Figure S178 Rheology measurements of the curing of 1,6-diisocyanato hexane with 
castor oil. The curing was performed isothermally at 100 °C. 
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Figure S179 Rheology measurements of the curing of isophorone diisocyanate with 
castor oil. The curing was performed isothermally at 115 °C. 
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7 Appendix 

7.1 List of Abbreviations 

2-Cl-TMDP 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane 

AAE  Actual Atom Economy 

ADMIMBr  1-N-Allyl-2,3-dimethylimidazolium bromide 

AE  Atom Economy 

AGU  Anhydroglucose Unit 

AMIMCl 1-Allyl-3-methylimidazolium chloride 

ATR Attenuated Total Reflection 

BMIMCl 1-Butyl-3-methylimidazolium chloride 

CA Cellulose Acetate 

CB O-cellulose-N-n-butyl thiocarbamate 

CBu Cellulose Butyrate 

CBz Cellulose Benzoate 

CC O-cellulose-N-cyclohexyl thiocarbamate 

CD O-cellulose-N-n-dodecyl thiocarbamate 

cEF  complete E-factor 

CL Cellulose Laurate 

CMC  Carboxymethylcellulose 

CNC  Cellulose Nano Crystal 

CO O-cellulose-N-oleyl thiocarbamate 

CTA Cellulose Triacetate 

DABCO 1,4-Diazabicyclo[2.2.2]octane 

DBN 1,5-Diazabicyclo[4.3.0]non-5-ene 

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene 

DIPEA N,N-Diisopropylethylamine 

DMAc Dimethylacetamide 

DMI  1,3-dimethyl-2-imidazolidinone 

DMSO Dimethyl sulfoxide 

DP  Degree of Polymerization 

DS Degree of Substitution 

DSC Differential Scanning Calorimetry 



Appendix  

270 

EC  Ethyl Cellulose 

EMIMOAc 1-Ethyl-3-methylimidazolium acetate 

endo-HNDI endo-N-Hydroxy-5-norbornene-2,3-dicarboximide 

FACE Fatty Acid Cellulose Ester 

FTIR Fourier Transform Infrared  

GBL gamma-Butyrolactone 

GC Gas Chromatography 

HEC  Hydroxyethyl Cellulose 

HFIP Hexafluoroisopropanol 

HPC  Hydroxypropyl Cellulose 

HV  Hydroxyl Value 

IL Ionic Liquid 

IR Infrared 

LCA  Life Cycle Assessment 

MC  Methyl Cellulose 

MCC Microcrystalline Cellulose 

MCR Multicomponent Reaction 

MDI  Methylene Diphenyl Isocyanate 

MI  Mass Intensity 

MS Mass Spectrometry 

MTBD 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene 

NMMO N-Methylmorpholine N-oxide 

NMR Nuclear Magnetic Resonance 

PU  Polyurethane 

RME Reaction Mass Efficiency 

SEC Size Exclusion Chromatography 

sEF  simple E-factor 

SMCR Sulfur-based Multicomponent Reaction 

TBAF Tetra-n-butylammonium fluoride 

TBD 1,5,7-Triazabicyclo[4.4.0]dec-5-ene 

TEMPO  2,2,6,6-Tetramethylpiperidine-N-oxyl 

TFA Trifluoroacetic acid 

TGA Thermogravimetric analysis 
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THF Tetrahydrofuran 

TMG 1,1,3,3-Tetramethylguanidine 

TsCl p-Toluenesulfonyl chloride 

VA  Vinyl Acetate 
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