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Introduction 
 

 

Motivation  
 

Deep eutectic solvents (DES) are promising and versatile systems that can function as solvents, 
reagents, and catalysts in many applications and possibly also in natural systems. In contrast to 
conventional solvents, DES distinguish themselves by being imperatively composed of mixtures 
of simple molecules or salts. Often these compounds are solid at room temperature but become 
liquid upon mixing with each other at an apposite composition. The reason for this is suspected 
to be connected to hydrogen bond interactions between the different components, which results 
in a freezing point depression. Because of the vast number of possible components and their 
almost countless possible combinations, DES are considered so-called “designer solvents” as their 
physical and chemical properties can be adapted by the choice and composition of components.1 
Their role as solvents is however just one aspect of their possible functions. If one of the DES 
components is reactive (i.e., undergoes chemical transformation upon the appropriate 
triggering), then the DES becomes the medium in which the reaction is taking place as well as 
the reactant itself. Such unconventional media are also known as reactive eutectic media (REM), 
and they have been used for a wide range of (bio)chemical or material synthesis. 

This thesis will investigate a variety of different REM, based on ammonium formate. Ammonium 
formate is insofar interesting, as it has mostly been neglected in previous research on DES in 
favor of quaternary ammonium salts. This is due to its comparably much higher reactivity which 
does not correspond to the role of a traditional solvent. However, this property of ammonium 
formate can also be exploited in its favor, in order to perform unusual chemical reactions. Such 
reaction will take place in the REM, which implicates the absence of a traditional solvent and 
thereby promises the benefits of solvent-free reactions.  

Furthermore, the thesis will investigate the use of microwave heating to run chemical reactions 
in REM, as those two approaches offer a great synergy.2,3 Microwave heating offers the potential 
to be generated from green electricity and can enable rapid reaction rates and higher yields 
compared to conventional heating. Prerequisites for this are reaction media with high polarities 
for an efficient absorption of microwave irradiation. Furthermore, it requires reaction media 
with low vapor pressures in order to avoid the risks of rapid pressure build up due to high heating 
rates. Both of these properties are fulfilled by REM.  

The investigated REM will consist of ammonium formate as well as a range of different 
components that can all be bio-sourced. The thesis thereby aspires to put a focus on renewable 
starting materials. Ammonium formate itself is currently produced from fossil fuels as one of the 
cheapest bulk chemicals. However, its basic components – ammonia and formic acid – are both 
essential to the chemical industry and promising research is underway to produce them from 
renewable sources. E.g. formic acid is can be obtained by the two-electron reduction of CO2 
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either through hydrogenation or electrolysis (the later being currently under pilot 
development).4 Ammonia production is currently developed via electrochemical nitrogen 
reduction.5,6   

The focus of research in this thesis is thereby very much in line with the guidelines of green 
chemistry. Green chemistry is not a subdivision of chemistry like organic or physical chemistry 
but instead has environmental, technological and societal objectives and is thereby linked to the 
wider goals of sustainability. Already coined in the 1990s, the term has become the catchphrase 
of a lot of research that has been published in recent years. Considering the current state of the 
world where the lifestyle of our so-called Western civilization appears to consume its own basis 
of existence (together with that of countless other animate beings), this by intention is certainly 
a good sign. However, there also has been some criticism of the term, as well as some urgent 
calls to give all of its guidelines the appropriate attention. The thesis will therefore also contain 
a closer inspection of the terminology of green chemistry. 

 

Objectives and outline 
The overall objective of this thesis is to explore the potential of REM based on ammonium 
formate as well as the synergy between REM and microwave heating. For this purpose, a number 
of different reactions in REM will be investigated and will be compared to conventional solvent-
based procedures. Furthermore, the role of water as a third component of the REM is studied, 
and its influence on the respective reaction is investigated. Lastly, the possibility of using such 
REM for biomass treatment will be explored. 

The thesis will begin with some necessary background information on the relevant subjects. 
CHAPTER 1 will therefore start with an introduction to DES (and the subfield of REM) and will 
give an overview on their applications in the literature up to date. Furthermore, it will introduce 
the mechanism of microwave heating and discuss its state of the art as well as pros and cons 
compared to conventional heating. Finally, it will define the approach of green chemistry, with 
a focus on its history as well as on contemporary discussions.  

The subsequent chapters will discuss the specific experiments that were performed within this 
thesis. The chapters are structured in the way that each chapter presents a different REM and 
the reaction of ammonium formate with a different reaction partner. Each chapter will therefore 
start with relevant background information on the respective reaction, followed by an 
experimental section, the presentation of results and corresponding discussion as well as a 
conclusion.  

CHAPTER 2 presents REM between ammonium formate and different monosaccharides. Their 
Maillard type reaction yields a range of pyrazine derivatives with potential antimicrobial 
properties. 

CHAPTER 3 presents REM between ammonium formate and levulinic acid in a Leuckart reaction 
for the synthesis of 5-methyl-2-pyrrolidone.  
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CHAPTER 4 presents REM between ammonium formate and different organic acids for 
lignocellulosic biomass treatment. Thereby, the potential of such REM in the context of the 
biorefinery is investigated.  

CHAPTER 5 presents REM between ammonium formate and citric acid. The endeavored product 
characterization points toward a yet undiscovered reaction pathway and the findings will be 
discussed within the research field of fluorophores and bottom-up carbon nanodots from citric 
acid.  

CHAPTER 6 contains the overall conclusion of the thesis, based on the presented results.  

The applied analysis techniques throughout the thesis are discussed in detail in the first chapter 
of the supplementary information (SI), chapter S1. They are ordered alphabetically and each 
analysis technique is shortly introduced from a general viewpoint and then with respect to the 
experimental procedure that is applied in the thesis. The subsequent chapters of the SI are paired 
with the chapters of the main text, so for example supplementary information of CHAPTER 2 
can be found in chapter S2 of the SI. 
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CHAPTER 1                                                                                                                                                                                
Theoretical background 

 

 

 

 

1.1. Deep eutectic solvents (DES) 

1.1.1. Definition 
The concept of eutectic systems has gained much attention in the last two decades by the 
emergence of so-called deep eutectic solvents (DES). Such solvents are eutectic mixtures between 
two or more components, which are capable of associating with each other through hydrogen 
bond interactions. By changing the nature and the ratio of components, DES are tunable in a 
broad range of physical and physiochemical properties and are considered so-called designer 
solvents. In this sense, they are similar to ionic liquids but its constituents are in many cases 
cheaper, less toxic and biodegradable.1  

The components of DES are typically divided into hydrogen-bond acceptors (HBAs) and 
hydrogen-bond donors (HBDs) as both types of components are typically present to ensure 
sufficient hydrogen bond formation for an excess melting point depression. Typical HBAs are 
halide salts or quaternary ammonium salts such as choline chloride1 or betaine7, but also 
uncharged molecules such as menthol have been used8. Typical HBDs include sugars, alcohols, 
carboxylic acids, amines, amides or amino acids.9  From these components, DES are prepared by 
mixing. Often the formation is facilitated by moderate heating or preparing a water solution of 
the different components, which is then freeze-dried or vacuum dried and desiccated.10 

The term “deep” in DES refers to the fact these eutectic mixtures possess abnormally low eutectic 
points – much lower than what would be predicted from their ideal liquid mixtures. This 
phenomenon has first been reported by Abbott et al.1 in 20041 for a 1:2 mol fraction combination 
of choline chloride [Melting temperature (Tm) ≈ 302 °C] with crystalline urea [Tm ≈ 133 °C], which 
results in a liquid at room temperature [Tm = 12 °C]. The reason for this “deepness” is not finally 
understood but there is evidence that points towards the role of hydrogen bonding. A 
computational study by Ashworth et al.11 on the choline chloride/ urea system found an 
“alphabet soup” of many different types of hydrogen bonds between the different functional 
groups. These bonds varied in number and strength, with a majority of ionic and doubly ionic 

                                                   
1 Strictly speaking DES were used before in a few cases, e.g. to reduce the lattice energy of halide 
salts by addition of urea287. However, Abbott et al. were the first to investigate the phenomenon 
in viewpoint of a new solvent class.  
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hydrogen bonds being present so that the neutral bonding was only encountered in urea-urea 
interactions.  

The research on fundamental aspects of DES is highly relevant as there is still a lack of 
understanding of structure-property relationships in this class of solvent. As a result, many 
systems have been described under the headline of DES, which do not deviate from ideal liquid 
mixtures and which can be described as ordinary eutectic mixtures.12,13 Several researchers are 
therefore calling for a more coherent definition of the terms.13,14 At the moment, e.g. DES are 
often defined as melts, that are liquid at a low enough temperature to make them practically 
usable. The temperature that is considered “low enough” is sometimes set to room temperature, 
sometimes to 70°C but also definitions of 150°C have been encountered. The research field would 
certainly gain rigor from a cleared differentiation, e.g. by differentiating true DES from low 
melting mixtures (LMM) that do not deviate from ideal mixtures. Nevertheless, it is still unclear 
whether there would be an appreciable difference between the two when it comes to practical 
applications. In the following, I will thus stick to the current definition and will include all 
eutectic mixtures in the discussion – also mixtures that are labeled as DES but might not be truly 
“deep”. Very often, there is also no investigation on the matter. 

1.1.2. Properties 
With respect to practical applications, there are a number of properties that make DES appealing. 
The first one is obviously its high tunability of physical and chemical properties by selecting the 
appropriate components. In this way, one can achieve e.g. very high solubilities of solutes. 
Another advantage is that DES components are often biodegradable, low in toxicity and well 
characterized in this respect. However, it should be noted that research on the toxicological 
properties of DES itself has only recently started and for certain DES a potential toxicity was 
identified due to synergetic effects of the mixtures.15–17 More research along these lines will 
therefore be required. One more advantage of DES is that they often feature very low vapor 
pressures. In a chemical process, evaporation is a major route for the loss of classical solvents 
into the atmosphere.  The use of solvents with low vapor pressures can thereby make a 
significant contribution to reduce volatile organic compound (VOC) emissions. However, it 
should be noted that this will also impede separation procedures in certain cases, especially in 
organic synthesis.18  

One property of DES, that is often a problem for industrial applications, is that they typically 
possess high viscosities. It has been rationalized that the high viscosity results from the large 
size of the constituent molecules or ions and the extensive network of hydrogen bonds which 
results in a low molar volume and a small free volume in the DES.  However, this issue has been 
tackled in recent years by the use of “solvent in DES”. This means that water or another solvent 
were used as constituents of the DES but at a relatively low concentration. In this way the 
viscosity of some DES could be drastically reduced while still retaining their characteristic 
properties 19–22.  
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1.1.3. Applications 
Applications of DES are very wide, as they have been used as solvents, reagents or catalysts in 
different fields. As a result, I can only give a very brief overview over applications in order to 
demonstrate the promise and versatility that is offered by DES. 
One important application for DES is in extraction and separation. Examples are the separation 
of azeotropic mixtures23–25, extraction for metal recovery26–28, the extraction of natural products 
from plants29–32 or the extraction of proteins (while preserving protein structure)33–35. There 
have also been publications on the preparation of hydrophobic DES, based on menthol or other 
terpenes8,36, which will certainly open up the application range of DES even further. In addition, 
DES have been used for gas adsorption such as CO2 capture.37,38 Another application is the use 
of DES for biomass fractionation as some DES showed the ability to cleave lignin-carbohydrate 
complexes while dissolving lignin.39–41 Furthermore, they are used in the conversion of biomass 
to value-added products.42,43 

A new term that has been established within the solvent class of DES is  “natural DES” (NADES). 
This emphasizes that such solvents consist solely of abundant cellular constituents such as 
sugars, alcohols, amino acids, organic acids, and choline derivatives. This concept was 
introduced by Choi et al.44 in 2011 as he proposed that such NADES systems might form a third 
liquid phase of intermediate polarity in living systems apart from water and lipids. He arrived at 
this hypothesis after nuclear magnetic resonance metabolomics showed that certain NADES 
components are present in all organisms as major compounds and often keep a constant molar 
ratio to some others. This hypothesis would explain a great number of biological processes that 
are otherwise difficult to explain, such as the biosynthesis of poorly water-soluble metabolites 
and macromolecules in the aqueous environment of cells, as well as the survival of organisms in 
extreme drought and cold conditions. Such NADES systems can also contain water as a 
constituent but it is so strongly retained in the liquid that it cannot be evaporated.45 Furthermore, 
water content in these media is also hypnotized to be a way to regulate properties such as 
enzyme activity or viscosity (and thereby flow).46  

Under the headline of NADES one can find further applications in pharmacology47–51 A popular 
example for the use of NADES in drug solubilization is honey. Honey can be considered a 
naturally occurring NADES that is liquid at room temperature, although it consists 
predominantly of glucose and fructose in about equal molar ratios. It has been shown that honey 
is an excellent solvent for medium polar bioactive compounds (for some of these compounds 
much higher than water) and that honey can also enhance their stability. The improved 
bioavailability of bioactive compounds in honey is a potential explanation why honey has long 
been used as a traditional medicine additive and rationalizes the application of honey and honey-
like substances in pharmaceuticals.52,53  

Another important application area for DES is in material synthesis.18 One of the first 
applications that sparked interest in DES was for metallurgy when it was discovered that metals 
and metals salts exhibit high solubilities and electrical conductivities as part of DES.54 
Furthermore, electrochemical windows are relatively wide, e.g. choline chloride based DES were 
found to offer electrochemical windows not quite as large as in some conventional ionic liquids 
but much wider than one might expect from a protic solvent.55 As a results DES were successfully 
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used as electrolytes in electrodeposition56,57, electropolishing58,59, and energy storage60. In this 
way also promising results in battery recycling were obtained.61 Other uses for DES in material 
synthesis are e.g. as solvent for polymerization or in ionothermal synthesis where DES can 
function as solvents as well as a structure directing agents.62–64 

DES as reaction media for chemical synthesis is the last research area I want to highlight. Already 
a substantial number of organic reactions have been carried out in DESs (mostly choline chloride 
based), such as Knoevenagel condensation65, Michael addition65, Suzuki-Miyaura66 cross-
coupling and a number of selective addition reactions.67–70 Furthermore, there are several reports 
on one-pot reactions in choline chloride based DES for products such as pyrimidines71, 
pyrazines72, quinazolinones73 and pyrroles74.  Those reactions give high yields and can be 
performed under milder conditions compared to traditional solvents. Another interesting 
approach is a synthesis in which DES serves as both a solvent and a catalyst. One example for 
this are oxidation reactions, were FeCl3 is the catalyst as well as the HBA in the DES.  Such 
reactions are e.g. the conversion of cellulose into gluconic acid75, oxidation of toluene into 
benzaldehyde76 and a number of C–C bond formation reactions through C-H activation77,78.  
Lastly, also in biocatalysis DES have been successfully employed as reaction media due to their 
ability to support a wide variety of substrates and enzymes.79,80 

 

1.1.4. Reactive eutectic media (REM) 
In the above-mentioned applications, the DES mostly takes the role of a solvent – sometimes one 
of its components also plays a catalytic role. However, if one of the DES components is reactive, 
the DES can serve as the reaction medium as well as the reactant. This realization has enabled a 
number of innovative approaches that I want to highlight here. In the corresponding 
publications, such systems are referred to by various names, DES, reactive DES (RDES) or 
reactive eutectic media (REM) are commonly encountered. In the following discussion, I will use 
the term “REM” since these mixtures do not necessarily show a “deep” eutectic behavior, as 
discussed before.  

Applications of REM in material synthesis can be found in carbonization as well as 
polymerization. An example for carbonization is the use of resorcinol-based DES as both 
carbonaceous precursors and templating agents, which resulted in the preparation of carbon 
monoliths with hierarchical pores. By adjusting the counterparts in the resorcinol-based DES it 
was possible to adjust the mesopore diameters in the final material.81 In polymer science, many 
publications on REM can be found for polymerization reactions, where this approach avoids the 
use of organic solvent and can yield novel materials.82–86 Furthermore, REM are used in the 
preparation of eutectogels.87 One such example is a choline chloride: acrylic acid: malic acid 
mixture, which was polymerized via UV initiation and which showed good self-healing 
properties as well as increased conductivity – presumably due to the role of choline chloride in 
the gel. Other eutectogels are reported to form via self-assembly and are envisioned to be used 
as solid electrolytes.88   
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The concept of REM also works for biocatalysis, were the eutectic components can function as 
the reaction medium as well as the substrate for microbes.89–91 This approach has shown to 
achieve high substrate conversion and high atom efficiency. 

For biomass treatment, the use of REM enabled various methods for cellulose derivatization. This 
includes the functionalization92 of cellulose but also the preparation of charged nanocellulose. A 
variety of REM has been investigated to this end. While treatment with REM based on choline 
chloride and carboxylic acid41,93,94, but also sulfamic acid with urea95,96, enables the preparation 
of negatively charge nanocellulose, positively charged samples were obtained by treatment with 
REM based of ammonium formate with different carboxylic acids.97 

In organic synthesis, REM have been successfully employed in a few cases, e.g. in heterocyclic 
synthesis where different urea derivatives were used as reactants.98 Furthermore, the 
modification of phospholipids in REM was reported, using glycerol or ethylene glycol as reactive 
components.99 Finally, a photocatalytic reductive formylation of nitroarenes was achieved by 
employing an ammonium formate based REM, where ammonium formate also acted as the 
formylation agent.100 These examples all have in common that only one of the components of 
the REM reacts with a substance that is dissolved in the media. If all components of the REM 
also act as reactants, we basically end up with a solvent-free reaction that is also referred to as a 
solid-state melt reaction (SSMR), outside the research field of DES. Such reactions have been 
successfully used in the synthesis of biologically active molecules, ranging from two- to four 
components syntheses.101–106 These kind of reactions offer remarkable advantage, when 
compared to solution reactions because they typically enable higher reaction rates. This is 
because collisions between the reactants are much more frequent and often gives high purity of 
the products with high selectivity. As a result, these reactions have been shown to give high 
product yields in short reaction times. Another advantage of these reactions is that no solvent is 
required, which improves their reactive mass efficiency as well as energy efficiency of the 
reaction (no energy is required to heat or remove the solvent). Furthermore, many reactions rely 
on toxic or potentially explosive solvents, making solvent-less reactions additionally valuable 
(although solvents may obviously still be required for isolation and purification of products2). 
The downside of these solvent-free reactions is that such melts often form at elevated 
temperatures and with high viscosities, which can make them unfavorable for industrial 
applications. 
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1.2. Microwave heating for chemical synthesis 

1.2.1. History 
Microwave irradiation is electromagnetic irradiation in the frequency range 0.3 to 300 GHz, 
corresponding to wavelengths between 1 mm to 1 m. The use of microwave energy for heating 
applications was discovered in the 1940’s in the course of research on radar systems during 
World War II. The technology was originally applied for heating food and by the late 1970’s the 
microwave oven became a common kitchen appliance in industrial countries. In the years to 
come, microwave technology also found applications in different industrial processes, ranging 
from all sorts of uses in the food industry (heating, drying, cooking, baking, sterilization, and 
pasteurization) to the processing of other materials such as ceramic sintering, 
nanotechnology107, photovoltaics or paper, wood and textile processing. Apart from materials, 
the technology also found uses in extraction processes as well as in distillation or treatment of 
soil, sludge, or wastewater.108 With respect to chemical synthesis, research on microwave 
heating started to appear in the mid-1980s109,110 and opened a period of very intensive 
investigation of the mechanism of microwave heating and its influence on chemical reactions. 
Since then, thousands of research papers have been published on the subject as microwave 
heating offers an alternative approach to conventional heating (based on convective and 
conductive heat transfer).  

1.2.2. Theory 
In general, microwave heating is based on three phenomena: dielectric heating, magnetic  
heating, and conduction loss heating and it is thereby based on the dielectric, magnetic and 
electric properties of a material. In chemical synthesis, the later two terms become relevant e.g. 
for heterogeneous catalysis.111 However, in the scope of this thesis I will not be dealing with 
such materials and solely work with media that are susceptible for dielectric heating2. The 
presented theory will therefore focus on this phenomenon, which is based on two effects:  

• Dielectric polarization: Polar molecules can be oriented along an electric field. In the 
absence of this phenomenon, dipoles are orientated at random and molecules are 
submitted to Brownian motion only. In the presence of microwave radiation, the dipoles 
attempt to align with the oscillating electric field. This alignment causes rotation, which 
induces friction and ultimately dissipates as internal heating. 

• Ionic conduction: Under the influence of microwave irradiation, dissolved ions oscillate 
back and forth with the electric field. This oscillation causes friction and collisions of the 
charged particles with neighboring molecules or ions, which ultimately results in heat 
energy. This is also known as ion-drag.  

                                                   
2 This is not quite correct, as ionic conduction (which is mentioned as a phenomenon of dielectric heating) is actually 
a phenomenon that contributes to conduction-loss heating. However, it usually only makes sense to dive into the 
theory of conduction-loss heating, when dealing with metals where skin effects also have to be considered. For 
media that feature dielectric polarization as well as ionic conduction it is usually more elegant to integrate both 
phenomena under the term of dielectric heating as it is often done in literature. The influence of conduction loss 
due to ion-drag is then simply included in the loss factor ε’’. 
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Figure 1. Schematic illustration of the relevant heating mechanisms during dielectric heating with microwave 
irradiation. 

This illustrates why microwave are in the suitable range of the electromagnetic spectra to make 
use of these effects. If the frequency is much lower, the dipoles and ions will follow the electric 
field almost instantaneously and their motion will not result in substantial losses that dissipate 
into heat energy. Contrary, if the frequency is much higher, dipoles and ions will not be able to 
follow the oscillation of the electric field. Instead, the energy will be partly absorbed in the form 
of resonant molecular vibrations (infrared frequencies) or at higher frequencies (such as UV and 
above) for electron excitation. 

How well a media converts microwave energy into heat can be derived from its permittivity, 
which represents the electric polarizability of the media. As we are dealing with a time-varying 
electromagnetic field, the permittivity has a real and imaginary component and is frequency as 
well as temperature dependent. It is given by:  

𝜀 = 𝜀′ − 𝑗𝜀′′ (1) 

where ε’ is the real part of the permittivity3 and is a representation of the ability of the material 
to store electric energy and ε’’ is the imaginary part of the permittivity and represents the loss 
factor which reflects the ability of the material to dissipate electric energy.   

The ability of the medium to convert microwave energy into heat at a given frequency and 
temperature is given by the ratio of those two terms in the form of the loss tangent: 

tan 𝛿 =  𝜀′′
𝜀′

⁄  (2) 

The loss tangent is the dissipation factor of the medium and describes how efficiently microwave 
energy is converted into thermal energy. This explains why it is not sufficient to consider simply 

                                                   
3 The real part of the permittivity is sometimes also referred to as dielectric constant. However, this term holds some 
ambiguity, as some older reports used it for the absolute permittivity (ε) or relative permittivity (ε/  ε0). This only 
makes sense if we are dealing with dielectric materials – good electric insulators where the dielectric loss (ε”) can 
be neglected and the real part of the permittivity and the absolute permittivity become equivalent.  

 



- 11 - 
 

the permittivity of a medium as a relative measure of its polarity in order to evaluate its efficiency 
to absorb microwave irradiation. Liquid water, for example has one of the highest permittivities 
of conventional solvents, but its dielectric loss values are lower compared to other solvents for 
a commercial 2.45 GHz microwave reactor. When comparing its loss tangent values water is 
therefore classified as a medium absorber of microwave energy. This also explains why materials 
such as quartz or Teflon are some of the preferred materials for microwave reaction vessels – 
their dielectric loss values are so small that that they are practically transparent for microwave 
radiation and do not heat up as such.   

Having defined the main characteristics of microwave heating, the last parameter to consider is 
the penetration depth. This is defined as the depth of the medium where the microwave power 
drops to 1/ e (about 37%) of its initial value and is given by: 

𝐷𝑝 =
𝑐0

4𝜋𝑓
√

2

𝜀′
[√1 + tan² 𝛿 − 1]

−
1
2 

(3) 

where c0 is the speed of light in free space and f is the applied frequency.  

The penetration depth is obviously dependent on the ability of the medium to convert microwave 
energy into heat but as this is a frequency and temperature dependent property, so is the 
penetration depth. For example, in the case of water in a commercial 2.45 GHz microwave 
reactor, the penetration depth is about 1.8 cm at 25 °C and increases to 3.1 cm at 50 °C and 5.4 
cm at 90 °C. If ions are added to the water, its penetration depth decreases as the dielectric loss 
of the media increases. For example, the penetration depth of water at 25°C changes from 1.8 cm 
to 0.5 cm in a 0.25M NaCl solution.  

 

1.2.3. Microwave vs. conventional heating 
With this theoretical background in mind, it should be clear that microwave heating is 
substantially different from conventional heating. In the remains of this chapter, the most 
important differences of microwave heating compared to conventional heating with respect to 
chemical synthesis and process design will be highlighted:  

• Volumetric and rapid heating: Microwaves interact directly with the reaction medium and 
can thereby provide rapid heating of the bulk. On the contrary, conventional heating 
comprises a combination of conductive and convective heat transfer, which results in 
non-uniform heating via the reactor wall and lower heating rates (Figure 2). As shown in 
many cases, microwave heated reactions can therefore give higher yields and less side 
reactions.112–115  
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Figure 2: Schematic illustration of different heating profiles during microwave heating and conventional heating.  

 
The rapid heating that microwaves cause can allow liquid solvents within closed vessels 
to be heated well above their normal boiling point. In some cases, this is desired, as it 
may be favorable to the reaction outcome. However, in other cases this is less desirable 
as it can induce safety issues. This is the case when the boiling points of solvents are 
reached and exceeded so rapidly that explosions due to rapid pressure built-up cannot be 
excluded. For this reason, microwave heating and solvent-free reaction of eutectic 
mixtures offer a great synergy. Eutectic mixtures often exhibit low-vapor pressures and 
thereby eliminate the risk of rapid pressure built-up. Furthermore, they are typically 
composed of polar or ionic components and therefore promise a highly efficient 
absorption of microwave irradiation.2,3   
 

• Other microwave-specific effects: In the past, there have been numerous reports on 
reactions where the reaction rate increased dramatically under microwave heating 
compared to conventional heating.116–118 In some of these cases, the observed rate 
enhancement was so high that is could not be predicted from the Arrhenius equation for 
a particular temperature. This has sparked a lively debate over the cause of this rate 
increase but also over proper experimental set-ups for such experiments.119–123 This is 
because many reported rate enhancements could be traced back to improper temperature 
measurement inside the microwave cavity.124 The reason is that the IR sensors measure 
the temperature on the outside of the vessel but microwaves heat the inside. As shown 
by Kappe et al., fiber optics are therefore the better choice for temperature measurements 
if reaction rates are to be determined.124 Nevertheless, there are still controversies about 
the effects of microwave heating amongst researchers in the field. Many experts argue in 
favor of so-called selective heating effects. They hypothesize that the measured system 
temperature does not fully reflect the thermal energy of the selectively heated 
components. Examples for this may be reagents in a less polar reaction medium or 
strongly microwave-absorbing heterogeneous catalysts that lead to hot spot 
formation.125–129 However, there are also experts who claim that such phenomena, which 
are not connected to macroscopic bulk temperature effects, are greatly overestimated due 
to erroneous temperature measurements. They therefore doubt that such phenomena will 
ever contribute to useful chemical processes.121,130 While the argument of selective 
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heating and hot spot formation is still based on thermal effects there are also some 
researchers (although they appear to be in the minority) who argue in favor of so called 
non-thermal effects which are instead connected to the polarizing electric field. While 
most of these earlier explanations have already been rejected, there are some more recent 
hypothesis, which have not yet been challenged. These include for example the 
hypothesis that microwave polarization may change the spatial orientation of 
collisions131 or enhance the diffusion of reactants in certain systems132. 
 

• Ease of operation: One factor that distinguishes microwave heating, is the facile reaction 
control that it can offer. It can be described with “instant on-instant off”, because when 
the microwave energy is turned off there is only latent heat left in the reaction medium. 
Superficial overheating, which is relevant in conventional heating, is therefore not an 
issue.   
 

• Reactor design: The fact that microwaves interact directly with the reaction medium and 
have a limited penetration depth sets certain constrains on the reactor design. The most 
promising options with respect to scale-up are continuous flow system, which have 
already been used for a few commercial applications. Examples include the pyrolysis of 
biomass or waste materials by Bionic Laboratories BLG GmbH (Germany)133 as well as 
the production of fatty acid esters with a production capacity of 3200t/year by Microwave 
Chemical Co., Ltd. (Japan)134. Microwave-assisted continuous flow systems can also allow 
for solid treatment such as biomass as shown, e.g. by the use of rotary, fixed bed reactors 
or the use of an Archimedes-type screw which moves the material.135 
Concerning penetration depth, it may also be beneficial to use lower microwave 
frequencies. The most common frequency that is used in domestic microwaves but also 
for industrial and scientific purposes is 2450 MHz. However, for some applications it is 
beneficial to lower the frequency to 915 MHz, which allows for an increase in penetration 
depth. Applicable frequencies are regulated by legislations in order to avoid any 
interference with broadcast and communication bands.111 Finally, an important part of 
the reaction design is the choice of microwave reactor (mono/multi frequency), which 
will influence the homogeneity of the field as well as the energy efficiency and scalability 
of the process. Here is much room for optimization136, also under the consideration that 
novel solid state radio frequency transmitters might be an alternative to classic 
magnetrons altogether137. However, as this is above the scope of this chapter, the 
interested reader is referred to the primary literature.138–140   
 

• Energy efficiency: Microwave heating offers the advantage of rapid and volumetric 
heating. This means that heat is generated from the inside out and less heat is lost 
compared to conventional heating. Nevertheless, when it comes to the energy 
consumption of the overall process, judgement needs to be rendered on a case-to-case 
basis as microwave technology is still under development. When comparing several 
different microwave processes, one study found that energy efficiency is mainly 
dependent on scale and that the optimization of the microwave reactor (i.e., frequency, 
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reactor geometry, field density, and homogeneity) has an immense impact.141 Another 
study also found that simple process optimizations could increase energy savings up to 
93% compared to earlier reports for the same process of microwave heated pretreatment 
for bioethanol production.142 Considering, that microwave heated chemical processes just 
start to appear for large-scale production, there are naturally not many examples of 
mature and optimized process designs that allow a fair comparison between microwave 
and conventionally heating. One such example is the production of biodiesel, where a 
large-scale process in the continuous mode has been developed based on microwave 
heating.143,144 For this process, one study144 claimed ca. 48% energy savings, comparing 
the optimized microwave process with a total energy consumption of 116.7 Wh/L to the 
energy consumption of 222 Wh/L  for a similar conventionally heated process.145 More 
studies on energy efficiency can be found on the medium reactor size scale, where one 
research group compared several different reactions in different microwave reactors.146 
They observe the trend that microwave -heating is generally more energy-efficient for 
short reactions at high temperatures and proportionately less so for longer reactions at 
lower temperatures. This is also in agreement with an earlier study on smaller scales.147  
 

• Process decarbonization: The burning of fossil fuels to supply process heat is a major 
contribution to direct carbon dioxide emission for industrial processes. For example in 
Germany, process heat was responsible for 67% of the energy consumption of the 
industrial sector and thereby contributed more than 20% of the country’s total energy 
demand in 2020.148 Considering that 72% of this process heat was supplied by fossil 
fuels149, alternative heat supplies are in high demand. Assuming that Germany will 
eventually achieve the production of sufficient renewable electricity (2020 renewables 
had a share of 45%150), the electrification of process heat appears to be one promising 
approach. Obviously, there are multiple technologies, worthwhile to discuss here, but 
beyond the scope of this chapter. It should suffice to note that the expansion of 
microwave technology could be one building block in the decarbonization of process heat 
via electrification.151,152 
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1.3. On the concept of green chemistry 
 

1.3.1 History 
Green chemistry can be described as a conceptual framework for the design of chemical 
reactions, with the intent to minimize chemical pollution and resource depletion. The concept 
emerged in the 1990s from various existing ideas and research efforts (such as catalysis and atom 
economy), in the context of an ever-growing environmental movement. The development of 
green chemistry was linked to a paradigm shift in environmental policy in the OECD countries, 
which started to focus on pollution prevention instead of so-called command and control 
regulations that simply mandate the level of industrial emissions at the “end of the pipe”.153 In 
the United States, this culminated in the Pollution Prevention Act of 1990, which aimed towards 
the active prevention of pollution through innovation of production technology. As a result, the 
US Environmental Protection Agency (EPA) and the chemical industry started to cooperate more 
and more in developing new processes, in order to meet their shared environmental and 
economic goals.154 Furthermore, US EPA engaged in extensive networking activities, involving 
actors from industry, academia and government, which cumulated in a number of symposia on 
the subject of “Benign by design”. During these meetings, it was also that the term “green 
chemistry” emerged as a conscious choice. The alternative terminology “benign chemistry” was 
eventually abandoned, due to the assessment that it is very difficult (or mostly impossible) to 
design a truly benign process.155 One of the outcomes of the professional coordination of US EPA 
and the knowledge exchange between the different actors was the first handbook on green 
chemistry156, which was published in 1998. The book includes topics, such as renewable 
feedstocks, the design of safer synthesis procedures and chemical products , alternative solvents 
and catalysts and the use of biosynthesis and biomimetic principles. Furthermore, it serves as an 
introduction to the chemical philosophy that was envisioned by US EPA, which is best described 
in the chapter on the 12 principles of green chemistry, written by Paul Anastas (the US EPA 
representative at the time) and John Warner (from Polaroid Cooperation). These 12 principles 
(or better guidelines) are probably the quintessence of the green chemistry approach, which is 
today known by most chemists. They are summarized below in Table 1. 

 

Table 1: Summary of the 12 principles of Green Chemistry by Anastas and Warner 
 

1. Prevention: It is better to prevent waste than to treat or clean up waste after it has been created. 
2. Atom Economy: Design synthetic methods to maximize incorporation of all materials used in 

the process into the final product. 
3. Less Hazardous Chemical Syntheses: Synthetic methods should, where practicable, use or 

generate materials of low human toxicity and environmental impact 
4. Designing Safer Chemicals: Chemical product design should aim to preserve efficacy whilst 

reducing toxicity. 
5. Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g., solvents, separation agents, 

etc.) should be made unnecessary wherever possible and innocuous when used. 
6. Design for Energy Efficiency: Energy requirements should be minimized. If possible, synthetic 

methods should be conducted at ambient temperature and pressure. 



- 16 - 
 

7. Use of Renewable Feedstocks: A raw material or feedstock should be renewable whenever 
technically and economically practicable. 

8. Reduce Derivatives: Unnecessary derivatization (such as use of blocking groups, protection/ 
deprotection, temporary modification of physical/chemical processes) should be avoided, 
where possible. 

9. Catalysis: Catalytic reagents (as selective as possible) are superior to stoichiometric 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 for Pollution Prevention: Process monitoring should be used to avoid 
excursions leading to the formation of hazardous materials. 

12. Inherently Safer Chemistry for Accident Prevention: Substances and the form of a substance used 
in a chemical process should be chosen to minimize hazard and risk. 

 

 

From this period onwards, the use of green chemistry as a terminology really took off. This can 
be illustrated by a steady rise in citation statistics but also by the establishments of awards (e.g. 
Presidential Green Chemistry Challenge Award), conferences (e.g. Green & Sustainable 
Chemistry Conference) or journals (e.g. Green Chemistry (RSC)). A detailed account on this 
development can be found in 157 by Linthorst.   

 

1.3.2 Critique (and reform) 
Linthorst’s analysis shows that the success of the term “green chemistry” was really a 
networking effort from political and industrial actors. Some authors have made the case that this 
has brought a cohesion to the field and has thereby enabled scientific breakthroughs and new 
kinds of synergies.158,159 Others have also raised the question whether the practitioners of green 
chemistry can be considered as actors of a social movement that may eventually transform the 
chemical sector.160 Nevertheless, there has also been critique of the terminology. Lindhorst 
argues that a large part of the success of “green chemistry” lies in the “user-friendliness” of the 
term, as he calls it. What he means is that it is relatively easy to label research as green chemistry, 
because the only prerequisite is that it “strives to incorporate one or more of the 12 Principles of 
Green Chemistry”.161 This is one of the major weaknesses of the term and has been pointed out 
repeatedly. For example, Winterton has criticized the term on the basis that it encourages a lot 
of research to make unsupported or selective claims on being “green”.162,163 Furthermore, he 
claims that far too little attention is paid to the larger context such as scalability, economics, and 
environmental impact. Such assessments require much more multidisciplinary approaches (and 
they obviously do exist).  Finally, Winterton also warns that the focus on green chemistry may 
result in an over-simplistic analysis of pollution – which is in fact a complex societal problem 
and ultimately results from the human overshoot of the biophysical carrying capacity of the 
earth. A truly sustainable way of living will therefore require changes far and beyond the 
discipline of chemistry.  

Another issue, which has been put into the spotlight by chemists, is the toxicological footprint 
of the chemical industry. This has often been overshadowed by the discussion on its carbon 
footprint, when talking about green processes and products. However, it has been observed that 
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the number of chemical substances on the market has increased to the degree that risk 
assessments for many of them have never been performed adequately. According to Fanner and 
Scheringer, the sheer number of chemicals that are marketed globally (which currently are 
estimated around 350.000) as well as their continuing increase has rendered it impossible to 
adequately study all substances on the market with respect to their toxicological profile. They 
are therefore calling for a “simplification of chemistry” and the utilization of much fewer 
chemicals, which can thereby studied much more thoroughly on their environmental toxicity.164 
The ban (or stern restriction) of PFAS, for example, would thus only be the tip of the iceberg.165 
Another study also attests that the level of pollution is outside the safe operating space of the 
planetary boundary with unknown effects on ecosystem and human health and proposes a cap 
of production.166 

To sum up, the philosophy of green chemistry has undoubtedly affected the discipline of 
chemistry and has supplied useful guidelines for the approach and discussion on sustainability. 
However, its vague requirements have also undermined its concept and often claims on green 
procedures need to be approached with caution. A more holistic approach on the subject of 
sustainability would therefore be required. This means in particular also the coercive 
consideration of toxicology, which is e.g. also acknowledged by Anastas (who is sometimes also 
known as the founding father of green chemistry) and who calls for the integration of toxicology 
deeply into the curriculum of chemistry students.167,168  
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CHAPTER 2                                                                                                                                                                                                                                    
The reaction with monosaccharides for the synthesis of Maillard 

reaction products 
 

 

 

 

2.1. Overview 
This chapter investigates REM based on ammonium formate and monosaccharides for the 
synthesis of bioactive substituted pyrazines. This Maillard type reaction is optimized with 
respect to reaction temperature and time, and the influence of microwave heating (vs. 
conventional heating) is investigated. Furthermore, water is included in the REM as a third 
component in order to decrease the viscosity of the mixture, analogous to the solvent-in-DES 
approach (discussed in chapter 2.1). The influence of water on the reaction yield as well as on 
the physical properties of the REM is studied. Finally, the major reaction products are separated 
via chromatographic methods, chemically analyzed and tested on their antimicrobial activity via 
high-throughput screening.  

 

 

   

Maillard reaction products (left) and purified substituted pyrazines (right) 

 

 

This chapter is an adapted version of the article: Schneider, H., Merbouh, N., Keerthisinghe, S., 
& Filonenko, S., Microwave-irradiated rapid synthesis of antimicrobial pyrazine derivatives in 
reactive eutectic media. Green Chem. 24, 9745-9754 (2022). 

This study was a collaboration with Dr. Nabyl Merbouh and Dr. Sandra Keerthisinghe from the 
Simon Fraser University, Canada, who performed the antimicrobial testing of the samples.   
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2.2. Background 
In 1912, Louis-Camille Maillard discovered that mixtures of amino acids and sugars become 
intensively brown upon heating. He thereby laid the basis for understanding the non-enzymatic 
browning reactions that occurs during cooking, roasting, and baking of foods that now carries 
his name: the Maillard reaction. This reaction is known as one of the most complex processes in 
food chemistry as it forms a vast variety of intermediate products such as furfurals, pyrazines, 
imidazoles and other heterocyclic molecules and eventually results in a brown polymeric 
substance that is known as melanoidin. In this way, the reaction is a major contributor to colour 
and characteristic flavour in food.169 

One specific type of Maillard reaction is the reaction between sugars with aqueous ammonia and 
ammonium salts. The final reaction mixture features a pleasant smell and low odor threshold, 
which is why the food as well as the Tobacco industry have made use of this reaction for 
years.170,171 Furthermore, the reaction is also extensively used to prepare brown food-colorants, 
which are known under the name of ammonia caramel.172,173 This substance is prepared with an 
excess of sugar so that Maillard as well as caramelization reactions take place, and the resulting 
product is used in many commercially produced foods and beverages - from beer to sauces, bread 
and pastry.  

Despite the commercial importance of such reactions, it is still rather challenging to understand 
the underlying reaction chemistry due to its complexity. Much fundamental work goes back to 
the 50’s and 60’s when it was first possible to analyze and isolate the major reaction products.174 
Since then it is understood that the reaction between sugars and aqueous ammonia results in a 
mixture of heterocyclic products – predominantly substituted imidazoles and pyrazines as well 
as in the darkly colored substance melanoidin. These reactions can take place at room 
temperature but the reaction time will be in the order of days. At elevated temperatures (most 
studies use at least 90°C) the reaction time can be reduced to a few hours. However, if the 
temperature is increased much further, a large part of the substitution on imidazole and pyrazine 
fractions will undergo thermal cleavage. As a result, there is a substantial increase in the methyl-
pyrazine and -imidazole fraction. A range of different heterogeneous catalysts were tested but 
did not appear to change the reaction significantly. So far, the mechanisms for the formation of 
imidazoles and pyrazines are however much better understood then the polymerization into 
melanoidin, which has been described as the “most enigmatic food macromolecule today”175. 

What has caused a recurring interest in this reaction over the past years is the biological activity 
that was identified in pyrazine derivatives in the reaction mixture. The compounds are known 
under the name of deoxyfructosazine (DOF) and fructosazine (FZ) for fructose- based reactions 
(as shown in Scheme 1) but other sugars may also be used to produce similar derivatives. DOF 
and FZ belong to the non-volatile poly(hydroxyalkyl)pyrazines and occur naturally in food 
products176–178. The biological activity of these compounds was investigated in different studies 
were they showed, e.g. antimicrobial activity for heat resisting E. coli 179,180 as well as promising 
pharmaceutical activity for the treatment of diabetes181, cancer182 and as immunomodulators183. 



- 20 - 
 

 

Scheme 1: Reaction of ammonium formate with fructose into substituted pyrazines 

 

These findings spurred the development of synthesis routes for such substituted pyrazines. 
However, the great number of competing reactions that occur during the Maillard reaction make 
it difficult to achieve good yields.  Wu et al. used cellobiose and inulin as biomass based starting 
materials, which were hydrolyzed to glucose and fructose respectively and then reacted with an 
excess of ammonium formate in aqueous solution. They optimized reaction conditions in the 
later step and obtained DOF in 33% yield from glucose and 28% yield from fructose with a 
temperature of 150°C for 2 hours184. Similarly long reaction times and high temperature 
conditions were reported in a pending patent by Shanxi Institute of Coal Chemistry of CAS from 
2019. The patent used different ammonium salts for the reaction with fructose, again with a large 
excess of the ammonium salt in aqueous solution. The highest yield of DOF of 60% was reported, 
using ammonium chloride and with reaction conditions of 120°C for 2 hours185. Another 
approach to synthesize DOF was via the self-condensation of glucosamine and fructosamine. 
The synthesis was performed in ionic liquids by Jia et al. and required reaction times of 3 
hours186. Faster rates were only reported when catalysts such as boric acid were used187 or by 
homogeneous catalysis with ionic liquids based on amino acids 186. Without a catalyst, the yields 
of FZ are only minor in the aforementioned studies and amount to a few percent.  

In summary, the synthesis routes for DOF either suffer from long reaction times and the 
excessive use of ammonium salts or require the use of much more expensive reagents and 
catalysts. In this chapter, I tackle these issues by using REM between monosaccharides, 
ammonium formate and water. Regarding the choice of monosaccharides, fructose is used to 
optimize the reaction conditions and to investigate the eutectic mixture. After reaction 
conditions and water content have been optimizes, the products from other monosaccharides are 
investigated. For this purpose, glucose and the two deoxy sugars, fucose and rhamnose are used. 
The latter two have been investigated much less for this reaction. The diversity of the saccharides 
covers isomers and molecules with various functionality and hydrophobicity.  

 

2.3. Experimental procedure  
 
2.3.1. General reaction procedure  
REM are prepared by mixing 0.47g of ammonium formate with different monosaccharides to 
obtain a molar ratio of 1.5:1. Water is added in different amounts, using molar ratios ranging 
from 0 to 50. A table of the educts in molar ratio as well as in weight percentages can be found 
in S2.1 of the SI. Samples are transferred into 10 ml quartz glass vials and after addition of a 
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magnetic stir bar, sealed with a Teflon-lined cap. Vials are heated under vigorous stirring with a 
laboratory microwave (Discover SP) with a power of 5 Watt for mixtures without water. The 
power is increased with water addition to enable comparable heating rates. The temperature is 
monitored by infrared technology. Zero time is taken when the desired temperature is reached. 
Experiments are conducted at 80°C, 100°C and 120°C and performed for 5 to 90 minutes. For 
comparison, experiments are also performed with thermal heating in an oil bath, otherwise 
keeping the same reaction set-up (same reaction vessel and stirring bar). 

 

2.3.2. Analytical methods  

Characterization and reaction yield 
The crude mixtures are analyzed on reaction product by 1H NMR, 13C NMR and HPLC-MS. 
Quantitative 1H NMR is applied to calculate the substrate conversion and yields of products using 
pyrazine as an internal standard. The exact procedures are described in S1 of the SI.  

 

Characterization of eutectic mixtures 
REM are characterized prior to reaction with DSC, falling ball viscometer and 
1H NMR.  The later is used to investigate hydrogen bonding within the REM, 
which is why the media is physically separated from the NMR solvent by a 
capillary. The exact procedures are described in S1 of the SI.  
 

Separation of DOF derivatives and testing on their antimicrobial activity 
The separation of DOF derivatives is performed via column chromatography for the reaction 
mixtures from fructose and rhamnose. The following procedure is used: The reaction mixture is 
extracted several times with diethyl ether and dichloromethane until a clear extract is obtained. 
Afterwards the reaction mixture is reduced by vacuum evaporation at 45°C and separated on a 
silica column (0.040-0.063 mm) eluted with ethyl acetate / 2-propanol / water (4/2/1 by volume). 
Fractions containing the product were combined and concentrated under reduced pressure at 
45°C. The oil thus obtained is chromatographed again on a silica column (0.040-0.063 mm) eluted 
with 1-butanol / ethanol/ water / ammonium hydroxide (25%) (8/2/2/1 by volume). Fractions 
containing the expected product were combined, concentrated under reduced pressure at 45°C 
and freeze dried overnight. For fructose, the dried product is washed with ethanol, while for 
rhamnose the product is washed with acetone. After drying in a vacuum oven at 40°C, the 
resulting white powder is identified to be the desired product as shown by 1H NMR. DOF from 
fructose and deoxyrhamnosazine (DOR) from rhamnose were both obtained with a purity above 
97%.  

In order to simplify the separation procedure, another method is developed, based on semi-
preparative HPLC. The reaction mixtures from glucose and from fucose were separated as 
follows: The reaction mixtures were extracted with ethanol and concentrated under reduced 
pressure. The resulting oil is injected into a HPLC, using semi-preparative C18 column (ACE 5, 
C18 250x21.2) with a flow rate of 15 mL min−1. The mobile phase consists of 0.1% formic acid in 
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water (A) and 0.1% formic acid in methanol (B). The gradient program is as follows: 95% A (0–5 
min), 95–0% A (15–40 min), 0% A (40–50 min) and 0-95% A (50-60 min). UV-vis is used at a 
wavelength of 280 nm. The method is thereby analogous to the one applied for analytical HPLC, 
so products could be readily identified. Fractions containing the desired product are combined. 
For glucose, the product is washed with ethanol, for fucose the product is washed with acetone. 
The resulting powder is identified to be DOF from glucose (>95% purity) and deoxyfucosazine 
(DOFu) from fucose (>93% purity). 

Each compound is characterized by NMR techniques as well as HR-MS. After at least 40 mg are 
prepared for each compound, they are tested on their antimicrobial activity. Test are performed 
with high-throughput screening on 19 different microbial strains. Gram-negative bacteria 
include E. coli, K. aerogenes, K. pneumonia, S. enterica, A. baumanii, P. alcalifaciens, S. sonnei, V. 
cholera, P. aeruginosa, Y. pseudotuberculosis and O. anthropi.  Gram-positive bacteria include B. 
Subtilis, MSSA, MRSA, S. epidermidis, L. Ivanovii, E. faecium, E. faecalis and S. Pneumoniae. The 
test protocol can be found in chapter S2.2 of the SI.  

 

2.4. Results and discussion  
2.4.1. Reaction conditions 
The products from sugar-ammonia reactions have been systematically studied since the 
50’s188,189 and the mechanism of formation of DOF and FZ has been elucidated in a number of 
papers by Komoto and co-workers190–192. Therefore, characterization of the main products with 
HPLC-MS and 1H NMR is straightforward and is shown in chapter S2.3 of the SI. 

Out of all the tested monosaccharides, fructose is chosen for optimization of reaction conditions 
because it gives a good reference point; it has been used in multiple studies for this 
reaction.184,185,187 The influence of molar ratio of reagents on the reaction yield has been 
investigated previously by our group.193 The previous study showed that an excess of ammonium 
formate is only slightly increasing the yields of the main products. The present study therefore 
relies on a molar ratio of 1.5:1 between ammonium formate and monosaccharide. Since 
microwave heating is used in the present study, the reaction parameters with respect to 
temperature and time are optimized (Figure 3, left). The reaction features relatively fast reaction 
rates as the maximum yield is reached in less than 3 minutes at 120°C, in 15 minutes at 100°C 
and in 40 minutes at 80°C. While the reaction at 80°C seems to reach a plateau in product yield, 
products at 100°C and 120°C undergo degradation with sustained reaction conditions. 
Interestingly, no FZ is detected in the reaction mixture, which is typically observed as a minor 
product for this reaction when performed in water.192,194 Presumably, the fast reaction rates favor 
solely the formation of DOF. 
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Figure 3: Yields of 2,5-DOF from fructose at different reaction temperatures, under microwave heating (left) and under 
conventional heating in an oil bath (right). No additional water is added to the eutectic mixture.  

To my knowledge, such fast rates are unprecedented for this reaction and might be traced back 
to two explanations, which present the novelty of this approach: the use of REM, or the use of 
microwave heating during the reaction.  

Regarding microwave heating, it has been observed that organic reactions ran in a microwave 
can exhibit unexpectedly high reaction rates (as discussed in CHAPTER 2.2). Therefore, the 
influence of the heating method on reaction rate is investigated by repeating experiments under 
thermal heating, as shown in Figure 3, right. This investigation does reveal a rate enhancement, 
but none that would suggest a substantial influence of the heating method. With conventional 
heating, maximum yields are reached in 5 minutes at 120°C and in 30 minutes at 100°C. The 
slightly faster rates during microwave heating can easily be explained by different heating 
profiles. While microwaves can provide rapid heating of the bulk by a direct energy transfer to 
the reaction mixture, conventional heating comprises a combination of conductive and 
convective heat transfer, which results in non-uniform heating via the reactor wall and lower 
heating rates.  

These results suggest that the effect of the heating method is only minor with respect to the 
reaction rate. That means that the REM and the resulting high concentration of (both) reactants 
must be the reason for the faster rates observed.  

 

2.4.2. Water addition to the reaction mixture 
Subsequently, the effect of water as a third component in the REM is investigated. Figure 4 shows 
that small amounts of water are beneficial for the overall reaction yield; however, at a water 
content above a molar ratio of 7, the yield suffers from the presence of water, presumably due to 
lower reaction rates. The interesting aspect of this finding, is that the addition of water in such 
small amounts can already greatly reduce the viscosity of the medium, as has been shown 
previously for other eutectic systems21,195. Indeed, this mixture also features a drastic decrease 
in viscosity due to water addition as shown in Figure 5. The decrease of viscosity can also serve 
to rationalize the slide increase of the reaction yields if only little water is added. In this case, the 
mass transport in the reaction mixture will also increase, thereby increasing the reaction rate. 
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However, further water addition will barely affect viscosity and therefore only result in dilution 
and lower concentration of reactants. The measurement also shows that the viscosity of the 
mixtures decreases during the reaction. The drop of viscosity after the reaction can be explained 
by water formation in the course of the Maillard reaction. 

A reduction of viscosity is a great benefit for the use of this reaction on a larger scale, e.g. it 
would allow the reaction to be performed in a microwave-assisted continuous flow system which 
is one of the most promising approaches for scale-up of microwave technology in organic 
synthesis (as discussed in CHAPTER 2.2). 

 

 Figure 4: Yields of 2,5-DOF with varying amounts of 
water in the REM. Experiments are performed at 100°C 
for 15 minutes. The microwave power for heating is 
increased with water addition to enable comparable 
heating rates.  

 

 

Figure 5: Viscosity of ammonium formate/fructose 
mixtures with different amounts of water at 25°C. 
Samples with a water content of 0 and 1 in molar ratio 
were not measured because they do not form a 
homogenous liquid at room temperature.  

Another advantage of this approach is the efficient heating of the REM, compared to dilute 
systems. This is shown in Figure 6A, which compares the heating rate of different mixtures by 
heating 0.5g of sample for 60 seconds with fixed 20 W applied power. Pure water is considered 
a moderate absorbing solvent to convert microwave energy into heat. Its performance increases 
with increasing salt concentration as ionic conduction is one of the two fundamental mechanism 
for absorbing microwave energy (the other one being dipole rotation). The results show that the 
applied REM are indeed very good absorbing solvents for microwave energy. Furthermore, 
samples with the highest concentration of reactants also show the highest heating rates, which 
means that microwave energy for heating is used with maximum efficiency. In this way, most 
of the energy goes into the heating of reactants and less into the solvent molecules. This is 
visualized in Figure 6B, which shows that samples with high water content barely react while 
samples with the lowest water content (:3 and :5) are close to completion (considering the fast 
reaction rates at 120°C in Figure 3, left). Interestingly, samples :3 and :5 show a different heating 
profile compared to more diluted samples, indicating that these mixtures are in a different 
dilution regime and do not form aqueous solutions but tertiary eutectic mixtures instead. 
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2.4.3. Further characterization of the REM 
DSC measurements are performed for a better understanding of the influence of water content 
on the eutectic mixture (Figure 7). Indeed, eutectic mixtures seem to have formed for water 
contents below a water ratio of 10. These samples lack the typical melting and crystallization 
peaks of water but feature glass transitions. Glass transition (due to frustrated crystallization) is 
a typical phenomenon of DES and has been connected to the transient nature of hydrogen bonds 
(compared to other intermolecular forces), which allows molecules to readily switch between 
bonding sites. However, this phenomenon is not ultimately understood.10 Compared to those so-
called “glass formers”, the sample with a water molar ratio of 10 displays a borderline behavior 
– it still exhibits a glass transition temperature (which is fluctuating with each cycle) but is also 
showing signs of the melting peak of water. The two samples with the highest dilution do not 
behave as eutectic mixtures but rather as aqueous solutions and exhibit the typical melting and 
freezing peaks of water. The decrease of the freezing point from sample :50 to :20 can be 
explained by the well-known freezing-point depression due to increased solute concentration.

A B 
 

:50 :20 :10 :5 :3 

Figure 6: Heating rate of mixtures with different 
water content (given in molar ratio). Each sample is 
prepared, by weighing 0.5g of the reaction mixture 
into a vial. Samples were heated at a high stirring 
rate at constant power of 20W for one minute (A). 
Visual appearance of the samples after heating (B). 
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Figure 7: DSC measurement with A) heating and B) cooling profiles for ammonium formate/fructose mixtures with 
different water content, given in molar ratio. The glass transition temperatures are noted in the graphs on the right-
hand side. 

1H NMR is used to take a closer look at hydrogen bonding in the eutectic mixtures. By using 
DMSO-d6 as a standard but keeping the mixtures separated in a sealed capillary tube, it is possible 
to investigate proton shifts as a function of water dilution (Figure 8). A change in the chemical 
shift is a consequence of the change in the electron environment of the proton and thereby the 
strength of hydrogen bonding. Downfield shift indicates less shielding and thereby stronger 
hydrogen bonding, upfield shift indicates weaker hydrogen bonds. Under typical dilution (:50-
:1000) there is no change for water and very little change for the protons of fructose and formate 
ion, meaning that the chemical environment barely changes. However, when the water content 
decreases further (< :50), molecules start to see each other instead of being surrounded by a 
hydration shell. The chemical shift indicates that the liquid state can be maintained for reduced 
water content because the hydrogen bonds in water strongly increase, while hydrogen bonds of 
fructose and the formate ion weaken to a lesser extent. It seems likely that the increasing ionic 
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strength of the solution enables stronger polarization of the water molecules, thereby enabling 
stronger hydrogen bonds. This explanation is also supported by the DSC results. As the strength 
of hydrogen bonding increases, water cannot exhibit its typical melting/ crystallization behavior 
but is incorporated into the eutectic mixture instead.  

The broadening of the NMR peaks for lower water contents can be attributed to the increase in 
viscosity. It is a known phenomenon in NMR that viscous samples will have low tumbling rates 
of molecules which will make them less effective in causing relaxation. This results in longer T1 
values and thereby signal broadening. 

Figure 8: 1H NMR of ammonium formate/ fructose mixtures with different amounts of D2O (given in molar ratio) using 
DMSO-d6 as a reference standard (left). The difference in chemical shift compared to the sample with highest dilution 
(:1000) (right). Samples with a water content of 0 and 1 in molar ratio  could not be measured because they do not form 
a homogenous liquid at room temperature.  

2.4.4. Changing the saccharide reactants 
After the reaction conditions are optimized for the fructose reaction, the same reaction is 
performed with several other monosaccharides. Products and yields are shown below in Table 
2, while their characterization using NMR and HPLC-MS is presented in chapter S2.3 of the SI. 
It is in accordance with previous studies that aldoses predominantly yield the 2,6-isomers while 
ketoses predominantly yield the 2,5-isomers. However, the respective other isomer is also 
observed in small amounts192. Products from rhamnose and fucose have been less investigated 
but have been reported before by Basiardes et al.17. These products are DOF derivatives that 
differ by the lack of hydroxyl groups on the terminal carbon. In the following, I will call them 
deoxyrhamnosazine (DOR) and deoxyfucosazine (DOFu), following a scheme by Komoto191.  

Considering the effect of the increasing water content (Figure 9) it can be observed that the 
reactions all follow a similar trend: for water dilution above a molar ratio of 7, yields drop 
drastically for the chosen reaction conditions. A slightly earlier decrease of yields from rhamnose 
and fucose might be related to their terminal methyl groups, which increases the hydrophobic 
nature of the product.  
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Table 2: Products from reaction with ammonium formate: monosaccharide: water in a 1.5:1:7 ratio for fructose and 
glucose and in a 1.5:1:3 ratio for rhamnose and fucose. Experiments are performed at 100°C for 15 minutes. 

Monosaccharide Major product Yield Minor product Yield 

D-Fructose 2,5-Deoxyfructosazine 37.2% 2,6-isomer 9.3% 

D-Glucose 2,6-Deoxyfructosazine 26.1% 2,5-isomer 5.9% 

L-Rhamnose 2,6-Deoxyrhamnosazine 32.5% 2,5-isomer 11.2% 

L-Fucose 2,6-Deoxyfucosazine 23.9% 2,5-isomer 6.0% 

  

 

Figure 9: Yields of DOF derivatives from different monosaccharides with varying amounts of water in the reaction 
mixture. Experiments are performed at 100°C for 15 minutes. 

  

2.4.5. Study on separation and antimicrobial activity of DOF derivatives 
The separation of the crude mixtures is performed by two approaches: the previously reported 
use of column chromatography as well as the use of reversed-phase HPLC. The later appears 
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highly promising as it offers a much easier approach compared to previously reported methods 
that require two runs of column chromatography. It also enables a much more straightforward 
approach for separation of by-products for future investigations. After the separation of the 
major product from each reaction mixture, the respective compounds are thoroughly 
characterized, using NMR and HR-MS as shown in chapter S2.4 of the SI. 

The antimicrobial properties of the separated DOF derivatives show several hits in the high-
throughput screening as shown below in Figure 10. 1,5-DOF for O. anthropi (TSB) as well as 1,6-
DOR for S. pneumoniae (BHI) show cumulative hits, with inhibition above 50%. They will be 
investigated in further testing, in order to quantify their antimicrobial effect on the respective 
strain36. 

 

 

Figure 10: Graphical representation of the high-throughput screening for four different DOF derivative compounds.  
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2.5 Conclusion and outlook 
This work showed that fructose and ammonium formate form a eutectic mixture where water 
can be incorporated as a third component. This approach results in a much better reaction mass 
efficiency compared to previously reported synthetic routes. This is because reactants were used 
in an almost stoichiometric ratio (1.5:1) instead of using one compound in great excess. The high 
concentration of reactants led to unprecedented fast reaction rates with a yield up to 37.2% of 
2,5-DOF and 9.3% of 2,6-DOF, while the incorporation of water also retained relatively low 
viscosities. Applying the microwave energy directly to the reaction mixture led to a highly 
energy efficient heating method, making this approach attractive for microwave-assisted 
continuous flow systems.  

In addition to fructose, other monosaccharides were successfully used as reactants, showing the 
same trend as fructose with respect to water addition. The respective reaction mixtures were 
successfully separated, with HPLC proving to be a straightforward method for the final 
compound purification. The separated DOF derivative compounds were thoroughly 
characterized and successfully tested for their antimicrobial activity via high throughput 
screening. Promising candidates were identified and will undergo additional antibacterial 
screening: 2,5-DOF for O. anthropi as well as 1,6-DOR for S. pneumoniae. 
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CHAPTER 3                                                                                                                                                                                       
The reaction with levulinic acid for the synthesis of 5-methyl-2-

pyrrolidone 
 

 

 

 

 

3.1. Overview   
This chapter investigates REM based on ammonium formate and levulinic acid for the synthesis 
of 5-methyl-2-pyrrolidone. This Leuckart-Wallach type reaction is optimized with respect to 
reaction temperature and the influence of microwave heating (vs. conventional heating) is 
investigated. Furthermore, water is included in the REM as a third component in order to study 
its influence on the reaction yield as well as on the physical properties of the REM. The results 
are also discussed with respect to the use of the alternative Leuckart reagent based on formamide 
and formic acid.  

 

 

 

Structural formular of 5-methyl-2-pyrrolidone 
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3.2. Background  
N-substituted-2-pyrrolidones have a variety of industrial uses, e.g. as intermediates in 
pharmaceutical products, fiber dyes and printing ink as well as in form of the solvent N-methyl-
2-pyrrolidone (NMP) and the precursor N-vinyl-2-pyrrolidone for the production of 
polyvinylpyrrolidone (PVP).  However, currently these compounds are fossil-derived, which 
means that bio-based production schemes are in high demand. Furthermore, NMP is a 
reproductive toxicant and has recently been classified as a “Substance of Very High Concern” by 
the European Chemical Agency (EChA), which means that’s its use needs to be restricted.197 Yet, 
as a dipolar, aprotic solvent NMP features favorable solvent properties, making it the solvent of 
choice for high-profile technologies such as the production of graphene by exfoliation of 
graphite or for the fabrication of lithium-ion battery electrodes. 

Different solvents are considered for NMP replacement but dipolar aprotic solvents with 
negligible hazardous statements are hard to find.198 One solvent class that is increasingly 
investigated are N-substituted-5-methyl-2-pyrrolidones (N-substituted-5MPs) which show 
similar solvent properties than NMP and can also be tailored to relevant applications according 
to their N-substitution. They promise a different toxicological profile than NMP and derivatives 
due to the additional methyl group. Nevertheless, there is obviously a need for toxicological 
studies on the subject, which have – to my knowledge – never been performed for such 
compounds. 

Another advantage of N-substituted-5MPs is that they can be synthesized from levulinic acid, 
generated from biomass. This is therefore an attractive strategy to abandon fossil-based 
production schemes, also for other N-substituted-2-pyrrolidones such as N-vinyl-2-pyrrolidone 
for PVP.  

For several decades, heterogeneous and homogeneous catalysts have been developed for the 
reductive amination of levulinic acid to produce unsubstituted 5MP with molecular hydrogen. 
The patented method relies on a mix of H2 and NH3 gas but has several drawbacks, such as the 
need for expensive noble catalysts, a high excess of H2 gas and hazardous organic solvents.199,200 
Therefore, other approaches have been explored, based on transfer hydrogenation. Promising 
results were achieved by using levulinic acid and ammonium formate (or different amines and 
formic acid, depending on the N-substitution) in water and relying on catalysts such as RHC-
Ru201, Raney-Ni202 or Pd/C203. However, all these approaches suffer from common issues related 
to metal catalysts such as the need for high loadings and relatively fast deactivation (Raney-Ni) 
or the use of expensive noble materials with potential toxicity204 (Pd/C). In the last decade, other 
studies could circumvent these issues by avoiding a catalyst entirely while still obtaining good 
yields. Ledoux et al. could synthesize a series of N-substituted-5MP derivatives from levulinic 
acid by the addition of amines and formic acid under isochoric conditions at 160°C. It was thereby 
possible to avoid any additive, catalyst or solvent. Obviously, the use of a catalyst still has 
advantages mostly because milder reaction temperatures can be applied. However, Ledoux et al. 
could show imposingly in the subsequent E-factor calculation of 0.2 (kg waste per kg product) 
that this approach performed much better, compared to other approaches, reliant on catalysts or 
additives with respect to this paramter.205  Furthermore, N-substituted-5MP derivatives were 
prepared by Ma et al. in a continuous flow reactor, using formic acid as a hydrogen source and 
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acetonitrile as the reaction solvent.206 Lastly, Wu et al. relied on this catalyst-free approach and 
optimized the reaction by using an excess of formamide and formic acid as reagents. 207 They 
were able to reach 95% yield of (unsubstituted) 5MP after 2h at 160°C (which is the highest report 
for catalyst-free approaches for this synthesis) and developed a synthesis procedure from hexose 
sugars to the final purified product.  

This last reaction is known as a Leuckart reaction, where formamide and formic acid are used as 
reagents for the reductive amination of a carbonyl group. Another reagent, which can be used 
alternatively, is ammonium formate. While the choice of reagent gives the same product, it 
cannot be predetermined which will give the better outcome. This will depend on the specific 
reaction and reaction conditions.208–210 In this chapter, I will therefore investigate REM based on 
levulinic acid and ammonium formate for the synthesis of 5MP (as shown in Scheme 2) and 
compare the results to the data reported by Wu et al.. Furthermore, I will also investigate the 
influence of water on the reaction. 

Finally, Leuckart reactions generally need relatively long reaction times in the order of hours. 
There has been a report on a profound enhancement of reaction time by using microwave 
heating.211 The influence of microwave heating will therefore also be considered.  

 

Scheme 2: Reaction of ammonium formate with levulinic acid into 5MP. 

 

3.3. Experimental 
REM are prepared by mixing 1.5g of levulinic acid with varying amounts of ammonium formate, 
to cover molar ratios from 1:1 to 1:5. Water is added in different amounts, using molar ratios 
ranging from 0 to 30. Samples are prepared in 35 ml quartz glass vials and after addition of a 
magnetic stir bar, sealed with a Teflon-lined cap. Vials are heated under vigorous stirring with a 
laboratory microwave (Discover SP) with a power of 40 Watt. The pressure is monitored and 
temperature is measured by infrared technology. Zero time is taken when the desired 
temperature is reached. Experiments are conducted at 150-180°C and performed for 20 to 120 
minutes.  

1H NMR is used for product characterization of the crude mixture and is also applied 
quantitatively to calculate the substrate conversion and yields of products using DMSO as an 
internal standard. Eutectic mixtures after water dilution are characterized, using DSC, a falling 
ball viscometer and by investigating hydrogen bonding by 1H NMR (using a capillary to 
physically separate the media from the NMR solvent). The exact procedures are described in 
chapter S1 of the SI.  
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3.4. Results and discussion 
An initial screening of the reaction conditions for the synthesis of 5MP is shown in Figure 11. It 
shows that a slight access (2:1) of ammonium formate is beneficial for reaction yields but a higher 
excess brings only minor benefits. Furthermore, increasing the temperature is slightly beneficial 
for the reaction, so in the course of this study, 170°C will be used. This is also in accordance with 
previously reported catalyst-free approaches for this synthesis, which relied on similar 
temperatures.205,207 The same holds for the necessity of isochoric reaction conditions - yields 
drop drastically when the reaction is performed under reflux. This is commonly observed for 
Leuckart reactions due to reduced reaction rates in an open system.208,210 The consequence of 
such isochoric conditions is that CO2 accumulates as a by-product in the reaction vessel and 
results in a pressure build-up during the reaction. As shown in Figure 12, this pressure build-up 
can be correlated to the reaction yields and is thereby a useful tool to monitor the reaction. These 
results also shows that the use of microwave heating has no meaningful influence on the reaction 
rate as these time scales are comparable to the ones reported by Wu et al.207  as well as Ledoux 
et al. 205 under conventional heating.  

 

Figure 11: Reaction yields of 5MP for varying molar equivalents of ammonium formate (AF) for 1 mole of levulinic 
acid. Reactions are performed at 170°C (left). Reaction yields of 5MP for varying reaction temperature. Reactions are 
performed for 90 minutes with a molar ratio of 2:1 for ammonium formate to levulinic acid.  

 

In the next step, the addition of water on the reaction yield is investigated. As shown in Figure 
13, this has a profound influence on the reaction yield, which goes up to 83.3% with the addition 
of 3 mole equivalents of water. This is supported by a previous study by Pollard and Young from 
the 1950s. 208 They investigated the reaction mechanism of the Leuckart reaction and found that 
a minimum of water is beneficial in order to convert formamide (which forms from ammonium 
formate under heating) back to ammonium formate. This increases the concentration of reducing 
agent (i.e. formic acid) that is required by the reaction and can thereby increase reaction yields. 
This is supported by NMR analysis of reaction mixtures, which indeed shows that the conversion 
of ammonium formate into formamide is reduced for increasing water concentration (S3.2 in the 
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SI). The results in Figure 13 also show that further water addition, beyond 3 mole equivalents 
results in a drop of reaction yields. The explanation that suggests itself is that little water addition 
is incorporated in the REM and concentration of reactants is still high. However, if more water 
is added the reaction takes place in solvent and reaction rates are reduced. This is also confirmed 
by the reduction of levulinic acid conversion.  

 
Figure 12: Pressure build-up over time vs. reaction yield. 
The reaction is performed at 170°C with a molar ratio of 
2:1:3 for ammonium formate to levulinic acid to water.  

 
Figure 13: The influence of water addition on the 
reaction yield. Reactions are performed for 90 minutes at 
170°C with a molar ratio of 2:1 for ammonium formate to 
levulinic acid. 

 
This is supported by consideration of the pressure build-up during the reaction, which is used as 
a tool to monitor reaction progress. As shown in Figure 14, the pressure profiles for different 
water contents indicate two different dilution regimes, according to the difference in shape 
which is due to formation of CO2 as well as solubility of CO2 in the reaction media. Samples with 
little water content appear to be in a different dilution regime and do not form aqueous solutions 
but tertiary eutectic mixtures instead.  

A 

 

B

 
Figure 14: Pressure build up over time for two different regimes: reactive mixture regime (A) and solvent regime (B). 
Reactions are performed for 90 minutes at 170°C with a molar ratio of 2:1 for ammonium formate to levulinic acid and 
varying addition of water (W) in molar ratio.  
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This is supported by DSC measurement (Figure 15), which indicate the inclusion of water in the 
REM for samples with a water content of :5 or less. Such samples feature only a glass transition 
temperature (which is often observed for eutectic mixtures) but lack the characteristic melting 
and crystallization peaks of water. However, such peaks can be observed for samples with a 
water content of :15 or more, were indeed aqueous solutions are formed. The shift of these peaks 
can be explained by a freezing-point depression due to increased solute concentration. 

 
Figure 15: DSC measurements of ammonium formate/ levulinic acid mixtures with different amounts of water, given 
in molar ratio. 

The role of water in the REM is also investigated by NMR measurement, as shown in Figure 16. 
The pronounced downfield shift of water protons, indicates the strong polarization of water 
molecules for samples with water addition of :5 (in molar ratio) or less. This indicated the 
incorporation of water as a third component in the REM for these samples.  

 
Figure 16: 1H NMR of ammonium formate/ levulinic acid mixtures with different amounts of D2O, given in molar ratio 
(left). The difference in chemical shift compared to the sample with highest dilution (:1000) (right). I could not measure 
samples with a water content below 3 in molar ratio because they do not form a homogenous liquid at room temperature. 
DMSO-d6 is used as a reference standard. 
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The addition of water also affects the physical properties of the REM, such as the viscosity. As 
can be seen in Figure 17, water addition leads to a reduction in viscosity. However, the extend is 
only minor compared to the effect that is observed for REM based on monosaccharides and 
ammonium formate in CHAPTER 2.  

 

Figure 17: Influence of water addition on the viscosity of the REM at room temperature. I did not measure samples with 
a water content below 3 in molar ratio as they do not form homogenous liquids at room temperature. 

 

3.5. Conclusion and outlook 
In this chapter, the reaction in REM between levulinic acid and ammonium formate was 
described and the optimization parameters were rationalized. The use of synthesis in REM 
appeared highly beneficial for reaction rates, while the heating method (microwave vs. 
conventional) was found to have little effect on the reaction. Small amounts of water appeared 
necessary in order to increase yields, by shifting the chemical equilibria towards a higher 
concentration of ammonium formate. The best results were obtained for molar ratios of 2:1:3 
between ammonium formate, levulinic acid and water, which gave a 5MP yield of 83.3% after 90 
minutes at 170°C. The yields are thereby lower to the same reaction that was performed by Wu 
et al., which relied on the alternative Leuckart reagent formamide/ formic acid. They reached 
yields of 95% for 5MP under comparable conditions, by using a molar ratio of 1:10:3:15 for 
levulinic acid, formamide, formic acid and water. The results are in agreement with an early 
study on the Leuckart reaction208 which found that ammonium formate is the better Leuckart 
reagent when stoichiometric ratios are used. However, having it in greater access has less impact 
on the reaction yield – in this case formamide with formic acid becomes superior. Nevertheless, 
it should be highlighted that the use of ammonium formate has the advantage of a much better 
reaction mass efficiency and resulting energy and material savings during the purification 
procedure. A scaled-up synthesis of 5MP, along with its separation by vacuum distillation and 
subsequent E-factor calculation will thus be the subject of future work.  
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CHAPTER 4                                                                                                                                                                                                                   
The reaction with organic acids and its use in the 

biorefinery 
 

 

 

 

4.1. Overview 
This chapter investigates REM based on ammonium formate and different organic acids for the 
treatment of lignocellulosic biomass. The separated cellulose fraction is analyzed on its 
remaining lignin content and is studied with respect to surface charge and fiber length. The 
isolated lignin fraction is investigated with respect to its structure and composition. Finally, the 
influence of REM composition on the reaction products is studied.  

 

 

 

Cellulose (left) and lignin (right) from beech wood after REM treatment 
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4.2. Background 
The REM between levulinic acid and ammonium formate, which was discussed in the previous 
chapter, has an interesting additional use beside the synthesis of 5MP. A eutectic containing 
ammonium formate and organic acids such as levulinic acid has recently been used as a REM for 
the treatment of cellulose for nanocellulose isolation.97 Another recent paper has found that 
NMP (which is a close analogue to 5MP) shows excellent properties for lignin dissolution and 
biomass treatment.212 Both these findings combined, have led to the concept of REM for 
lignocellulosic biomass treatment, which will be pursued in this chapter. According to this idea, 
this would not only lead to the pulping of cellulose from lignin, but also to the synthesis of the 
value-added product 5MP. This implies a substantial process intensification and presents a novel 
approach for the implementation to biorefinery schemes.  

The biorefinery presents an alternative to today’s petroleum refinery and is a cornerstone of a 
future chemical industry that should serve the circular economy and strives to operate 
sustainably. In the case of lignocellulosic biomass as starting material, this means that its three 
main components (cellulose, hemicellulose and lignin) should be exploited to produce value-
added fuels, chemicals and materials. However, currently this is not the case for all of its 
components. Annually, over 100 million tons of lignin are produced as a byproduct from 
traditional pulp mills and modern cellulosic ethanol industry but only 2% of lignin are used for 
applications different from energy-production through burning. 213  On the other hand, lignin is 
the largest naturally available source of aromatic building blocks and can be used to produce 
bulk, fine, and functionalized aromatic compounds.214 What is standing in the way of the large-
scale utilization of lignin-derived chemicals or materials is the recalcitrant chemical nature of 
the macromolecule.  

Unlike cellulose, which has a single repeating linkage of β-1,4 glucosidic bonds, lignin contains 
several different types of linkages between its aromatic units, including C–O–C bonds (β-O-4/4′, 
α-O-4/4′, 4-O-5/5′, etc.) and C–C bonds (5–5/5′, β-β, β-1, β-5, etc.) 215. Lignin fractions during 
depolymerization conditions in traditional pulping processes are usually highly reactive and 
therefore undergo substantial side reactions, which are hard to control. Such side reactions 
include repolymerization or condensation, which results in very heterogeneous structures. This 
makes direct production of well-defined compounds from lignin very challenging.216 
Furthermore, the cross-linked structure often results in low solubility in most conventional 
solvents, which is the bottleneck for further processing. 

New fractionation treatments for biomass have been investigated in order to tackle some of these 
issues. One approach is the use of alternative solvent systems, which manage to yield reactive 
and less condensed types of lignin after treatment. Methods which rely on this approach include 
ammonia-based fractionation217,218, ionic liquid (IL)-assisted fractionation219,220, treatment with 
deep eutectic solvents (DES)221, γ-valerolactone-assisted hydrolysis222 and ethylenediamine 
pretreatment223,224. While these methods give promising results, they also come with the 
drawback of much higher solvent costs compared to organosolv treatment with ethanol.  

In this chapter, I make use of REM based on ammonium formate and organic acids for biomass 
fractionation. In the treatment of biomass, I hypothesize that the organic acid catalyzes the lignin 
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depolymerization while ammonium formate acts as an amination agent to introduce nitrogen-
containing functional groups into the lignin structure. Additionally, the REM components react 
within each other to form a solvent for improved lignin dissolution. This last point is important, 
as this allows the production of higher value products from the starting materials. This enables 
a better utilization of the process energy for a wider product range and thereby holds the 
potential to drive the modern biorefinery toward economic viability. Besides, levulinic acid, I 
will also employ lactic acid as well as acetic acid in the REM as they have also given good results 
for cellulose treatment with REM.97 However, since it is unknown how capable these REM are 
for lignin dissolution, I will also investigate the addition of ethylene glycol and propylene glycol 
to the REM to facilitate lignin dissolution. Both of these solvents have shown to be good lignin 
solvents in previous studies225,226, can be bio-derived227,228 and offer low vapor pressures.  

 

4.3. Experimental  
 

4.3.1. REM reaction 
The REM are prepared by simply mixing the components, which are shown below in Table 3. 
All REM employed in this work, consist of ammonium formate and an organic acid. The different 
organic acids used are levulinic acid (LvAc), lactic acid (LacAc) and acetic acid (AcAc). 
Furthermore, some REM contain the additional components propylene glycol (PG) and ethylene 
glycol (EG) as part of the REM. In the following, the respective REM will be referred to by the 
employed organic acid (LvAc, LacAc or AcAc) as well as by the use of additional solvent (n, PG 
or EG). They are all prepared, based on 3 g of ammonium formate. 
 
Table 3: Composition of employed REM. The molar ratios are kept constant. 

REM 
components 

Ammonium 
formate 

    Organic acid 
• Levulinic acid (LvAc) 
• Lactic acid (LacAc) 
• Acetic acid (AcAc) 

   Additional components 
• None (n) 
• Propylene glycol (PG) 
• Ethylene glycol (EG) 

Molar ratio  3 1 4 

 
For the REM reaction, the components are transferred to a 35 ml quartz vial, facilitated with a 
magnetic stirrer and sealed with a Teflon lined cap. The vial is heated in a microwave oven 
(Discover SP) with a power of 100 Watt under vigorous stirring and kept at 160°C for 30 minutes 
to 2 hours.  

After synthesis, the REM is qualitatively analyzed, using GC-MS and NMR. Quantitative 1H NMR 
is applied to calculate the substrate conversion and yields of products using DMSO as an internal 
standard and D2O solvent, analogous to the procedure described in CHAPTER 3. The detailed 
procedures can be found in chapter S1 of the SI. 
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4.3.2. REM treatment of biomass 
10 wt% of dried beech wood sawdust is mixed with the respective REM. After treatment at 160°C 
for 2h in the microwave oven, the cellulose fraction can be separated by vacuum filtration. The 
filter cake is mechanically pressed to remove as much of the filtrate as possible and consecutively 
washed with ethanol and acetone. The filtrate is collected and concentrated by rotary 
evaporation at 45°C. Water is added, five times the volume of the filtrate, and the solution is 
stored in the fridge at 5 °C overnight. The filter cake is washed with water and dried in the 
vacuum oven at 45°C overnight, yielding dried cellulose pulp. The following day, the diluted 
filtrate is centrifuged to yield the precipitated lignin and the supernatant is collected and stored. 
Lignin is washed with water several times and dried in the freeze drier overnight.  
 
The cellulose fraction is analyzed on the residual lignin content, using Klason lignin 
quantification, according to the NREL analytical procedure. Furthermore, the fiber length is 
investigated with TEM after homogenization as well as with GPC in NMP after carbanilation. 
Finally, the samples are analyzed by Zeta-potential measurements and crystallinity index (CI) is 
determined, using PXRD. 

The lignin fraction is analyzed with NMR analysis, using HSQC techniques.  Furthermore, 
samples are studied with elemental analysis, FTIR as well as with GPC in NMP. In addition, lignin 
is extracted via organosolv (OS) treatment from the same beechwood sawdust, in order to 
compare it to lignin from REM extraction, according to 229.  

The detailed procedures for the analysis techniques can be found in chapter S1 of the SI.  

 

 

Figure 18: Process scheme of lignocellulosic biomass treatment with REM. 

 

 

 



- 42 - 
 

4.4. Results and discussions 
 

4.4.1. Investigating the REM 
Investigation of the REM reveals that the employed organic acids undergo different reactions 
with ammonium formate. The products are identified by 1H NMR and GC-MS (see S4.1 in the SI) 
and are summarized below in Table 4 for the reaction conditions that are also employed during 
biomass treatment.  

Reactions of LacAc or AcAc with ammonium formate form the respective amides. Presumably, 
the carboxylic acid is first converted into its ammonium salt, which then produces the primary 
amide upon heating. Primary amides feature extensively in organic synthesis as they can be 
found in pharmaceuticals, natural products and biologically-active molecules.230 The most 
common synthetic methods currently used for the direct amidation of carboxylic acids require 
harsh reaction conditions and long reaction times231. The fact that this approach generates them 
simultaneously with biomass treatment can also be described as an upgrading of the biomass 
solvent.  

The reaction of LvAc with ammonium formate proceeds via a different mechanism due to the 
carbonyl group on LvAc. The main reaction product here is 5MP as discussed in CHAPTER 3. 
5MP and N-substituted derivatives are a highly promising class of substances, considering that 
they can be produced from bio-based sources and  can be used as solvents (e.g. NMP substitutes), 
surfactants or precursors of pharmaceuticals.232,233   

It should be highlighted here, that the reactions have not been optimized. E.g. as discussed in 
CHAPTER 3, the synthesis of 5MP can reach yields as high as 95% by optimization of reactants, 
as shown by Wu et al.207 However, this work just aims towards a proof of concept for the 
simultaneous synthesis of 5MP with the treatment of biomass. 

Table 4: Reaction of different organic acids with ammonium formate at 160°C for 2h. Yields and conversions are 
measured with quantitative NMR. 

Organic acid Main product Yield (%) Conversion (%) 
Levulinic acid (LvAc) 5-methyl-2-

pyrrolidone (5MP) 
70 100 

Lactic acid (LacAc) Lactamide 47 47 
Acetic Acid (AcAc) Acetamide 56 56 

 

4.4.2. Cellulose fraction 
The separated cellulose fractions are shown in Figure 19 and are analyzed on their remaining 
content of Klason lignin. REM without additional solvent show the widest divergence in their 
capacity for extracting lignin. LacAc-n and AcAc-n seem to be only moderate extraction solvents 
(which is why they will not be considered any further) but LvAc-n appears to be an excellent 
solvent and removes 92% of lignin. One should keep in mind here that LvAc-n is mainly 
converted to 5MP during the reaction as explained above.  If additional solvent is added to the 
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REM, the type of organic acid appears to have little influence on the lignin extraction. However, 
REM with additional PG appear to work better than EG and extract on average 86% of lignin 
compared to 74% for REM with additional EG. What would be interesting to investigate in the 
future is how theses REM perform for higher biomass loading.   

In CHAPTER 3 it was shown that synthesis of 5MP profits from catalytic amounts of water. 
Therefore, I also tested its effects in the treatment of biomass by adding 3 mole equivalents of 
water to the REM of LvAc-n. The results show that lignin removal remains high, with a lignin 
removal of 89%. This is a positive indication that also wet biomass might be used in the process 
(instead of pre-dried).  

 

Figure 19: Cellulose fractions, after REM treatment. 

 
Figure 20: Lignin content and lignin removal for cellulose samples, obtained after beech wood treatment with different 
REM. Sample Mix-PG are obtained from treatment with a REM based on a 50/50 mix of LacAc and AcAc. 

In the previous work by Jaekel et al., the employed REM were used for treatment of pure cellulose 
and the generation of cationic cellulose nanocrystals.97 However, in the present case, TEM 
measurements in Figure 21 reveal much longer fibers (>1μ). The observed differences of cellulose 
properties may be explained with the different starting materials. While the previous relied on 
pure cellulose, this method employs raw lignocellulosic biomass, which means that the REM 
need to dissolve lignin first, before they can reach and act on the single cellulose fibers. 
Therefore, the fibers remain much longer. This is confirmed by reacting two of the obtained 
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cellulose fractions one more time in the respective REM. They are referred to as 2xLv-n and 
2xLc-PG. These samples do feature lengths below 500 nm as shown by TEM imaging.  

 

Figure 21: TEM images of cellulose pulp, after homogenization of the samples. 

 

This observation is confirmed by GPC measurements of derivatized cellulose. As shown in Figure 
22, the molecular weight (thereby the fiber length) becomes shorter for repeated treatment with 
REM.  Another observable difference between REM treatment of pure cellulose vs. lignocellulosic 
biomass is the surface charge. As shown in Figure 23, Zeta-potential measurements reveal a 
negative surface charge on the cellulose samples but repeated treatment in REM yields a positive 
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surface charge. This indicates the formation of cationic nanocellulose, with nitrogen-containing 
functional groups on its reducing ends.  

 

 
Figure 22: GPC of cellulose samples, after carbanilation.  

 
Figure 23: Zeta-potential of cellulose samples in water.  

Finally, the crystallinity index (CI) of the cellulose samples is measured using X-Ray Diffraction 
(XRD) and peak height analysis. All samples featured a relatively high crystallinity, with a CI 
between 72 and 76% (Table 5) which increases for the samples, which were treated twice in the 
REM to around 78%. This is supporting the observation of nanocrystal generation in is such 
samples.  

Table 5: Crystallinity index (CI) of cellulose samples, using the peak height analysis of XRD data 

Sample LvAc-n LvAc-PG LacAc-PG AcAc-PG LacAc-EG AcAc-EG 2xLvAc-n 2xLacAc-PG 

CI (%) 75.8 72.3 75.0 71.8 72.5 73.0 78.1 78.4 

 

4.4.3. Lignin fraction 
The amount of lignin that is removed from the respective cellulose samples can be compared to 
the amount of lignin that is actually recovered. As it turns out, only a portion of the lignin is 
precipitated and a part remains in the final filtrate (Figure 24). This can also be noticed by simply 
looking at the final filtrate solution, which shows lignin precipitation at the bottom of the flask 
after several days. This indicates the formation of lignin nanoparticles by water addition. The 
preperation of lignin nanoparticles through the addition of an anti-solvent is in fact a common 
method for this material.234 However, in our case a better recovery would be desirable, meaning 
that the method for lignin recovery from the filtrate should be refined. Relevant factors to 
investigate would be e.g. adding more water, adapting the pH of the solution, changing the anti-
solvent or changing the recovery method entirely (e.g. nanofiltration, vacuum distillation of 
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5MP235). The difficulty of recovering the extracted lignin by water addition already points to a 
possible modification of the lignin towards more amphiphilic systems. 

 
Figure 24: Recovery of lignin after precipitation vs. the content of lignin in the filtrate according to Klason analysis of 
cellulose samples.  

Elemental analysis of the recovered lignin indicates the presence of nitrogen as shown in Table 
6. According to FTIR (Figure 25), this nitrogen can be assigned to imine groups with an emerging 
stretching vibration at 1690cm-1., which is absent in the organosolv lignin that was prepared 
from the same wood for comparison. In addition, the C-H stretch of the imine can be found at 
3285 cm-1. Otherwise, the lignin features the typical signals on FTIR.236 The three peaks 
associated with aromatic skeletal vibrations are found at 1590, 1505, and 1420 cm-1 and are all 
readily visible. The band at 1460 cm-1 belongs to C-H deformations of methyl and methylene. 
The dominant lignin monomers in hardwood can be identified by bands at 1267 cm-1 (C-O of the 
G ring) and 1315 cm-1 (C-O of the S ring). In addition, a band shared by the two monomers (C-H 
of the G and S ring) is located at 1113 cm-1. The peak at 1215 cm-1 as well as at 1030 cm-1 are 
assigned to the C-O stretching. The band observed at 3450 cm-1 is attributed to O-H stretching, 
while 2935 and 2845 cm-1 are assigned to methyl and methylene bond stretching.  

Table 6: Elemental analysis of lignin samples as well as the average C9 composition. The later can be calculated after 
considering the amount of methoxy groups per sample, which is revealed by analysis of HSQC-NMR data.    

Sample N (%) C (%) H (%) O (%) OCH3  C9 formula 

LvAc-n 5.1 61.0 6.2 27.7 1.56 N0.76C9H8.25O2.0(OCH3)1.54 

LvAc-PG 5.3 61.6 6.3 26.8 1.56 N0.78C9H8.25O1.86(OCH3)1.56 

LacAc-PG 5.2 61.9 5.9 27.0 1.51 N0.75C9H7.39O1.89(OCH3)1.51 

AcAc-PG 4.8 61.6 5.8 27.7 1.51 N0.71C9H7.42O2.01(OCH3)1.51 

LacAc-EG 4.4 60.5 5.9 29.3 1.58 N0.66C9H7.65O2.21(OCH3)1.58 

AcAc-EG 4.3 61.5 6.0 28.2 1.59 N0.64C9H7.73O2.02(OCH3)1.59 
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Figure 25: FTIR of lignin samples, obtained from treatment of beech wood with different REM. For comparison, lignin 
from organosolv (OS) extraction is investigated as well.  

 
The formation of imine bonds is also supported by HSQC NMR, shown on the example of lignin 
from LvAc-PG in Figure 26a. The cross-peaks at δC/δH 161/8.0 ppm corresponds to the imine 
bond (–CH=N–), more specifically an aldimine from the reaction of a primary amine with an 
aldehyde. This type of signal was also observed previously for lignin, extracted with 
ethylenediamine.223 Otherwise, the typical lignin signals are observed in the spectra, while only 
traces of hemicellulose are detected. The integration of the signals enables a comparison between 
the samples and how the different REM affect the extracted lignin structure. A complete table of 
the integration results of HSQC NMR can be found in S4.2 of the SI. Figure 26b depicts the 
number of linkages per 100 C9 units (/ 100 C9) for each lignin sample. It shows that the number 
of β-β linkages remains relatively consistent throughout the samples but the β-5 linkages are 
present in the organosolv lignin but almost disappear for REM treated lignin. The number of β-
O-4/4′ linkages can be correlated to the acid used, during extraction. Since organosolv treatment 
does not employ any additional acid, it gives the highest amount of β-O-4/4′ linkages. Second 
rank is taken by the treatment with LvAc based REM. Here the acid is consumed completely 
during the reaction. LacAc based REM feature the lowest amount of β-O-4/4′ linkages, reflecting 
that LacAc is the strongest acid out of the employed organic acids and also shows the lowest 
conversion during the reaction.  
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Figure 26:   HSQC-NMR on the example of lignin from LvAc-PG (a). The integration of the corresponding signals 
enables the analysis of the identified linkages per 100 aromatic units (b). For comparison, lignin from organosolv (OS) 
extraction is investigated as well.  
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The imine linkage exhibits a proton on the imine carbon, otherwise it would not be detectable 
in HSQC NMR. It can therefore be described as an aldimine group, which is formed by the 
reaction between a primary amine with an aldehyde. The proposed reaction is shown in Scheme 
3, where ammonium formate acts as an amination agent and reacts in a Leuckart reaction with 
a carbonyl group, present in lignin of native wood. In a second step this amine reacts with and 
aldehyde group for aldimine formation. According NMR results in Figure 26, the lignin structure 
features approximately 20 of such aldimine linkages for 100 C9 units. These results can be 
compared to the total amount of nitrogen in the lignin structure according to CHN analysis 
(Table 6), which amounts to approximately 70 molecules of nitrogen per 100 C9 units. That 
means that aldimines can only partly account for the total nitrogen content in the lignin 
structure. Other functional groups, that are likely to have formed, are ketimines (where a ketone 
instead of an aldehyde participates in imine formation) or amides (where the introduced amine 
group reacts with the organic acid, present in the REM). However, both of these propositions 
cannot be detected with HSQC NMR, due to the absence of C-H bonds.  

 
Scheme 3: Amination reaction between ammonium formate and a carbonyl group in lignin and subsequent aldimine 
formation. 

According to the literature, native lignin in hard wood contains around 15-20 carbonyl groups 
per 100 C9 units and only a smaller part of these are aldehyde groups.237 Native carbonyl groups 
are therefore not numerous enough to account for the high number of nitrogen containing 
function groups (ca. 70 /100 C9 units) and the amount of aldimine groups (ca. 20 /100 C9 units)  
that are detected in the lignin structure after REM treatment. One possible explanation is that 
additional carbonyl groups are formed via the acid catalyzed cleavage reaction of β-O-4 bonds 
and that such groups contribute to imine formation. It has been shown in numerous studies that 
β-O-4 bonds indeed form aldehyde groups upon acid catalyzed cleavage but such groups are 
usually unstable and prone to repolymerization with C-C bond formation. The inclusion of these 
groups in imine formation would therefore be a great benefit of lignin extraction via REM 
treatment as is would preserve a relatively higher reactivity of the lignin structure.  

If one acts on the assumption of imine groups in the lignin structure, it should be possible to 
subject them to a hydrolysis reaction. For this, a portion of lignin from LacAc-PG is dissolved in 
aqueous NaOH (pH 11) and refluxed at 80 °C for 24 hours. After neutralization with HCl it can 
be noticed, that the lignin becomes less soluble in organic solvents but its water solubility is 
greatly increased. The execution of the ninhydrin test reveals the presence of primary amine 
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groups due to the purple colour of the resulting solution (Figure 27). This indicates a successful 
hydrolysis of the imine bond and the presence of amine groups.  

 
Figure 27: Ninhydrin test on different lignin samples from beech wood. Obtained from organosolv extraction (left), 
obtained from REM treatment (middle) and obtained from REM treatment with subsequent alkaline treatment for 
hydrolysis of imine bonds (right).  

Finally, lignin is measured on its molecular weight, using GPC (Figure 28). It can be seen that 
the samples from treatment with LvAc have lower molecular weight, compared to samples with 
other organic acids. Presumably, this is because LvAc as well as its reaction product 5MP can 
both participate in reaction with lignin due to their keto group and amide bond, respectively. 
This means that not only two lignin fractions react to form an imine bond, but lignin fraction 
can also be “capped” by reacting with LvAc or 5MP for imine or enamine formation. This 
hypothesis is supported by the FT-IR measurement in Figure 25, which reveals a stronger peak 
at 1690 cm-1 for lignin samples from LvAc based REM compared to the other samples.  

 
Figure 28: GPC in NMP of different lignin samples, obtained from beech wood treatment with different REM.    

 

4.5. Conclusion and outlook 
In this chapter, lignocellulosic biomass was treated with a number of different REM, based on 
ammonium formate and organic acids. The method could thereby isolate cellulose and lignin as 
well as generate value added chemicals from the REM itself and thus demonstrates an 
opportunity for process intensification.  
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The different REM varied in their ability for lignin extraction. While REM with LvAc showed 
excellent performance, REM with other organic acids could be boosted on their ability to extract 
lignin, by facilitating the REM with an additional component such as propylene glycol or 
ethylene glycol. The generated cellulose fractions showed low lignin contents with (relatively) 
long fibers. By repeated treatment of the cellulose pulp, cationic nanocellulose could be obtained, 
which is in accordance with previous studies that could generate such material by the same 
treatment of pure cellulose. 

The method also produced high-purity lignin, although the method for lignin isolation needs to 
be refined. Water addition only precipitated a portion of the dissolved lignin. Furthermore, lignin 
was analyzed on its structural composition and featured a nitrogen content around 5%. This was 
(partly) attributed to imine functionalities. By hydrolysis, it was also possible to generate amine 
groups in the structure, which present a promising opportunity to use the material for further 
applications.  

The study underlines the excellent solvent properties of pyrrolidones for lignin extraction. In 
this work 5MP from LvAc was investigated but a previous study attested similar properties to 
NMP212. Considering, that LvAc can be used to produce a wide range of N-substituted-5MP there 
is certainly an opportunity for further investigations in this direction with respect to biomass 
treatment. 

What has not been considered in this study is the fate of hemicellulose in this method. Most 
likely it has ended up in the final filtrate (as it also has in the study, based on NMP212) but further 
investigation will be necessary. Furthermore, the separation of the final filtrate and the 
purification of REM reaction products have not been ventured but will be the subject of future 
work. Finally, it would be interesting to study lignocellulosic biomass from differ sources and to 
investigate the influence of different molar ratios of the REM. 
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CHAPTER 5                                                                                                                                                                                                                     
The reaction with citric acid for the synthesis of an 

oligocitrazinic acid dye 
 

 

 

 

5.1. Overview 
This chapter investigates REM based on ammonium formate and citric acid for the isochoric 
synthesis of a deeply purple reaction product with fluorescent properties. This brings this 
reaction in the realm of bio-based fluorophores and bottom-up carbon nanodots from citric acid. 
The reaction conditions are optimized in terms of UV-vis spectroscopic properties and, 
subsequently, the main reaction product is separated. While the structural analysis does not give 
any indication for carbon nanodots in a general sense, it points towards the formation of 
molecular fluorophores that consist of oligomerized citrazinic acid derivatives. Furthermore, EPR 
spectroscopy reveals the presence of unpaired electrons in the structure. This is an important 
finding as it may benefit the overall quest for the structural analysis of citric acid-based 
fluorophores. Finally, the product is characterized with respect to its optical and fluorescent 
properties. 

 

 A drop of the purple reaction product on paper. 

 

This chapter is an adapted version of the article: Schneider, H., Strauß, V., Vogl, S., Antonietti, 
M., & Filonenko, S., Eutectic media open a synthetic route to oligocitrazinic acid fluorophores of 
purple hue. ChemPhysChem. e202300180 (2023).  

The study was performed in collaboration with Dr. Sarah Vogel from the department of 
Chemistry/ Functional Materials, TU Berlin, who performed XPS measurements and data fitting. 
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5.2. Background 
Research on fluorophores from citric acid (CA) and reactive nitrogen precursors has been a 
flourishing subject in recent years. Such materials are promising due to their sustainable, bio-
based precursors and their intriguing fluorescent properties, which make them attractive for 
many applications such as in biomedical imaging238–241, fluorescent inks242,243, solar cells244–246 
or fluorescent probes for detection of metals and biomolecules247–251.  

The starting point for the research on CA derived fluorophores was already marked in the late 
19th century by the discovery of the molecular fluorophore citrazinic acid (CzA). Behrmann and 
Hoffmann synthesized it in 1884 by the addition of sulphuric acid to a water solution of citric 
acid amide.252 Two years later, Sell and Easterfield obtained CzA by the reaction of CA with 
ammonia via melt formation by evaporation of water. Heating the resulting melt to 130 °C led to 
transformation of ammonium citrate into its amide and substantially to CzA. 253,254This method 
was widely used to synthetize CzA, particularly for colour photography films processing such 
as Kodak Ektachrome E-6 process.255 After those early synthesis, it has been observed that CA 
can form many fluorescent structures, using different amines instead of ammonia as reactants. 
Many of such CzA derivatives have been reported by Kaspzyk et al..256  

In recent years, considerable research on fluorescent materials form CA has been performed 
under the headline of carbon nanodots (CNDs).257 Currently, the structure of CNDs is typically 
depicted as a core/shell model, where a carbon core with graphitic elements is equipped with 
various functional groups on its surface.258–260 CNDs from CA and various amines are typically 
formed by heating to temperatures between 140 and 200 °C, where solvent-free as well as hydro- 
and solvothermal approaches have been reported.261,262 

The fluorescent properties of bottom-up CNDs from CA are still a matter of debate. They have 
been attributed to the graphitic core as well as to molecular fluorophores – namely CzA and its 
derivatives. However, it is still an open question how these fluorophores are connected to the 
cores of CNDs or with each other, or whether they are chemically connected at all.257,263,264 
Firstly, separation is an issue and in several cases the observed fluorescence could be attributed 
to a specific molecular species rather than CNDs after careful separation of the product 
mixture.265,266 Secondly, aggregation plays an important part in the fluorescent properties of such 
molecules. For example, in 2017 Reckmeier et. al.267 analyzed amorphous aggregates of CzA 
derivatives and showed that such aggregates could absorb and emit at wavelengths over a wide 
range of the visible spectra. The emission spectra were overall very similar to those typically 
reported for CNDs. In summary, one can say that fluorophores and CNDs from CA still pose a 
puzzle with respect to their structural analysis.  

In this chapter, I report on a novel synthesis, using CA and ammonium formate in a REM 
synthesis. This synthesis is especially interesting as it produces a dye substance with an intense 
purple colour, indicating a yet undiscovered reaction pathway. In most of the reported syntheses 
with CA so far, the reaction mixture has usually a brownish colour and is pale-yellow after 
dilution and purification.268 I hypothesize that formic acid plays a pivotal catalytic role in the 
system, which results in subsequent oligomerization of CzA derivatives. 
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5.3. Experimental 
Synthesis in autoclave: 3.78 g of ammonium formate is mixed with 5.76 g of citric acid to result 
in a molar ratio 2:1. The mixture is thoroughly grinded in an agar mortar to obtain homogeneous 
viscous paste. The viscous mixture is transferred into the Teflon beaker and sealed with the 
Teflon cap. The beaker is placed into a high-pressure stainless-steel reactor from Parr. The 
reactor is kept at 180 °C for 4 hours. The reaction is stopped by cooling the autoclave in an ice 
bath. The product is a viscous solution with the dark violet colour. 

Microwave synthesis: Synthetic procedure is also performed in a laboratory microwave reactor, 
which allows for stirring during the reaction. The precursors are mixed in the same ratio (2:1 
ammonium formate: citric acid), but the quantity is decreased by half to fit the smaller reactor 
volume. The reactants are transferred into a 35 ml quartz vial, sealed with a Teflon-lined cap. 
The vial is heated with a laboratory microwave (Discover SP), using a power of 50 Watt. The 
reaction is performed at 180 °C, but the reaction time is decreased to 40 min since stirring could 
be applied. 

Purification procedure: The viscous liquid product is transferred to a plastic centrifuge tube and 
ethanol is added. The mixture is thoroughly shaken and subsequently sonicated for 15 minutes. 
The product is insoluble in ethanol and can be separated by centrifuging at 6000 RPM for 5 min. 
The washing procedure with ethanol is repeated several times, until no organic molecules are 
detected in the washing solution by NMR. The washed powder is dried in the oven at 60 °C 
overnight. For 1.5 g of CA, approximately 0.7g of purified product could be obtained (after 
microwave synthesis).  

Preparation of NH4-CzA: CzA is dissolved in a minimum amount of ammonium hydroxide 
solution and dried in the oven at 60 °C overnight.  

Analytical methods are described in chapter S1 of the SI.  

 

5.4. Results and Discussion 
 

5.4.1. Synthesis in eutectic mixture 
Ammonium formate and CA (2:1) form a eutectic mixture that is liquid at room temperature. 
According to DSC the mixture features at glass transition temperature at -37.1 °C and starts 
reacting at elevated temperatures (Figure S35). The REM can be prepared by dissolving the 
components in a minimal required amount of water, and subsequently freeze-drying the 
solution. The resulting mixture appears as a colorless transparent liquid with a high viscosity.  

Considering, that formic acid and CA are acids both of similar strength we can assume that the 
ammonium cation is shared between both acids. If the temperature is high enough, the 
ammonium salt of CA can then form CzA. Indeed, at 120 °C a colour change of the reaction 
mixture into yellow is observed, which is in agreement with the reported preparation of CzA 
from CA and ammonia or urea at 120-130 °C.269 At 150 °C, the mixture starts to get a purple hue 
while at 180 °C an intense purple colour is observed (Figure 1, left). This is a common synthesis 
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temperature for fluorophores from CA.266 Furthermore, ammonium formate decomposes at 180 
°C, so at this temperature a maximum concentration of ammonia can be expected. It is thus 
important to maintain isochoric conditions as the reaction does not work in an open vessel. 
Furthermore, the solvent-free approach appears to be essential for the synthesis –the same 
reaction in water results in a completely different reaction pathway, while the same reaction in 
ethylene glycol gives only traces of the relevant product, according to UV-vis (Figure S36). 

Reaction kinetics, monitored over time by UV-vis absorption spectroscopy (Figure 29, right), 
show a similar trend. The band at 340 (associated with CzA) develops initially but decreases over 
time in favor of an increasing band intensities at 520 and 560 nm. This reflects the purple colour 
of the resulting compound, reaching its maximum after a reaction time of four hours. Prolonged 
heating reduces the brilliance of colour. 

 

Figure 29: UV-vis spectra of the reaction kinetics of the reactive eutectics in water. Left: prepared at different 
temperatures from 120 to 180 °C and reacted for 40 min in a microwave oven. Right: prepared with different reaction 
times at a temperature of 180 °C in an autoclaved system without stirring. The absorption maxima at ~340 nm 
corresponds to the spectra of CzA. 

Overall, the kinetic study shows that the reaction proceeds in at least two clearly distinguishable 
steps. The first one can be attributed to the formation of CzA (and derivatives), and the second 
one corresponds to the oligomerization of the formed monomer into oligomers of purple hue. 
Based on these observations, I propose the following reaction products, depicted in Figure 30, as 
a starting point for discussion. That products from CA are able to form such conjugated 
structures has long been known by the biosynthesis of indigoidine .270,271 Furthermore, 
indigoidine derivatives have recently been identified as reaction products from CA and urea by 
including a photo oxidation step during the synthesis.272  
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Figure 30: (a) Schematic representation of the formation kinetics of CzA and polymerization in the reactive eutectic 
media at 180 °C supported by the colour change of the reaction mixture, (b) visual appearance of the purified product 
oligo-CzA in powder form, (c) SEM images of the purified product. 

 

5.4.2. Structural analysis of the fluorophores 
In the following, the purple reaction product is investigated which is termed oligo-CzA in the 
further discussion. Maximum yields are obtained in an autoclaved synthesis at 180 °C for 4 h as 
shown by UV-vis analysis (or in 40 minutes in the microwave, which enables stirring). The 
reaction work-up can be easily achieved by repeated washing with ethanol. This precipitates the 
product and removes by-products such as formamide and formic acid as confirmed by NMR 
(Figure 31A). After drying, a purple powder of oligo-CzA is obtained (Figure 30B).   
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Figure 31: 1H NMR spectra in D2O of (A) the reaction mixture heat-treated at 180°C in an autoclave over different times 
and (B) heat-treated at 180°C for 4h and purified by washing with ethanol. 

In the further analysis of the product, I did not find any indication of CNDs. Gel-permeation 
chromatography (GPC) shows only small sized molecules below the smallest standard of 1250 
Da. Moreover, scanning electron microscopy (SEM) and transition electron microscopy (TEM) 
measurements (Figure 31C and Figure S37) do not reveal any crystalline particles, instead show 
amorphous agglomerates. This is in agreement with the finding of Reckmeier et al.268, who 
obtained similar TEM images for the reaction of CA and supercritical ammonia. They also 
attributed the observed particles to aggregated CzA derived fluorophores instead of CNDs.  

NMR analysis of the product is not possible as the sample turns out to be completely NMR silent 
(Figure 31B). EPR measurements (Figure 34 left) reveal that this is due to the paramagnetic 
nature of the product. The number of unpaired electrons in oligo-CzA is calculated to be 1.6 × 
1018 spins/g and increases slowly over time (Table S6). EPR measurements for variable 
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temperatures reveal that the signal increases linearly with temperature, which means that the 
behavior is Curie like (Figure 32, right). In order to determine the ground state spin multiplicities 
of the system, more analysis will be needed. It is not the first time that EPR active CNDs or 
fluorophores from citric acid have been reported.273,274 Interestingly, the ammonium salt of CzA 
(NH4-CzA) also gives a weak EPR signal (Figure 34, left). The concentration of unpaired 
electrons is significantly lower at 5.1 × 1016 spins/g. Both samples have very similar g-factors: 
2.0036 for oligo-CzA and 2.0038 for NH4-CzA (Figure S38). This indicates a similar chemical 
environment of the free radical in the two samples. Considering this result from a broader 
perspective, it may have important implications. If such open-shell structures also form in other 
syntheses with CA in the realm of CNDs, a portion of molecules may have been systematically 
overlooked in NMR analysis.  

Regarding the cause of the observed radical stability I can only speculate here, but it must 
ultimately be traced back to the delocalization of spin density in the molecular structure.275 This 
is known e.g. to be possible by extension of π-conjugates276 (which is in fact featured by the 
proposed structure of oligo-CzA) but also possible by non-covalent mechanisms such as 
electrostatic interactions277 or π–π interaction and molecular aggregates278. Also such non-
covalent mechanisms seem worth to consider, taking into account that molecular aggregation of 
CzA has been identified as a crucial factor for understanding its fluorescent properties.267  

For a better understanding of the observed radical stability, more analysis will be needed. E.g. it 
would be very interesting to perform magnetic susceptibility measurements in order to 
determine the ground state spin multiplicities of the system. In order to suppress paramagnetic 
properties, it is also attempted to reduce oligo-CzA with sodium sulphite or to oxidize it with 
sodium hypochlorite– however the NMR remain silent in both cases. While reduction does not 
do anything to the colour, oxidation leads to a change in colour from purple to orange to yellow 
to colorless. This is exactly the reversal of the formation kinetics, observed during synthesis. 

 

Figure 32: (left) EPR measurement of 20 mg of oligo-CzA and NH4-CzA, (right) variable temperature EPR of oligo-
CzA. 
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The product is structurally investigated by X-ray photoelectron spectroscopy (XPS) in reference 
to NH4-CzA, since similarities between the structures are presumed. The tautomeric forms of 
both structures are presented in Figure 33 to make it easier to follow the discussion. 

 Structural unit of oligo-CzA NH4-CzA  
 

  

 

Figure 33: Tautomeric structures. 

The XPS C1s spectra show four species of carbons within the compounds. For oligo-CzA they 
appear at 284.8, ~286, ~287.5 and ~288.5 eV and are assigned to carbon-carbon (C-C/C=C), 
hydroxy and carbon-nitrogen (C-O/C-N), carbonyl as well as lactam (C=O) and carboxy groups 
(O-C=O), respectively. For NH4-CzA a significantly higher signal at 287.8 eV is observed in 
comparison to the oligomer suggesting that the lactam form is favored over the pyridinic 
tautomer. This assumption is supported by the N1s XPS spectrum presenting an intense signal at 
400.6 eV which is characteristic for pyrrolic nitrogen and which is also in accordance with 
previous observations.279 The N1s spectrum of oligo-CzA shows a signal at 399.9 eV which 
indicates a mixture of pyridinic N which range between 399.0-399.6 eV as well as pyrrolic N at ~ 
400.2 eV. This means that both tautomeric forms are present. Furthermore, the signals between 
401.9-402.0 eV in both N1s spectra prove the presence of ammonium ions. Due to the 
measurement under high vacuum, the amount of ammonia groups was possibly reduced to some 
extent for both compounds. Nevertheless, the small signal for oligo-CzA may also hint to the 
formation of primary amides from ammonium carboxylates which can be expected under such 
high synthesis temperatures. Primary amides occur at ~399.7 eV and are therefore be part of the  
major signal at 399.9 eV. The O1s spectra show two species at 531.7 and 533.2-533.4 eV which 
correspond with carbonyl as well as lactam groups (C=O/NH-C=O) and carboxyl as well as 
hydroxyl groups (O-C=O/C-OH), respectively. For oligo-CzA the reduction in intensity of the 
carboxyl/hydroxyl group signals at 533.2 eV is in accordance with the proposed structure and a 
decrease in hydroxyl groups as well as amide formation.  
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Figure 34: XPS spectra of NH4-CzA (top) and purified oligo-CzA (bottom) with emphasis on the C1s, N1s, and O1s 
regions. 

 

Similarities between NH4-CzA and oligo-CzA are also observed with Fourier-transform 
infrared spectroscopy (FTIR), as shown in Figure 35. What can clearly be distinguished in the 
oligo-CzA spectra are different C=O stretching vibrations. The peak at 1570 cm-1 corresponds 
with the peak of NH4-CzA and is therefore assigned to the asymmetric stretch of the carboxylate 
group. The signal at 1690 cm-1 is assigned to the C=O stretching from carboxylic acid. 
Presumably, there were not sufficient ammonium ions present in order to ionize all carboxylic 
acid groups. This is supported by performing the synthesis of oligo-CzA with an excess of AF 
(4:1 ratio). In this case the signal at 1690 cm-1 from carboxylic acid disappears in favor of a 
stronger band from carboxylate stretching vibrations (Figure S39). 



- 61 - 
 

 

Figure 35: FTIR of NH4-CzA and oligo-CzA. 

The same can be achieved, when oligo-CzA is treated with an alkali salt such as potassium or 
sodium hydroxide. This does not only result in salt formation of carboxylic acids but also in the 
cation exchange of ammonium ions as wells as hydrolysis of primary amides. In this way all 
derivatives of carboxylic acid groups are converted to the carboxylate salt of the respective alkali 
metal and the elemental analysis of these materials gives insightful results. While untreated 
oligo-CzA gives a nitrogen/carbon ratio of 1.6/6, the ratio of the alkali treated compound 
approaches 1:6, while the ratio between nitrogen and counter cation approaches 1:1 (Table 7).  
That means that each pyridine unit is connected to one carboxylate group, which reflects the 
structure of NH4-CzA. This is in agreement with the proposed structure for oligo-CzA of 
polymerized CzA derivatives into oligomers.   

Table 7: Elemental analysis of oligo-CzA as well as for alkali salt treated oligo-CzA. The results are normalized to 
six carbon atoms, which corresponds to one unit of CzA. 

 CHNX analysis ICP analysis - 
(per unit CzA) N  C H K Na O 
K-oligo-CzA 1.01 6.00 7.19 0.92 - 3.59 
Na- oligo-CzA 1.04 6.00 7.35 - 1.06 3.69 
oligo-CzA 1.60 6.00 7.56 - - 3.14 
oligo-CzA, prepared 
with excess AF 

1.94 6.00 7.24   2.90 
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For information on the molecular mass, MALDI-TOF (matrix-assisted laser desorption-ionization 
- time of flight) mass spectrometry experiments were performed. Although mostly used for large 
molecules such as synthetic polymers and proteins, this technique is also suitable for small 
molecular analytes. Soltzberg et al. successfully used MALDI-TOF mass spectrometry for the 
identification of a range of anionic dye molecules.280 The applied matrix 9-aminoacridin (9AA) 
appears to be a good choice for such analytes; it allows for measurements in negative ion mode 
and only exhibits a low background. Measured species in MALDI-TOF mass spectrometry are 
virtually always singly charged. Multiply charged species therefore most often lose all of their 
counter ions but they will be compensated by protons from the MALDI plume to result in a 
singly charged ion (e.g. [M – NH4]–, [M – 2 NH4+ H]–, [M – 3 NH4 + 2H]–, etc.). 

Figure 36 shows the results of oligo-CzA sample. The measurements are reproducible but for 
older samples, the spectra feature peaks with lower molecular weight. The results suggest that 
the product consists of several molecular species, which are decomposing over time. This is 
supported by preparative HPLC (Figure S40) where three different hues of purple are separated 
from the fresh dye sample. An older sample, that has been stored for a few weeks, gives a wider 
palette of colors and at least six different fractions are identified.  

 

Figure 36: MALDI-TOF mass spectrometry measurements of oligo-CzA, freshly prepared (left) and after a few weeks, 
stored as powder (right). The measurement took place in negative ion mode and by using 9AA as a matrix. The laser 
intensity was 40%. 

Taking the results from MALDI-TOF and the structural analysis into consideration, we can make 
a few suggestions on the molecular structure. For examples the major peak at 548.16 m/z in the 
fresh sample corresponds closely the original structure suggested (Figure 37, left). However, we 
do not know on which position the individual CzA units are connected, so the structure might 
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also resemble the right proposal in Figure 37. This would also account for the radical character 
of the product in form of a non-Kekulé structure. However, it should be stressed, that more work 
will be required to advance on this subject and the nature of the stable free radical. For example, 
in the present investigation we did not resolve weather we are dealing with a monoradical or 
diradicals. 

 
Figure 37: Proposals for the structure of the major component of oligo-CzA. 

 

5.4.3. Spectral properties  
The purified product features high solubility in water and results in a solution with an intense 
purple colour, which is even stronger in ammonia solution. However, the colour of the solution 
fades over time - a process which is even faster in ammonia solution as well as under light 
illumination (Figure 388a). We presume that the highly substituted structure of oligo-CzA has 
little stability in solution due to steric hindrance within the molecules. What can also be observed 
in water solution, is precipitation of a purple powder. I attribute this to molecular aggregation, 
which is a phenomenon that is well known in dye chemistry.281,282 This is supported by XRD 
measurements of the precipitate, which gives the typical signal from π-stacking at 26 °2Θ (Figure 
S42) as well as by the broadening of absorption band in the UV-vis spectra. Precipitation is not 
observed in ammonia solution. As a result, no material is retained by a dialysis tube (molecular 
weight cut-off 1000 Da) in case oligo-CzA is dissolved in ammonia solution. However, dialysis 
of oligo-CzA in water results in an initial yellow dialysate. The solution shows a single 
absorption peak at 340 nm which correlates to the absorption peak of CzA (Figure S43).  
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Figure 38: a) Absorption spectra of oligo-CzA in water as well as in ammonia water (5%). The solutions were freshly 
prepared (black) and then stored under dark (solid) as well as light exposed (dotted) conditions; b) 2D-photoluminescence 
plot of oligo-CzA in ammonia water; c) Fluorescence intensity decay of oligo-CzA in ammonia water at 460 nm (blue) 
and at 600 nm (black) under continuous illumination at 370 or 560 nm respectively.  

The fluorescent properties of the product in solution are shown in Figure 38b. There are two 
fluorescent centers so we assume to be dealing with two main species. The two emission maxima 
appear at 462 and 594 nm corresponding to excitation maxima at 370 or 558 nm, respectively. 
The rather large Stokes shifts of 92 and 36 nm, respectively, are related to the highly polar 
solvation environment (Figure S44). Notably, the fluorescence intensity decays rapidly after the 
product is dissolved. For example, upon continuous emission measurement at the excitation 
wavelength of 520 nm, a significant decay down to ~15% after 10 h is measured (Figure 38c). A 
decay takes place irrespective whether or not the solution was exposed to light. However, the 
respective emission curves differ slightly (Figure S45), which again points towards the 
contribution of photodegradation. The decrease of the molecular species that emits at 460 nm is 
less pronounced. The fluorescence quantum yields (QYfl) of oligo-CzA were determined by the 
gradient method using Rhodamine B (RhB) as a reference. In ammonia in water solutions the 
fluorescence quantum yields are only 1.9% while in ammonia in methanol the QY fl is ten times 
higher, namely 19% (Figure S46).  
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5.5. Conclusion and outlook 
In this chapter, the isochoric synthesis in a REM between ammonium formate and citric acid was 
investigated. Reaction kinetics were analyzed with UV-vis spectroscopy and optimized with 
respect to the purple colored reaction product. This product was not observed when any solvent 
was used during the reaction so that the reaction appeared to rely on the pure REM.  

Structural similarities between the purified product and the ammonium salt of citrazinic acid 
were detected with several analysis techniques such as XPS, FTIR, and elemental analysis. With 
EPR spectroscopy unpaired electrons were detected in the structure as well as in the ammonium 
salt of citrazinic acid. It was therefore not possible to conduct a conclusive structural analysis 
with NMR. However, the results give rise to the hypothesis that such paramagnetic properties 
may be a prevalent property in fluorophores based on citrazinic acid and that certain structures 
may have been systematically overlooked by relying on NMR analysis. 

By use of other analysis techniques, I hypothesized that the product consists of oligomerized 
structures of citrazinic acid derivatives. Further analysis (such as magnetic susceptibility 
measurements) will be needed in order to understand these paramagnetic properties and to gain 
confidence with respect to the exact molecular structure of the product. This may also contribute 
to a better understanding of the formation of fluorophores and CNDs from citric acid in general. 
For the future, it would be most interesting to check on the paramagnetic properties of 
previously reported fluorophores from citric acid.  
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CHAPTER 6                                                                                                                                                                                                                                                      
Overall conclusions 

 

In this thesis, REM based on ammonium formate were investigated in a number of different 
reactions, highlighting the versatility of ammonium formate as reactant as well as the utility of 
REM.  

The reaction in REM featured some expected benefits of solvent-free reactions such as a high 
reaction mass efficiency, higher yields and faster rates compared to the reaction in solution. This 
was evident in CHAPTER 2 and 3 for the synthesis of DOF derivatives and 5MP respectively. 
Furthermore, REM proofed useful for process intensification, as shown in CHAPTER 4, where 
REM could be successfully employed for biomass treatment as well as the for the synthesis of 
value-added products from REM. Finally, CHAPTER 5 investigated the synthesis of a newly 
discovered reaction product, based on oligomerized citrazinic acid derivatives and showed that 
REM can even offer distinct reaction pathways that are closed under solvent conditions.  

One factor, that was investigated, was the inclusion of water as a third component in the REM. 
As shown in CHAPTER 2 and 3, this proofed to be greatly beneficial for decreasing the viscosity 
of the media. Furthermore, it showed to be beneficial for the reaction yield due to different 
reasons. In the Maillard reaction in CHAPTER 2, this was presumably due to the reduced 
viscosity, which was affecting the reaction rate by limiting mass transport of reactants. In the 
Leuckart reaction in CHAPTER 3, water presumably shifted the chemical equilibrium in favor 
for the reaction. However, both studies showed that the precise control of water content was 
necessary, as further increase in water content resulted in lower yields, due to a considerable 
reduction of reaction rates. The concept of two different dilution regimes (tertiary REM and in 
solvent) appeared useful for investigation of this phenomenon.  

Another factor that was investigated was the influence of microwave heating on reactions in 
REM. In CHAPTER 2, it could be shown that the heating of REM was highly beneficial in terms 
of energy efficiency, as no heating energy had to be used to heat additional solvent. Furthermore, 
a beneficial influence of microwave heating compared to conventional heating was detected due 
to the direct energy transfer to the reaction mixture. However, a meaningful (although minor) 
impact on reaction rate was only observed in CHAPTER 2, which featured a reaction with 
relatively short reaction times. The Leuckart reaction in CHAPTER 3 relied on relatively long 
reaction times that were comparable to the ones reported for similar reactions with conventional 
heating. In this case, no influence of the heating method was detected. Nevertheless, the use of 
the microwave oven proved very useful in the laboratory context because it monitored the 
pressure built up during the reaction and because it could be employed for relatively small 
amounts of sample (the smallest reactor has a volume of 10 ml).  

Finally, a number of analysis techniques were used and developed, that proofed useful for the 
analysis of REM.  They comprise DSC, the investigation of the heating profiles in microwave 
synthesis as well as the analysis of proton shifts in NMR by keeping the REM physically 
separated from the NMR solvent. Furthermore, care has to be taken in the preparation of REM 
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since heating (which is often used for DES preparation) has to be carefully employed due to the 
reactivity of the media. It is therefore beneficial to employ freeze-drying during the REM 
preparation due to reduced reactivity. 
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Supplementary information 
 

S1. Analysis techniques 
 

CHNS analysis  
CHNS analysis is one type of elemental analysis that is used for determination of mass fractions 
of carbon, hydrogen, nitrogen, and sulfur. The technique relies on the combustion of the sample 
at elevated temperatures (>1000°C), and the use of gas-specific adsorption columns that are used 
to catch and concentrate CO2, SO2 and H2O. N2 is fed directly to the detector. The amount of the 
different gases is then determined by measuring thermal conductivity. 

CHNS analysis was used in CHAPTER 4 for analysis of lignin samples as well as in CHAPTER 5 
to study the separated reaction product. The analysis was performed with a vario MICRO cube 
CHNOS elemental analyzer by Elementar Analysensysteme GmbH.  

 

Differential scanning calorimetry (DSC)  
DSC can be used to study physical transformation of a sample with respect to temperature. Most 
importantly, it is used to observe phase transitions such as melting, crystallization or glass 
transitions but can also be used to observe oxidation stability or other chemical reactions. The 
technique relies on measuring the amount of heat that is necessary to increase the sample 
temperature in comparison to a reference material with a well-defined heat capacity. In this way, 
exothermic or endothermic processes within the sample can be detected and are used to draw 
conclusions on the type of physical transformation. 

DSC measurements were employed in CHAPTER 2 and 3 for analysis of REM with varying water 
content. In CHAPTER 5, it was used to analyze the REM after varying reaction temperatures. 
For DSC measurements, samples were prepared shortly before the measurement in order to keep 
chemical reactions to a minimum. DSC was performed on a DSC 204 F1 Phoenix (Netzsch, Selb, 
Germany) using a platinum crucible at a heating rate of 10° C min-1. The mixtures were cooled 
to -150°C and then heated to 50 °C with a heating/cooling rate of 10 °C min−1. Three cycles of 
heating and cooling were conducted. 

 

Electron paramagnetic resonance (EPR) spectroscopy 
EPR spectroscopy can be used to study unpaired electrons in a sample. It relies on the electron's 
magnetic moment, which aligns itself either antiparallel or parallel to an applied magnetic field. 
Each alignment has a specific energy (according to its spin quantum number and thereby its 
magnetic moment) and the difference in energy between these two states ( is directly 
proportional to the strength of the applied magnetic field (known as the Zeeman effect). This 
means that free electrons can change their magnetic moment by absorbing or emitting a photon 
of energy resonance condition,  obeyed. This leads us to the fundamental equation of EPR 
spectroscopy:  
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ℎ𝜈 =  𝑔𝜇𝐵𝐵0 
 

(S1) 

where 𝑔 is the electrons g-factor, 𝜇𝐵 is the Bohr magneton and 𝐵0 is the strength of the applied 
exteral magnetic field.  

In EPR spectroscopy, the sample is typically exposed to microwaves of a fixed frequency (so  is 
kept costant) the strength of the external magnetic field (B0) is changed. When the discussed 
resonance conditions are obeyed, the unpaired electrons can move between their two spin states, 
also known as an EPR transition. Therefore, at appropriate B0 a net absorption of energy is 
observed (since more electrons are usually is their lower energy state according to the Maxwell–
Boltzmann distribution). This absorption of energy is monitored and converted into a spectrum 
along B0. EPR spectra are usually reported with the first derivative of the absorption spectrum 
since this is the signal that is directly measured by field modulation. The position and shape of 
the EPR signal contain a number of information about the chemical environment of the unpaired 
electrons: 

- Firstly, the g-factor of the unpaired electron denotes the position in the magnetic field 
where an EPR transition takes place. The g-factor is sensitive to the electronic structure 
of the molecule (by so-called spin-orbit coupling) and will therefore differ from the g-
factor of the free electron. This is particularly relevant for metal-based radicals where the 
change in g-factor is significant. For organic radicals the g-factor is typically very close 
to the g-factor of the free electron of 2.0023. Furthermore, for crystal EPR, the g-factor 
will consist of three space coordinates due to anisotropic effects. However, in solution 
EPR such effects are typically averaged out.  

- Secondly, the intensity of absorption by the sample is directly proportional to the relative 
numbers of unpaired electrons. Double integration of the obtained spectrum can 
therefore be used to estimate radical concentration by prior calibration with a known 
standard. 

- As already mentioned, the unpaired electron is affected by so-called spin-orbit coupling 
which means that its spin will couple with nearby nuclear spins (a phenomenon 
analogous to J-coupling in NMR). The result is so-called hyperfine coupling, which 
results in the splitting of the EPR signal into doublets, triplets etc. This hyperfine 
structure is particularly useful for analysis of the chemical environment of the radical.  

- For systems with multiple unpaired electrons, also electron–electron interactions will 
have an effect and will feature in the so-called fine structure of the spectra (meaning its 
effect can be relatively large in magnitude compared to hyperfine coupling) 

It is helpful to understand EPR spectroscopy by knowing that the basic concepts are analogous 
to those of nuclear magnetic resonance (NMR), but the excited spins are those of the electrons 
instead of the atomic nuclei. Because of the mass difference between electrons and nuclei, the 
magnetic moment of an electron is substantially larger so that a much higher electromagnetic 
frequency is needed to observe spin resonance. 

In CHAPTER 5, EPR spectroscopy was used to study unpaired electrons in the separated reaction 
product as well as in the ammonium salt of citrazinic acid. EPR spectroscopy was performed on 
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a Bruker EMXnano benchtop X-Band EPR spectrometer, where the samples where measured as 
powder in EPR tubes (ID 3 mm, OD 4 mm, length 250 mm). Samples were measured using a 
receiver gain of 40 dB an attenuation of 35 dB and 5 number of scans. Cooling during EPR 
measurements was conducted with liquid nitrogen.  

 

Falling ball viscometer 
The falling ball viscometer is one way of measuring the viscosity of a fluid sample. It is based on 
the steady state settling velocity of a sphere of known diameter and density within the fluid.  

In CHAPTER 2 and 3 the falling ball viscometer was used to determine REM viscosity for 
changing water content. The measurements took place at at 25°C and were evaluated with 
an Automated Microviscometer (AMVn, Anton Paar, Graz), a capillary with a diameter of 1.6mm 
at 70° angle and repeated runs. 

 

Fluorescence spectroscopy 
Fluorescence spectroscopy is used to analyze the fluorescence from a sample. It relies on a beam 
of light that is directed towards the sample (at the excitation wavelength), which excites the 
electrons in the sample and causes them to emit light (at the emission wavelength). 

In CHAPTER 5, fluorescence measurements were performed on the separated reaction product. 
For this purpose, sample were dissolved in ammonia water and transferred into 10 mm quartz 
cuvettes. Measurements were performed on a FP-8300 fluorescence spectrometer. 

 

Fourier-transform infrared spectroscopy (FTIR) 
FTIR relies on the interaction of matter with electromagnetic radiation in the infrared region. It 
relies on the fact that molecules absorb frequencies that are characteristic to their structure. 
These absorptions translate into vibrational modes of the molecule, where each molecular bond 
absorbs at characteristic resonance frequencies. Functional groups can therefore be associated 
with characteristic bands both in terms of frequency and intensity. FTIR is thus useful for 
structural analysis and identification of compounds.  

FTIR was used in CHAPTER 4 for analysis of lignin samples and in CHAPTER 5 for 
characterization of the purified reaction product. FTIR measurements were performed using a 
Nicolet iS 5 FT-IR-spectrometer in conjunction with an iD5 ATR unit from Thermo Fisher 
Scientific.  

 

Gas chromatography – mass spectrometry (GC-MS) 
GC-MS enables the analysis of compound mixtures by separation via gas chromatography (GC) 
and consequent identification with a mass spectrometer (MS). The later relies on the ionization 
and fragmentation of the compound in order to obtain a characteristic fragmentation pattern. 
The most common form for ionization is electron ionization, where molecules are bombarded 



- 71 - 
 

with free electrons in order to fragment in a characteristic and reproducible way. This is also 
known as "hard ionization", contrary to “soft ionization” where charge is created by molecular 
collision with an introduced gas. The result of hard ionization is the creation of more fragments 
of low mass-to-charge ratio (m/z) and few to none molecules that approach the actual molecular 
weight. However, since the applied electron energy is standardized to 70 eV it is possible to 
identify compounds by their characteristic fragmentation pattern by comparing them to library 
spectra of already known compounds. One limit of GC-MS is that compounds must be volatilized 
in order to enter the system. Molecular weights are therefore limited, roughly to about 1000 
Dalton (but often lower, depending on volatility)  

GC-MS was used in CHAPTER 4 for identification of REM reaction product. Measurements were 
performed, using the Agilent GC 6890 gas chromatograph, equipped with an HP-5MS column 
(inner diameter=0.25 mm, length=30 m, and film=0.25 μm) and coupled with the Agilent MSD 
5975 mass spectrometer (electron ionization). The MS method has been set with a run time of 15 
min, injection volumes of 1.0 μL, and He as carrier gas with a flow of 1 mL min-1. The injection 
has been set in Split mode with a split ratio of 10 while the inlet has been kept at 553 K to 
evaporate the injection. The temperature program for the column oven has been set as following: 
start at 323 K and maintaining for 1 min, then increasing to 573 K with a heating rate of 10 K 
min-1 and maintaining at 573 K for 6 min. The MS detector has been set to scan between 50 and 
300 m/z with a gain factor of 1.1. The solvent delay has been set at 2 min, while the MS detector 
and the quadrupole has been kept at 503 K and 423 K, respectively. The mass spectra of the 
compounds were analyzed integrating the peak area using the Agilent MassHunter Qualitative 
Analysisi 10.0 software from and comparing with the NIST 17 mass spectral database. 

 

Gel permeation chromatography (GPC)  
GPC separates macromolecules based on their size or more precisely based on their 
hydrodynamic volume.  It relies on a chromatography column that is filled with porous beads, 
where common materials include e.g. agarose, dextran or polyacrylamide polymers. Samples are 
dissolved in an eluent, where water but also organic solvents are commonly used (for water-
based systems the technique is more accurately known as gel filtration chromatography (GFC)). 
The separation of molecules relies on the differently sized pores of the stationary phase. As the 
eluent flows through the column, larger molecules cannot enter into as many pores and will 
therefore elute first. By contrast, the smaller the molecule, the longer its retention time. Modern 
GPC columns, typically contain a mixture of pores so that they separate rather linear with the 
hydrodynamic volume of analytes. One important requirement for this separation is that the 
analyte molecules do not interact with the stationary phase (e.g. by electrostatic or chemical 
interactions) but are solely separated on their size. The eluting analytes are then detected, 
typically with an RI- and UV-detector. If a suitable calibration is performed, the respective data 
(detector signal vs. elution volume) can be converted into the molar mass distribution of the 
analyte. Such calibration is performed by measuring the elution time of several polymer 
standards with known molecular weight and low dispersity. However, for this it is important to 
choose standards that closely resemble the analyte as the shape of the molecule and its 
hydrodynamic volume will have a large impact on the elution time.  
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In CHAPTER 4, GPC was used for analysis of derivatized cellulose as well as for lignin samples. 
For derivatization of cellulose, the method of Evans et al283 was applied. For this purpose, 25 mg 
of oven-dried cellulose was mixed with 10 ml of DMSO and 1 ml of phenyl isocyanate. The vials 
with the mixture were placed into the oil bath and heated at 70°C under stirring during 48 h. 
After cooling of the mixture, 2 ml of methanol was added to eliminate the unreacted phenyl 
isocyanate. The excess of methanol was removed via rotary evaporator. After removal of 
undissolved cellulose fragments with 0.45 mkm syringe filter, GPC measurements were 
performed in NMP/LiBr (0.05 mol/L) at 70 °C on a GRAM-100/1000-7μ column (PSS Polymer 
Standards Service GmbH, Mainz, Germany). RI and UV signals were collected using PSS 
SECcurity-RI-1260 and PSS SECcurity-UV-1260 detectors were the RI signal was used for further 
data analysis.  The molecular weight was evaluated against a pullulan standard. 

For measurement of lignin samples, 1 mg/ml of lignin was dissolved in NMP/LiBr (0.05 mol/L) 
and stirred for three days. The sample was then measured on the same GCP set-up as described 
for cellulose samples, but using a polystyrene standard and further analysis by using the UV-vis 
signal. 

In CHAPTER 5, GPC was used to investigate the molecular weight of the separated reaction 
product.  Analysis was carried out in H2O/NaNO3 on a SUPREMA 30/3000-10 μm column. The 
sample was detected with a RI- as well as a UV-detector at 350 nm. The molecular weight was 
evaluated against a poly(acrylic acid sodium salt) standard. The measurement was performed for 
freshly dissolved samples (in order to avoid degradation) as well as for samples that were stirred 
for one day.  

 

High performance liquid chromatography - mass spectrometry (HPLC-MS) 
HPLC-MS enables the analysis of compound mixtures by separation via high performance liquid 
chromatography (HPLC) and consequent identification with a mass spectrometer (MS). The crux 
in developing HPLC-MS was the interface between both techniques, as MS typically operates 
under high vacuum and does not allow for the direct injection of pressurized liquid. Today’s 
systems therefore only feed a small portion of the mobile phase into the MS and then rely on 
various, specifically developed ionization techniques. One of the most popular ones is 
electrospray ionization (ESI) in which a high voltage is applied to a liquid in order to create an 
aerosol. This results in small and highly charged liquid droplets, where solvent from the droplets 
progressively evaporates, ultimately resulting in ions with various charge states. Due to the soft-
ionization process there is very little fragmentation (as opposed to typical GC-MS) and the 
techniques is suitable for macromolecules. Furthermore, the detected ions may be multiply 
charged, making this technique different from other soft-ionization processes such as MALDI.  

In CHAPTER 2, HPLC-MS was used for product identification. It was performed on a separation 
column (Thermo Scientific Accucore C18, 2.6 μm, 100 × 3) with a flow rate of 0.5 mL min−1 and 
a mobile phase consisting of 0.1% formic acid in water (A) and 0.1% formic acid in methanol (B). 
The gradient program was as follows: 95% A (0–5 min), 95–0% A (15–40 min), 0% A (40–50 min) 
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and 0-95% A (50-60 min). UV-vis was used at a wavelength of 280 nm. The components were 
detected using an LTQ Orbitrap XL (Thermo Scientific) linear ion trap quadrupole mass 
spectrometer equipped with an Ion Max electrospray ionization (ESI) source (Thermo Fisher 
Scientific). 

 

Inductively Coupled Plasma Optical Emission spectroscopy (ICP-OES)  
ICP-OES can be used for the detection and quantification of chemical elements. It relies on the 
fact that atoms and ions can be excited in order to move electrons from a lower to higher energy 
level. In ICP-OES, the source of energy is an argon plasma that operates at high temperatures up 
to 10 000 Kelvin.  Upon relaxation of the electrons back to their ground state, energy is emitted 
in the form of photons at characteristic wavelengths. The identification of elements thus relies 
on their unique emission spectra. The intensity of emissions can then be used for quantitative 
measurements after calibration with known concentrations of the respective element.  

ICP-OEC was used in CHAPTER 5 for quantification of sodium and potassium in the cation-
exchanged reaction product. Analysis was performed on an ICP-OES Optima 8000. 

 

Klason lignin analysis 
The Klason method is the most commonly-used method for quantitative analysis of lignin in 
lignocellulosic material. It is a gravimetric method to measure insoluble material (predominantly 
lignin) after hydrolysis with 72% H2SO4. It is typically coupled with UV-vis spectroscopy for the 
determination of acid dissolved lignin. 

In CHAPTER 4 the remaining lignin content within the generated cellulose pulp was quantified  
using NREL analytical procedure.284 Due to analysis of previously pretreated cellulose samples 
the steps of extractives removal was skipped. The procedure of acid hydrolysis of the cellulosic 
residuals was as follows: 300 mg of oven-dried sample was placed into the pressure tube and 3 
ml of 72% sulfuric acid was added. The mixture was stirred with a Teflon stir rod and placed into 
the ultrasound bath set at 30 °C. During the 60-minute hydrolysis, the mixture was stirred every 
5 – 10 min. The tube was removed from the ultrasound bath and 84 ml of deionized water was 
added. The tube was placed into the oven and incubated for one hour at 121 °C. After slow cooling 
at room temperature the undissolved Klason lignin fraction was separated via vacuum filtration 
using 0.45 mkm nylon filter membrane. Few milliliters of filtrate were collected for acid soluble 
lignin quantification. After that, the lignin fraction was washed with distilled water and dried in 
the oven at 80 °C overnight. The percentage of residual lignin in the cellulose fraction was 
calculated based on the mass of dried Klason lignin obtained after hydrolysis and the mass of 
started material. The aliquot of previously collected filtrate was analyzed for acid soluble lignin 
using UV spectrophotometry. The UV absorbance intensity at 320 nm was recorded and the 
percentage of acid soluble lignin was calculated on the base of the Lambert–Beer law using an 
attenuation coefficient of 30 l·g-1 ·cm-1. 
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Matrix assisted laser desorption ionization - time of flight (MALDI-TOF) mass 
spectrometry 
MALDI-TOF mass spectrometry relies on a laser energy-absorbing matrix for the ionization of 
analyte molecules. For this purpose, samples are mixed with a chosen matrix material (typically 
in solution but solvent-free grinding is also possible) and applied onto a metal plate. The spotted 
sample is then irradiated with a pulsed laser, which will ultimately lead to a hot plume of ablated 
gases where the analyte molecules are ionized by protonation or deprotonation. The generated 
ions are then separate based on their mass-to-charge ratio via TOF mass spectrometry, which is 
determined by accelerating them in an electric field and measuring their time of flight. This 
technique is superior with respect to the accurate mass and high resolution compared to standard 
ion traps or quadrupoles and particularly compatible with MALDI due to the pulsed 
measurement.  MALDI-TOF mass spectrometry produces relatively little fragmentation, which 
means that there is usually a pronounced molecular ion peak of [M − H]– or [M + H]+. 
Furthermore, ions are typically single charged, distinguishing this technique from other soft-
ionization techniques such as ESI-MS. The analysis technique is particularly popular for 
macromolecules such as biopolymers, which tend to fragment with other ionization techniques. 
However, it is also possible to measure molecules with low molecular weights. What is crucial 
for the detection of analyte molecules is the choice of a compatible matrix material.  

MALDI-TOF mass spectrometry was performed in CHAPTER 5 for analysis of the purified 
reaction product. For this purpose, 9-aminoacridin (9AA) was used as a matrix and was dissolved 
in methanol for the preparation of a saturated solution. A drop of this solution was mixed with 
the dissolved sample material and spotted onto a metal plate. After the solvent had evaporated, 
the spot was irradiated with a nitrogen laser operating at 337 nm and the analyte molecules 
were detected with an Autoflex speed detector from Bruker in negative mode. Each spectra was 
the average of at least five laser shots. Prior to these measurements, the spectra were calibrated 
using the [M − H]– peaks from picric acid and erythrosin B as external standards and the matrix 
9AA was measured without sample for determination of the background peaks.  

 

Ninhydrin test 
Ninhydrin is an organic compound that can be used for identification of ammonia and primary 
or secondary amines. Upon reaction with such amines, ninhydrin forms a dye that is typically 
purple in colour and that is known as Ruhemanns's purple.  

In CHAPTER 4, the ninhydrin test was used for detection of amine groups in lignin. For this, a 
few milliliters of pyridine were mixed with a few drops of 80 wt% of phenol in ethanol and a few 
drops of 5 v/v% of ninhydrin in ethanol. The dried lignin sample was added and the mixture was 
boiled for few minutes. The solution was cooled to room temperature and the colour of the lignin 
samples were compared. 
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Nuclear-magnetic resonance (NMR) spectroscopy 
NMR spectroscopy is the preeminent technique for determining the chemical structure of 
organic compounds. The technique relies on the magnetic moment of the atomic nucleus and 
can therefore be applied for atomic nuclei with non-zero spin, such as 1H, 13C, 19F and 31P. It is 
thereby analogous to EPR spectroscopy (which relies on the magnetic moment of the electron) 
so that the underlying theory will not be repeated here. What is additionally useful in NMR, is 
that it can be performed as a two-dimensional technique (2D-NMR). In this way it can be used 
e.g. to investigate nuclei that correlate through chemical bonds or through space and it can also 
be used to investigate heteronuclear correlation.  

In CHAPTER 2, NMR spectroscopy was used for analysis of the crude mixture by 1H and DEPT 
135 (Distortionless Enhancement by Polarization Transfer) 13C NMR. Furthermore, it was used 
for characterization of the purified DOF derivatives by 1H NMR, APT (Attached Proton Test) ¹³C, 
H1 COSY (Correlated Spectroscopy), HSQC (Heteronuclear Single Quantum Coherence) and 
HMBC (Heteronuclear Multiple Bond Correlation) NMR using DMSO-d6 as NMR solvent. 
Furthermore, quantitative 1H NMR was applied to calculate the substrate conversion and yields 
of DOF derivatives using pyrazine as an internal standard. For this, pyrazine was added to the 
NMR solvent in the range of 1.5 g/ml. The amount of product was calculated, based on the 
following equation:  

𝑚(𝑥) = 𝑚(𝑠𝑡𝑑) ∙
𝑚𝑤(𝑥)

𝑚𝑤(𝑠𝑡𝑑)
∙

𝑛𝐻(𝑠𝑡𝑑)

𝑛𝐻(𝑥)
∙

𝐴(𝑥)

𝐴(𝑠𝑡𝑑)
 (𝑆2) 

 
Where m(x) and m(std) are the weights in g, mw(x) and mw(std) are the molecular weights in 
g/mol, A(x) and A(std) are the integration areas of the selected peaks of the product and the 
internal standard. 

DOF content was quantified based on its aromatic proton peaks, shown below for the example 
of DOF products from fructose. Fructose and fucose were measured in D2O, glucose and 
rhamnose in DMSO- d6 to avoid overlap between the pyrazine and product peaks. In the case of 
water as a third component of the reaction mixture, the method was applied in exactly the same 
way. There reactions were performed under isochoric conditions but according to the microwave 
monitoring, there was no sign of pressure build-up. Thus, the weight of the reaction mixture 
remained constant before and after synthesis.  
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Figure S1: Proton assignment for quantitative 1H NMR 

Lastly, in CHAPTER 2 1H NMR was used for analysis of hydrogen bonding in REM by keeping 
the media physically separated from the NMR solvent. For this purpose, the REM was filled into 
a sealed capillary, which was then transferred to the NMR tube, filled with DMSO-d6. Instead of 
normal water, D2O was used for REM preparation, in order to avoid a large water peak.  

In CHAPTER 3, 1H NMR was used for product characterization of the crude mixture. 
Furthermore, it was used for quantitative analysis to calculate the substrate conversion and 
yields according to equation S2. For this purpose, DMSO was used as an internal standard and 
D2O as NMR solvent. For yield calculations, the peak at (CH, 3.7 ppm) of 5MP was integrated, 
conversion was calculated based on the peak area of (CH2, 2.7 ppm) of levulinic acid. Since, the 
reaction involved a substantial pressure build-up due to CO2 formation, the mass loss of the 
reaction mixture was taken into account. Lastly, 1H NMR was used for analysis of hydrogen 
bonding in REM by keeping the media physically separated from the NMR solvent (in this case 
DMSO-d6), just as described for the previous chapter.  

In CHAPTER 4, 1H NMR was used for quantitative analysis of REM reaction products, using  
DMSO as an internal standard. Furthermore, NMR spectroscopy was used for structural analysis 
of lignin. For this purpose, around 80 mg of sample was dissolved in 450 μl of DMSO-d6. The vial 
was immersed in an ultrasound bath for 30 minutes and solution was transferred to a NMR tube. 
For HSQC NMR measurements the hsqcedetgpsisp method was applied, using 32 number of scans 
and fixing the F1 axis to 220 ppm. 

In CHAPTER 5, 1H NMR in D2O was used for analysis of the crude mixtures as well as for 
measurement of the separated reaction product.  

All measurements were performed on an Agilent 400 MHz (at 400 MHz for Protons and 
101 MHz for Carbon-13).  
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Powder X-ray diffraction (PXRD) to obtain the crystallinity index of cellulose 
PXRD is based on the constructive interference of monochromatic X-rays and a crystalline 
sample that acts as a three-dimensional diffraction grating. While single crystal XRD relies on a 
single, well-ordered crystal structure and is especially useful for solving crystal structures, PXRD 
can be performed on powder or microcrystalline samples. It thereby finds wide applications in 
material characterization, most importantly to determine crystallinity or perform phase 
identification.  

The crystallinity index (CI) of cellulose is described as the relative amount of crystalline regions 
in the material, according to the traditional two-phase model of cellulose. This model describes 
cellulose chains as containing both crystalline (ordered) and amorphous (less ordered) regions. 
The CI of cellulose is typically determined by solid-state 13C NMR or PXRD. The most popular 
method, which will also be used here, is the peak height analysis of PXRD data. The CI is 
calculated from the height of the 002 peak (I002) and the height of the minimum (Iam) between 
the 002 and the 101 peak, according to the following equation:  

𝐶𝐼 =
𝐼002 − 𝐼𝑎𝑚

𝐼002

 

 
(S3) 

The peak height analysis of PXRD data allows for rapid comparison of cellulose samples. 
However, since the relative height can only be taken as a rough approximation of the 
contribution of amorphous cellulose to the cellulose diffraction spectrum it is best be used for 
comparison of relative difference between sample. For determination of more accurate CI values 
it is better to rely on more laborious methods such as peak deconvolution of PXRD data or by 
taking an amorphous standard into account.  

PXRD with peak height analysis was used in CHAPTER 4 for measuring the crystallinity of 
cellulose samples. Measurements were performed on a Bruker D8 Advance diffractometer at the 
Cu Kα wavelength. Cellulose samples were grinded and pressed flat onto the sample holder. 
Scans were obtained from 10 to 40 degrees 2θ in 0.1 degree steps for 15 seconds per step. Peak 
height were measured after subtraction of the background signal that was measured without 
cellulose.  

 

Scanning electron microscopy (SEM) 
SEM describes an electron microscope that can magnify a sample by scanning it with a focused 
beam of electrons in a raster scan pattern. Such electrons interact with the atoms of the sample 
and a part of their energy is converted into various alternative forms of energy. The most 
common imaging mode in SEM is the collection of so-called secondary electrons that are ejected 
by inelastic scattering from valence or conduction bands of atoms in the sample. Another mode 
is the collection of backscattered electrons, which are beam electrons that are reflected by the 
sample due to elastic scattering interactions. Irrelevant of detection mode, SEM generally creates 
images by mapping the intensity of collected signal for each spot of the raster patter. The 
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technique is surface sensitive and therefore useful for investigating topology with a high depth 
of focus.  

SEM was used in CHAPTER 5 to study the separated reaction product. SEM images were 
obtained on a LEO 1550-Gemini microscope at an accelerating voltage of 3.00 kV. 

 

Transmission electron microscopy (TEM) 
The most important difference between TEM and SEM is that TEM creates images by detecting 
transmitted electrons that pass through the sample (as opposed to reflected or knocked-off 
electrons in SEM). As a result, sample preparation for TEM is more demanding because samples 
need to be very thin (typically below 100 nm). However, for materials that are small enough to 
be electron transparent (such as fibers or powders) it is sufficient to deposit a diluted solution or 
suspension onto a support grid. As opposed to SEM, TEM can offer more information on the 
inner structure of the sample, such as crystal structure and morphology. Furthermore, its spatial 
resolution is typically higher, whereas its maximum field of view is much lower. That means 
that TEM can usually only image a smaller part of the sample in the same amount of time.  

TEM was used in CHAPTER 4 to study the fiber dimensions of the cellulose pulp. For this 
purpose, cellulose fibers were stained prior to analysis with uranyl acetate. TEM was also used 
in CHAPTER 5 to study the separated reaction product. The measurements were performed 
using an EM 912 Omega from Zeiss operating at 120 kV.  

 

Ultraviolet-visible (UV-vis) spectroscopy 
UV-vis spectroscopy is used to investigate the interactions of a sample with electromagnetic 
radiation in the ultraviolet and visible region. The resulting absorbance spectra can potentially 
provide information on the molecular structure of the sample as well as on its concentration. 

UV-vis measurements were performed in CHAPTER 5 for analysis of the crude reaction mixtures 
as well as for the separated reaction product.  Measurements were performed in solution with a 
Specord 210 plus from Analytik Jena using 10 mm quartz cuvettes. 

 

X-ray photoelectron spectroscopy (XPS) 
XPS relies on the photoelectric effect for investigating energy levels of atomic core electrons in 
solid samples. This enables the identification of the present elements and gives information on 
their chemical state. XPS is one type of photoemission spectroscopy that distinguishes itself by 
the use of X-rays as the radiation source. Such a beam of X-rays is directed towards a sample 
under ultra-high vacuum conditions, which allows the detection of ejected electrons from the 
material. XPS is a surface sensitive technique, since only electrons that have escaped the sample 
will be detected. Such electrons are measured with respect to their kinetic energies and 
quantities, making it possible to draw conclusions on their binding energies. XPS spectra plot  
the number of detected electrons vs. their binding energy. Every element produces a set of 
characteristic peaks, which correspond to the electron configuration within the atom. This can 
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be used for the determination of elemental composition. Furthermore, the binding energy of an 
atom will be influenced by its local bonding environment. That means that so-called chemical 
shifts from the nominal binding energy (analogous to the use in NMR) can be used to provide 
information on the chemical state of the atom. However, since such peaks often overlap, the 
process of peak fitting during data analysis is crucial for determination of chemical states.  

In CHAPTER 5 XPS was performed for the analysis of the separated reaction product. For the 
measurement, the prepared powder samples were loaded on carbon taps. Measurements were 
performed on a K-Alpha™ + X-ray Photoelectron Spectrometer System Thermo Scientific) with 
Hemispheric 180 ° dual-focus analyzer with 128-channel detector. X-ray monochromator was Micro-
focused Al-Kα radiation.  

 

Zeta potential measurement 
The zeta potential describes the electrical potential that arises between different phases in a  
colloidal dispersion and is thereby an indicator of the colloidal stability. Its exact location is 
defined by the theory on the interfacial double layer and is known under the name of the slipping 
plane. This name arises because it describes the layer that separates mobile fluid from fluid that 
remains attached to the surface of the dispersed particle. The measurement of zeta potential is 
based on electrophoresis, which describes the motion of dispersed particles under the influence 
of a uniform electric field. Particles will migrate toward the electrode of opposite charge to their 
zeta potential and will do so with a velocity that is proportional to the magnitude of their zeta 
potential. The velocity is measured, using the phase shift of a laser beam that is passed through 
the solution by exploiting the laser Doppler effect. By application of the Smoluchowski theory, 
the zeta potential can be generated from the measurement data.  

Zeta potential measurements were performed in CHAPTER 4 for analysis of cellulose fibers. 
Samples were directly taken after biomass fractionation, so the fibers never dried out. 
Measurements were carried out on a Zetasizer Nano ZS, Malvern Instruments (Malvern 
Panalytical, United Kingdom) in an aqueous colloidal solution.  
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S2. The reaction with monosaccharides for the synthesis of Maillard reaction 
products 
 

 

S2.1. Educts in molar ratio as well as in weight percent 
 

Table S1: Each sample is prepared with a constant amount of ammonium formate and fructose, with a molar ratio of 
1.5:1. Water is added in changing amounts as shown below.  

Ammonium 

formate [g] 

Fructose 

[g] 

Water 

[g] 

Molar 

ratio of 

water 

Wt% water 

0.47 0.90 0.00 :0 0.0 

0.47 0.90 0.09 :1 6.2 

0.47 0.90 0.27 :3 16.4 

0.47 0.90 0.45 :5 24.7 

0.47 0.90 0.63 :7 31.5 

0.47 0.90 0.90 :10 39.6 

0.47 0.90 1.80 :20 56.7 

0.47 0.90 4.50 :50 76.6 

0.47 0.90 9.01 :100 86.8 

 

 

Table S2:: For comparison, educts for the synthesis of DOF from previous papers, which are discussed in the introduction. 

Reference Reactants  Molar 

ratio 

Wt% water 

Wu184 

Ammonium 

formate [g] 

Fructose 

[g] 

Water 

[g] 

 
 

0.39  0.1 2 10:1:179 95.2 

Shanxi 

Institute185 

Ammonium 

chloride [g] 

Fructose 

[g] 

Water 

[g] 
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15 5 500 10:1:1000 96.2 

Jia186 
 

Glucosamine 

[g] 

Ionic liquid 

[g] 
  

 0.2 2 1:100 90.9 

 
 

 

S2.2. Procedure of high throuput screening 
Antimicrobial susceptibility tests are performed via the antiBiotic Mode of Action Profile 
(BioMAP) assay.285,286 BioMAP utilizes high-throughput screening methodology in order to 
screen the effect of compounds on a panel of 19 pathogenic bacterial strains, including both 
Gram negative and Gram positive strains (Table S3).  

The assay was performed according to Clinical & Laboratory Standards (CLSI) protocols, and as 
per Hawkins et al. with the following exceptions: during compound incubation cation-adjusted 
Muller Hinton Broth (CAMHB; Millipore-Sigma) was used as the growth media for 12 bacterial 
strains, a 1:1 mixture of CAMHB and brain heart infusion (BHI; Millipore Sigma); (CAMHB:BHI) 
was used as the growth media for 3 strains, and 4 strains were grown in appropriate complete 
media (Table S3).  

Briefly, each bacterial strain was inoculated in 3 mL of sterile media, as in Hawkins et al. (2022), 
and grown overnight with shaking (200 rpm) at 37°C, with the exception of Streptococcus  
pneumonia, which was placed in a 5% CO2 incubator set to 37°C, overnight, without shaking. 
Saturated overnight cultures were diluted in the appropriate media (Table S3) to achieve 
approximately 5 x 105 CFU of final inoculum density and dispensed via a Matrix dispenser into 
sterile clear polystyrene 384-well assay microplates (Greiner 781186, Sigma-Aldrich) with a final 
screening volume of 30 μL. Solutions of test compounds and antibiotic controls were prepared 
as a 1:1 dilution series in 384-well storage microplates (NUNC 264573, Thermo Fisher Scientific). 
Two hundred nanoliters of the compound, or antibiotic control, was pinned into each assay plate 
using a Tecan Freedom EVO 100 equipped with a 384 well pintool. Post-pinning test compounds 
had a final concentration ranging from 40 to 4 mM per compound, while antibiotic controls had 
a final concentration ranging from 128 μM to 3.91 nM per compound.  

In each 384-well plate, controls were placed in lanes 1, 2, 23 and 24. For the controls, lane 1 
contained vehicle (DMSO) and culture medium only; lane 2 contained vehicle (DMSO), culture 
medium and target bacteria; and lanes 23 and 24 contained vehicle (DMSO), culture medium, 
target bacteria and antibiotic controls. Ciprofloxacin and gentamicin were used as controls for 
Gram negative bacteria, while azithromycin and vancomycin were used as controls for Gram 
positive bacteria. 
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After pinning and dispensing, absorbance values were obtained at OD600 for timepoint T0 using 
an automated plate reader (Synergy Neo2, BioTek). Plates were then sealed with a lid and placed 
in a 37°C incubator. S. pneumoniae was incubated in a separate incubator (37°C; 5% CO2). After 
an incubation period of 18-20 hours absorbance measurements were obtained for timepoint T20.  

MIC90 values were calculated using GRAPHPAD PRISM (version 8). Percent growth (PG) was 
calculated via the following equation: 

PG = [(TreatT20- TreatT0)/(Cpos - Cneg)] x 100 

 

(S4) 

  

Where, Treat represents absorbance values at T0 and T20; Cneg and Cpos are the averaged 
absorbance values of the controls in Lane 1 (DMSO + culture media) and lane 2 (DMSO + culture 
media + bacteria), respectively. Percent inhibition was calculated as 100 – PG. 

 

Table S3: Tested microbial strains, alongside their strain designation and employed growth media.  
  

Strain Name Strain Designation Growth Media 
                                              Gram-Positive  

Bacillus subtilis ATCC 6051 CAMHB 
Enterococcus faecalis ATCC 29212 CAMHB:BHI 
Enterococcus faecium ATCC 6569 CAMHB:BHI 
Listeria ivanovii BAA-139 TSB 
Staphylococcus aureus 
(Methicillin-Resistant) 

BAA-44 CAMHB 

Staphylococcus aureus 
(Methicillin-Sensitive) 

ATCC 29213 CAMHB 

Staphylococcus epidermidis ATCC 14990 TSB 
Streptococcus pneumoniae ATCC 49619 CAMHB:BHI 

                                                Gram-Negative  
Acinetobacter baumanii ATCC 19606 CAMHB 
Escherichia coli K-12 MG1655 CAMHB 
Klebsiella aerogenes ATCC 35029 CAMHB 
Klebsiella pneumoniae ATCC 700603 CAMHB 
Ochrobactrum anthropi ATCC 49687 TSB 
Providencia alcalifaciens ATCC 9886 CAMHB 
Pseudomonas aeruginosa ATCC 27853 CAMHB 
Salmonella enterica ATCC 13311 CAMHB 
Shigella sonnei ATCC 25931 CAMHB 
Vibrio cholera A1552 El Tor CAMHB 
Yersinia pseudotuberculosis ATCC 6904 BHI 
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S2.3. Characterization of products 
 

Major products are depicted below. The respective isomers (2,5 vs. 2,6)  are also detected in 
smaller amounts. I did not aim to identify the byproducts of the Maillard reaction. The typical 
products are recognizable by the dark brown color as well as by the pleasant smell of the crude 
samples.  
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Figure S2: 1H-NMR in D2O of the crude reaction mixture from different monosaccharides. 

 

Figure S3: DEPT 135 ¹³C NMR in D2O of the crude reaction mixture from different monosaccharides. 
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Figure S4: HPLC-MS of the crude reaction mixture from different monosaccharides. 
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S2.4. Characterization of separated DOR derivatives 
 

Analytical data for 2,6-DOR from Rhamnose 

1H NMR (400 MHz, DMSO-d6) δ = 8.60 (s, 1H), 8.40 (s, 1H), 5.33 (d, J = 6.5 Hz, 1H), 5.06 – 4.97 (d 
looking m, 1H), 4.73 – 4.62 (m, 3H), 4.50 (d, J = 8.1 Hz, 1H), 3.77 – 3.61 (m, 1H), 3.62 – 3.52 (m, 
1H), 3.47 (q, J = 6.0 Hz, 1H), 3.38 – 3.23 (m, 1H), 3.02 (dd, J = 13.8, 2.8 Hz, 1H), 2.65 2.68 – 2.60 (dd, 
J = 13.8, 9.7 Hz, 1H), 1.14 (d, J = 6.2 Hz, 3H), 1.11  (d, J = 6.1 Hz, 3H) ppm. 

13C NMR (101 MHz, DMSO-d6) δ = 19.95, 21.15, 39.25, 66.64, 70.39, 71.97, 75.38, 78.37, 141.01, 
143.29, 154.38, 158.45 ppm.  

HRMS (ESI+): Calculated for C12H21N2O5: 273.1445, Found: 273.1453 

 

Figure S5: 1H -NMR (400MHz, DMSO-d6) for 2,6-DOR from rhamnose 
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Figure S6: 13C -NMR (400MHz, DMSO-d6) for 2,6-DOR from rhamnose 

 

Figure S7: 13C-APT-NMR (400MHz, DMSO-d6) for 2,6-DOR from rhamnose 
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Figure S8: COSY -NMR (400MHz, DMSO-d6) for 2,6-DOR from rhamnose 

 
Figure S9: HSQC -NMR (400MHz, DMSO-d6) for 2,6-DOR from rhamnose 
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Figure S10: HMBC -NMR (400MHz, DMSO-d6)  

 

 
Figure S 11: HR-MS of for 2,6-DOR from rhamnose 
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Analytical data for 2,5-DOF from fructose. 

1H NMR (400 MHz, DMSO-d6) δ = 8.62 (s, 1H), 8.39 (s, 1H), 5.31 (d, J = 6.4 Hz, 1H), 4.93 (d, J = 5.9 
Hz, 1H), 4.67 (dd, J = 15.9, 4.7 Hz, 2H), 4.62 (d, J = 6.6 Hz, 1H), 4.42 (d, J = 7.0 Hz, 2H), 4.37 (d, J 
= 5.9 Hz, 1H), 3.75 (dtd, J = 9.5, 6.4, 6.3, 2.9 Hz, 1H), 3.69 – 3.52 (m, 5H), 3.44-3.37 (m, 2H, 
overlapping with H2O peak in DMSO-d6), 3.06 (dd, J = 14.0, 3.0 Hz, 1H), 2.72 (dd, J = 13.9, 9.5 Hz, 
1H) ppm. 

13C NMR (101 MHz, DMSO-d6) δ = 38.39, 63.25, 63.62, 71.29, 71.36, 71.40, 73.84, 74.96, 142.30, 
143.31, 153.26, 155.77 ppm. 

HRMS (ESI+): Calculated for C12H21N2O7: 305.1343, Found: 305.1356. 

 

Figure S12: 1H -NMR (400MHz, DMSO-d6) for 2,5-DOF from fructose 
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Figure S13: 13C -NMR (400MHz, DMSO-d6) for 2,5-DOF from fructose 

  

Figure S14: 13C-APT -NMR (400MHz, DMSO-d6) for 2,5-DOF from fructose 
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Figure S15: COSY -NMR (400MHz, DMSO-d6) for 2,5-DOF from fructose 

 

Figure S16: HSQC -NMR (400MHz, DMSO-d6) for 2,5-DOF from fructose 
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Figure S17: HMBC-NMR (400MHz, DMSO-d6) for 2,5-DOF from fructose 

 

 

 
Figure S18: HR-MS for 2,5-DOF from fructose 
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Analytical data for 2,6-DOF from glucose 

1H NMR (400 MHz, DMSO-d6) δ = 8.54 (s, 1H), 8.33 (s, 1H), 5.34 (d, J = 6.4 Hz, 1H), 4.94 (d, J = 4.3 
Hz, 1H), 4.78 – 4.55 (m, 3H), 4.53 – 4.32 (m, 3H), 3.75 (dt, J = 6.5, 3.3, 3.3 Hz, 1H), 3.68 – 3.54 (m, 
5H), 3.06 (dd, J = 13.8, 2.7 Hz, 1H), 2.71 (dd, J = 13.9, 9.9 Hz, 1H) ppm. 

13C NMR (101 MHz, DMSO-d6) δ = 22.56, 63.24, 63.62, 71.25, 71.36, 71.59, 73.79, 75.07, 140.59, 
142.93, 153.97, 157.90 ppm. 

HRMS (ESI+): Calculated for C12H21N2O7: 305.1343, Found: 305.1350 

 

 

Figure S19: 1H -NMR (400MHz, DMSO-d6) for 2,6-DOF from glucose. The integration misses the proton peaks from 9 and 
10. These are hidden behind the water peak as shown by HSQC spectra. 
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13

 

Figure S20:  C -NMR (400MHz, DMSO-d6) for 2,6-DOF from glucose 

 

 

Figure S21: 13C-APT-NMR (400MHz, DMSO-d6) for 2,6-DOF from glucose 
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Figure S 22:  COSY-NMR (400MHz, DMSO-d6) for 2,6-DOF from glucose  

 

Figure S23:  HSQC-NMR (400MHz, DMSO-d6) for 2,6-DOF from glucose 
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Figure S24: HR-MS for 2,6-DOF from glucose 
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Analytical data for 2,6-DOFu from fucose 

1H NMR (500 MHz, DMSO-d6) δ  = 8.45 (s, 1H), 8.38 (s, 1H), 5.48 (d, J = 5.7 Hz, 1H), 4.59 (dd, J = 
7.5, 5.6 Hz, 1H), 4.54 (dd, J = 5.5, 3.5 Hz, 2H), 4.41 (d, J = 6.9 Hz, 1H), 4.29 (d, J = 6.1 Hz, 1H), 3.87-
3.81 (m, 1H), 3.73 – 3.64 (m, 1H), 3.59-3.56 (m, 1H), 3.47 (td, J = 7.2, 3.0 Hz, 1H), 2.88 (dd, J = 13.8, 
3.3 Hz, 1H), 2.73 (dd, J = 13.8, 9.5 Hz, 1H), 1.10 (d, J = 6.5 Hz, 3H) 1.08 (d, J = 6.3 Hz, 3H). 

13C NMR (101 MHz, DMSO-d6) δ = 18.58, 20.09, 37.81, 65.49, 69.04, 72.76, 73.97, 76.66, 141.31, 
143.31, 154.09, 156.97ppm. 

MS (ESI+): Calculated for C12H21N2O5: 273.1445, Found: 273.1450 

 

 

Figure S25: 1H -NMR (400MHz, DMSO-d6) for 2,6-DOFu from fucose 
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Figure S26: 13C -NMR (400MHz, DMSO-d6) for 2,6-DOFu from fucose 

 

 

Figure S27: 13C-APT-NMR (400MHz, DMSO-d6) for 2,6-DOFu from fucose 
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Figure S28: COSY-NMR (400MHz, DMSO-d6) for 2,6-DOFu from fucose 

 
Figure S29: HSQC-NMR (400MHz, DMSO-d6) for 2,6-DOFu from fucose 
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Figure S30: HR-MS for 2,6-DOFu from fucose 
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S3. The reaction with levulinic acid for the synthesis of 5-methyl-2-pyrrolidone 
 

S3.1. NMR analysis of crude  
1H NMR (400 MHz, DMSO) δ 7.72 (s, 1H), 3.61 (q, J = 6.1 Hz, 1H), 2.12 (p, J = 4.3 Hz, 3H), 1.48 (tdq, J = 8.0, 5.8, 2.3 
Hz, 1H), 1.08 (d, J = 6.2 Hz, 3H). 

 

Figure S31: 1H-NMR spectra in DMSO of the crude mixture and identification of 5MP.  
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S3.2. Conversion of ammonium formate into formamide 

 

Figure S32: Moles of ammonium formate and formamide in the crude reaction mixture for varying amounts of added 
water.  
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S4. The reaction with organic acids and its use in the biorefinery 
 

S4.1. REM characterization 

 

Figure S33: GC-MS results for REM components after the reaction. Organic acids are not detected in GC-MS due to their 
low boiling points.  
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Figure S34: 1H NMR in DMSO-d6 of AcAc-n (top) and LacAc (bottom) after 2hours at 160°C. Product identification of 
LvAc based REM can be seen in Figure S31.  
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Acetic acid: 1H NMR (400 MHz, DMSO) δ 1.85 (s, 1H).  

Acetic amide: 1H NMR (400 MHz, DMSO) δ 1.77 (s, 1H). 

Lactic acid: 1H NMR (400 MHz, DMSO) δ 3.91 (q, 1H), δ 1.17 (dd, 3H). 

Lactamide: 1H NMR (400 MHz, DMSO) δ 3.81 (q, 1H), δ 1.17 (dd, 3H). 

S4.2. HSQC NMR of lignin samples 

Table S4: Assignment of main Lignin 13C–1H Cross-Signals in the HSQC Spectra, 

δC/δH Assignment 

-OMe 56.7/3.7 C−H in methoxyls 

β-O-4α  60.7/3.4 Cα−Hα in β-O-4 substructures 

β-O-4β (H/G) 83.4/4.3 Cβ–Hβ in β-O-4 substructures linked to G and H units 

β-O-4β (S) 85.6/4.1 Cβ–Hβ in β-O-4 substructures linked to S units 

β-O-4γ 72.1/4.9 Cγ−Hγ in β-O-4 substructures 

β'-O-4α `81.6/4.5 Cα−Hα in β′-O-4 substructures (OEt instead of OH) 

β-5α  87.4/5.5 Cα–Hα in phenylcoumaran substructures 

β-5β 54.8/2.9 Cβ–Hβ in phenylcoumaran substructures 

β-5γ  63.2/3.7 Cβ–Hβ in phenylcoumaran substructures 

β-βα 85.1/4.6 Cα−Hα in resinol substructures 

β-ββ 54.4/3.0 Cβ−Hβ in resinol substructures 

β-βγ 71.3/4.2 and 3.8 Cγ−Hγ in resinol substructures 

S2,6 104.9/6.6 C2,6−H2,6 in syringyl units 

S2,6' 106.5/7.1 C2,6−H2,6 in oxidized (Cα=O) syringyl units 

G2 111.6/6.9 C2−H2 in guaiacyl units 

G5 115.5/6.7 C5−H5 in guaiacyl units 

G6 119.9/6.7 C6−H6 in guaiacyl units 

H2/6 126.6/7.0 C2,6–H2,6 in p-hydroxyphenyl units 

Aldimine 161.4/8.1 Cα−Hα aldimine groups 

The integrated signals were processed according to the following equations: 

total aromatic = (S2/6 + S'2/6)/ 2 + (G2 + G5 + G6- H2/6) / 3 + H2/6 / 2 (S5) 

Ratio S = 100* ((S2/6 + S'2/6)/ 2) / total aromatic (S6) 

Ratio G = 100* ((G2 + G5 + G6- H2/6) / 3) /total aromatic (S7) 
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The total number of linkages per 100 C9 units were all based on the signals of the α proton of 
the linkages. They were based on the following equations:  

β-O-4 linkages/100 C9 units  = 100* (β-O-4α + β'-O-4α) / total aromatic 
(S8) 

β-5 linkages/100 C9 units = 100* β-5α / total aromatic  
(S9) 

β-β  linkages/100 C9 units = 100* β-βα / total aromatic 
(S10) 

aldimines/100 C9 units = 100* aldimine / total aromatic 
 

 

Table S5: Integration results of main Lignin 13C–1H Cross-Signals in the HSQC Spectra, 

 Organosolv Le-n Le-PG Lac-PG Lac-EG Ac-PG AC-EG 

-OMe 24.71 26.16 37.65 94.95 48.29 48.43 39.06 

β-O-4α  1.02 0.92 0.98 1.42 0.99 0.98 0.99 

β-O-4β (H/G) 0.28 0.32 0.13 0.51 0.67 0.48 0.63 

β-O-4β (S) 0.77 0.64 0.54 1.08 0.69 0.87 1.21 

β-O-4γ  0.96 1.83 1.89 4.46 6.45 2.42 5.48 

  0.33       

β-5α  0.24 0.06 0 0.12 0.18 0.03 0.04 

β-5β  0.29       

β-5γ  0.68 0.20  0.33 0.39   

β-βα 0.35 0.35 0.49 1.25 0.73 0.79 0.63 

β-ββ 0.41 0.39 0.52 1.63 0.83 0.9 0.8 

β-βγ  0.64 0.5 1.2 2.34 1.36 1.3 1 

         

S2,6 5.85 6.93 10.24 26.5 12.92 13.12 10.33 

S2,6' 0.54       

G2 1.62 2.14 3.05 7.99 3.22 4.49 3.07 

G5 1.84 2.3 3.23 8.35 4.42 4.21 3.42 

G6 1.13 1.92 2.41 6.96 3.42 3.77 2.45 

H2/6 0.09 0.03 0 0 0 0 0 

Aldimine 0 1.09 1.06 4.19 1.97 2.22 1.58 

Total aromatic 4.74 5.59 8.02 21.02 10.15 10.72 8.15 

        

S(%) 67.4 62.0 63.9 63.0 63.7 61.2 63.4 

G(%) 31.6 37.7 36.1 37.0 36.3 38.8 36.6 

H(%) 0.9 0.3 0.0 0.0 0.0 0.0 0.0 

β-O-4 linkages 28.5 16.5 12.2 6.8 9.8 9.1 12.2 

β-β linkages 7.4 6.3 6.1 5.9 7.2 7.4 7.7 

β-5 linkages 5.1       

Aldimine 0.0 19.5 13.2 19.9 19.4 20.7 19.4 

-OMe 173.8 156.0 156.5 150.6 158.6 150.6 159.9 
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S5. The reaction with citric acid for the synthesis of an oligocitrazinic acid dye 
 

S5.1. Synthesis in reactive eutectic mixture 
 

DSC of REM, heated to different temperatures 

Differential scanning calorimetry (DSC) of the mixture in the temperature range from -80 to +80 
°C supports the formation of a one phase with the glass transition at -37.1 °C, bringing this system 
into the category of deep eutectics. Reaction mixtures, prepared at different reaction 
temperatures, indicate the change in composition. 

 

Figure S35: Differential scanning calorimetry (DSC) of the reactive eutectic mixture of ammonium formate and citric 
acid (2:1) at room temperature as well as after heating to different temperatures.  

 

Synthesis in solution 

While reaction in water does result in a different reaction pathway, reaction in ethylene glycol 
shows traces of the relevant product (indicated by the absorption maximum at 560nm). However, 
as shown by the reaction kinetics, selectivity is low.  
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Figure S36: UV-vis spectra of the reaction kinetics for the synthesis in solvent (left in water and right in ethylene glycol). 
The synthesis is performed in a microwave oven at 180°C. 

 

S5.2. Characterization of purified product 
 
 
TEM 

 

Figure S37: TEM images of purified oligo-CzA 

 

EPR spectroscopy 

Table S6: Concentration of unpaired electrons in oligo-CzA, measured over time in duplicate. 

Sample mmol of spins/ g 
 day 0 day 5 day 15 day 30 

Sample1 0.0027 0.0038 0.0045  

Sample2 0.0026 0.0035 0.0041 0.0075 
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Figure S38: (left) g-factor for oligo-CzA as well as for NH4-CzA; (right) variable temperature EPR for oligo-CzA 

 

Variations of oligo-CzA 

Synthesis in excess of AF: The reaction mixture is prepared with a molar ratio of 4:1 ammonium 
formate to CA. The remaining synthesis and purification procedure is the same. 

Treatment with alkali salt: The purified oligo-CzA product is dissolved in NaOH or KOH solution, 
giving a pH around 11.5 and stirred overnight. The solution is neutralized with HCl and 
concentrated in the rotary evaporator. The product is precipitated with ethanol, washed several 
times, and dried in the vacuum oven at 40 °C overnight.  

 

Figure S39: ATR-FTIR of oligo-CzA as well as alkali salt treated oligo-CzA and prepared with an excess of AF.  
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Semi-preparative HPLC 

 

Figure S40: Semi-preparative HPLC of freshly prepared oligo-CzA. Separation is performed on a C18 column (ACE 5, 
C18 250x21.2) with a flow rate of 15 mL min−1, a detection wavelength of 335 nm and a mobile phase consisting of 30%  
water and 70% methanol. The separated fractions are afterwards analysed with UV-vis spectroscopy.  

 

Ammonia test 

Ammonium ions can be detected in the purified product. This is done by the addition of 
concentrated sodium hydroxide solution onto a small portion of oligo-CzA powder. The 
consequential colour change of pH paper above the solution indicates the presence of released 
ammonia. The presence of ammonium ions in the material means, that we are dealing with an 
anionic dye where the ammonium ion represents the counter cation.  

 

Figure S41. Positive ammonia test performed on oligo-CzA 
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XRD 

 
Figure S42: XRD of the precipitate formed after the colloid aging  

 

UV-vis spectra of the dialysate 

 

Figure S43: Absorption spectrum of the dialysate from oligo-CzA (using a molecular weight cut-off of 1000 Da) 
compared to the absorption spectra of oligo-CzA as well as CzA. Note that the UV-vis spectra are recorded in ammonia 
water since CzA as well as the dried dialysate are not soluble in pure water. However, the prior dialysis is performed in 
pure water. 
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Fluorescence Stokes shift 

 
Figure S44: Stokes shift for oligo-CzA in ammonia water 

 

Fluorescence decay 

 
Figure S45: Emission spectra of oligo-CzA in water for excitation at 520 nm, freshly prepared and after 90 min. stored 
in the dark as well as under light exposure. 

 

Fluorescence quantum yields 

 

Figure S46: Determination of the fluorescence quantum yields of oligo-CzA, using Rhodamine B as standard, in 
ammonia water or in ammonia in methanol.  
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List of abbreviations 
 

5MP 5-methyl-2-pyrrolidone 

AcAc Acetic acid  

APT Attached proton test  

COSY Correlation spectroscopy  

DEPT Distortionless enhancement by polarization  

DES Deep eutectic solvent 

DOF Deoxyfructosazine 

DOFu Deoxyfucosazine 

DOR  Deoxyrhamnosazine 

DSC Differential scanning calorimetry  

EG Ethylene glycol 

EPR Electron paramagnetic resonance  

FTIR Fourier-transform infrared spectroscopy  

FZ Fructosazine  

GC-MS Gas chromatography – mass spectrometry  

GPC Gel permeation chromatography  

HBA Hydrogen bond acceptor 

HBD Hydrogen bond donor 

HPLC-MS High performance liquid chromatography - mass spectrometry  

HMBC Heteronuclear multiple bond correlation 

HSQC Heteronuclear single quantum coherence 

ICP-OES Inductively Coupled Plasma Optical Emission spectroscopy  

LacAc Lactic acid  

LMM Low melting mixtures 

LvAc Levulinic acid  

MALDI-TOF Matrix assisted laser desorption ionization - time of flight  

NADES Natural deep eutectic solvents 

NMP N-vinyl-2-pyrrolidone  

NMR Nuclear-magnetic resonance  

PG Propylene glycol 

PVP Polyvinylpyrrolidone 

PXRD Powder X-ray diffraction  

REM Reactive eutectic media 

SEM Scanning electron microscopy  
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SI Supplementary information 

TEM Transmission electron microscopy 

UV-vis Ultraviolet-visible  

XPS X-ray photoelectron spectroscopy  
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