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I Introduction

In chemistry, the choice of the right solvent is essential, since it constitutes around 80% of
the total volume of chemicals used in a process.' Solvents present numerous environmental,
health and safety challenges including human and eco-toxicity issues, process safety hazards
and waste management issues.” Following the principles of green chemistry, most of the
organic solvents do not fulfil the requirements for their use in green technology, since they
have an inherent toxicity and a high volatility." Figure I-1 illustrates graphically that the use
of solvents must be minimised and optimised to enhance the reactions with the minimum

environmental and operational concerns.

Environment,
Health, Safety

Engineering

Figure I-1. The goal a solvent should attain is the agreement of its performance in the
chemical and engineering process, the minimisation of energy use as well as the

avoidance of adverse influence on environment, health and safety.’

In the last decades, efforts have been made to replace organic solvents. These approaches
comprise the utilisation of easy recyclable systems such as supercritical CO, (scCO,) or
fluorous solvents, using no solvent at all, or the application of involatile systems such as

ionic liquids (ILs), deep eutectic solvents (DESs) and low-melting mixtures (LMMs).?

ILs are salts, which are generally liquid below 100 °C.* The first IL, ethylammonium nitrate,
([EtNH;][NO;]; melting point: 13-14 °C) was reported in 1914.° Since then and especially
over the last two decades, the number of published articles concerning ILs has grown
exponentially.® The great advantage of ILs is that they can be tuned by combining different
cations and anions. However, their big drawback is the controversial environmental

acceptability concerning their application and synthesis.*’ To overcome these disadvantages,
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DESs were discovered as a new class of IL analogues. Although they share many

characteristics and properties with ILs, they represent a different type of solvent.®

The first paper on DESs was only published in 2001,’ so it is clear that the subject, compared
to ILs, is in its infancy. In contrast to ILs, which are composed of one type of discrete anion
and cation, DESs systems are formed from a eutectic mixture of Lewis and Brensted acids
and bases. They can comprise a variety of anionic and/or cationic species and have a large
depression in melting point compared to the pure substances.® The main application of DESs
are metal processing and reaction media. DESs have been employed as alternative media for
metals that are traditionally difficult to plate or process, or involve environmentally
hazardous processes. In organic synthesis, DESs serve as environmentally benign alternative
to organic solvents.® '® Further, DESs are used as sustainable media for the creation of well-
defined nanoscale and functional materials involving shape-controlled nanoparticles, metal-
organic frameworks, colloidal assemblies, hierarchally porous carbons, and DNA/RNA
architectures.!" Also the solubility of biomaterials such as chitin or cellulose in DESs was

recently studied intensely as well as the use in extraction processes.'*'®

The properties of a DES regarding its biodegradability and biocompatibility are solely
dependent on the substances used. Therefore, natural-based DESs can be constituted by
using primary metabolites, namely, amino acids, organic acids, sugars, or choline
derivatives.'” These DESs fully fulfil the green chemistry principles. It is difficult to imagine
the whole range of possibilities, since the amount of compounds suitable for the preparation
of DESs is tremendous. Although there is a large pool of substances and lots of DESs have
been presented, the mechanism of their formation is not well understood. The depression of
the melting point is considered to arise from a combination of hydrogen bond interactions,
lattice energy, and entropy change.'® Since at least three parameters contribute, it is difficult
to make predictions about building principles, feasible mechanisms of formation, and

intermolecular interactions.

The motivation and concept of this work is to find new natural-based DESs, to investigate
formation mechanisms and examine the structure within DES as well as the quest for new

applications.

At the beginning of this thesis, the main task was the development of new natural-based
DESs to establish more alternatives to ILs and already existing DESs. Betaine and carnitine

derivatives were tested as possible constituents. Both substance classes occur in the human
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body and nature and are, therefore, not harmful to the environment.'’ They serve as an
alternative to choline chloride which is mainly used in DESs. Further, sugar-based mixtures
were investigated. With a percentage of 75%, carbohydrates represent the largest part of all
biomass and, hence, they are the most important and widespread renewable feedstock on
earth.” The applicability of a DESs is dependent on the melting point which should be as
low as possible. Therefore, the newly created mixtures were tested with regard to their
melting points. Further, main properties such as density, viscosity or thermal stability were

investigated.

As mentioned before, the prediction of the phase diagram of a DES is difficult, since diverse
effects interact. The calculation of possible mixtures and their properties before preparing
them, is an elegant way to save time and energy. Moreover, conclusions about building
principles und intermolecular interactions can be made. This was the motivation for a study
about the prediction of DESs. Compositions and melting points of DESs comprising choline
halides and urea were predicted with the conductor-like screening model for realistic
solution (COSMO-RS). By investigating the influence of the halide anion on the depression
of the melting point, further insight into the formation mechanism of DESs could be gained.
From the calculation results, it is revealed that hydrogen bonds are an important factor.
Nevertheless, by comparing the prediction to experimental data, only a trend can be drawn

for the melting points, whereas the composition is predicted accurately.

DESs have the potential to offer a viable alternative to existing technologies. As mentioned
before, eutectic systems are already used in many fields. One area of interest focuses on their
use in organic synthesis. Since a main part of this work is the quest for new applications, a
natural-based DES, comprising caffeic acid and choline chloride, was used as reaction
medium. It was first planned to perform an enzyme catalysed reaction. However, the
incorporation of enzymes into this medium turned out to be difficult. The acidic and salty
surrounding of the enzyme favours the denaturation of proteins. Therefore, an esterification
was considered as a more suitable approach. A reaction of caffeic acid and phenethyl alcohol
was studied. This reaction has the advantage that caffeic acid serves in the DES as part of the
solvent as well as reaction partner. Further, the immiscible starting materials, namely caffeic
acid and phenethyl alcohol, mix after a DES with choline chloride was generated. The
product could be isolated by the use of water which makes the process more eco-friendly.
Further, in comparison to the starting materials, the synthesised product is very expensive,

which makes the process also economically profitable.
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Another project was the formulation of microemulsions with DESs as polar phase. It is well-
known that waterless microemulsions exist.?'** Microemulsions comprising ILs instead of
water were already presented.’* » In a second step, surfactantless and waterless
microemulsions were formulated. The existence of nanodomains were proofed using DLS
and SAXS measurements. These results corroborate the hypothesis that surfactants are not
mandatory for the formation of structures.’** Non-aqueous microemulsions may find their
application as template materials or in nanoparticle synthesis. Also their use in separation

chemistry, encapsulation, or nanocontainers is of growing interest.

All in all, this thesis sheds light on various sides of DESs. One focus lies on the
environmental aspect with regard to the principles of green chemistry. Moreover, the
intermolecular interactions in DESs as well as the formation of nanostructures in waterless
and surfactantless DES-based microemulsions were elucidated. Finally, a DES was applied

in organic synthesis as solvent and reactant which shows their great potential.
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1. Deep Eutectic Solvents

1.1 History of Deep Eutectic Solvents

A eutectic system is a mixture of chemical compounds or elements that exhibits a single
chemical composition that solidifies at a lower temperature than any other composition. As
depicted in Figure II-1, the eutectic point is given by the intersection of the eutectic

temperature and the eutectic composition."?

A
Melt (A+B)

5}

—

2

o

o

o

5

= Melt + A Melt + B

Eutectic point
Crystals of A and B
A B

Composition weight %

Figure II-1. Exemplary phase diagram of a binary mixture.

Eutectic systems with a very large depression of the melting point in the region of 200 °C are
called deep eutectic solvents (DESs).? In comparison to ionic liquids (ILs), which consist of
a cation and a complex anion or the other way round, DESs comprise a cation, an anion and

a complexing agent. In general, three types of DESs are defined.’
Type 1: Metal salt + organic salt (e.g. ZnCl, + choline chloride)
Type 2: Metal salt hydrate + organic salt (e.g. CoCl,-6H,0O + choline chloride)

Type 3: Hydrogen bond donor + organic salt (e.g. urea + choline chloride)
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This work concentrates on the third type of DESs. The first DES of this type was published
by Andrew Abbott in 2003.° A phase diagram was realised by mixing urea and choline

chloride in various compositions.

Table II-1. Typical structures of organic salts and HBD used for DESs.?

Organic salt Hydrogen bond donors
I I 0 S )OL
(ol F Ccr
~N ~N
N*, N + HN™ "NH
(0]
- (0] O (6]
_ Cl
| NO3 (ol > | + )J\ Jj\ JJ\ Jj\
~ N - HN NH
N? \ 5 ~""o HaNT N N7 ONH
- \/\OH —/N— | H | v
r i i i

cr . Non ©
Fl: \,L+ BF4 0 Oy, -OH *
FENTE gl OH HO OH HO
Et HO OH
o) O OHO O

Urea and choline chloride (ChCI) melt at 134 °C and 302 °C, respectively. The eutectic point
was determined to be at a molar ratio of ChCl-urea 1-2. Since this mixture has a freezing
point of 12 °C, it is liquid at room temperature. Abbott ef al. stated that the depression of the
freezing point must arise from an interaction between urea molecules and the chloride ion.
Further, homogeneous liquids are only formed with compounds capable of forming
hydrogen bonds with chloride ions.® The principle of DESs is not limited to ureas. It can be
also applied to a variety of other hydrogen bond donors (HBDs) such as acids, amines and
alcohols. Over the years, an enormous number of DESs was created. In Table II-1 some
typical structures of salts and HBDs used for DESs are depicted. In Table II-2 freezing
points of various ChCl-HBD DESs are presented.”

Choline chloride is a commonly used organic salt for DESs, since it is biocompatible and
known as former vitamin Ba.” Further, most of the HBDs are cheap and environmentally

benign such as urea, glycerol or carboxylic acids. DESs are easy to produce by just mixing
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the components and heating them up under stirring. The purity of the resulting mixture is
only dependent on the purity of the individual components. Other advantages of DESs are

their non-volatility, non-inflammability and their inertness towards reactions with water.?

Table II-2. Freezing points (Tr) of various ChCI-HBD DESs with corresponding melting
temperatures of the pure HBD (Ty ).

HBD Trin °C Tm in°C Ref.
Urea 12 134 6
1-Methyl urea 29 93 6
Acetamide 51 80 6
Malonic acid 10 135 8
Oxalic acid 34 190 ?
Phenylacetic acid 25 77 s
Ethylene glycol -66 -13 10
1.2 Sugar-Based Low-Melting Mixtures

Carbohydrates were discovered as suitable mixing partners for low-melting systems.''"'® The
largest part of all biomass is carbohydrates with a percentage of 75 and, hence, they are the

most important and widespread renewable feedstock on earth.'”

Table II-3. Compositions and melting points (Twm) of different sugar-based LMMs.

Carbohydrate Urea Salt Ratio (weight %) Tmin °C  Ref.
Sorbitol DMU*  NH4CI 70-20-10 67 14
Maltose DMU*  NH4CI 50-40-10 84 14
Mannitol DMU*  NH.CI 50-40-10 89 14
Lactose DMU*  NH4CI 50-40-10 88 14
Mannose DMU* - 30-70 75 14
Fructose DMU* - 40-60 80 14
Fructose Urea NaCl 70-20-10 73 14
Fructose Urea - 40-60 65 i
Glucose Urea NaCl 60-30-10 78 14
Glucose Urea CaCl, 50-40-10 75 1

Galactose Urea  NH4Cl 30-70-10 80 15

L-Rhamnose Urea  NH4Cl 30-70-10 80 15

2-Deoxy-D-glucose Urea  NH4Cl 30-70-10 80 13

2 DMU: 1,3-dimethylurea
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1. Deep Eutectic Solvents

Carbohydrates are poorly soluble in almost all solvents except water, which is a major
drawback concerning their use.'"® A few years ago, it has been reported that carbohydrates
can be incorporated in ILs.” '* ' However, from an environmental point of view, creating
fluids by combining carbohydrates and ILs is not a good idea, since ILs tend to be toxic and

only show moderate biodegradability.'®2**!

Therefore, it is tempting to combine carbohydrates and DESs. First approaches were made
by Imperato et al. and Russ et al. They generated low-melting mixtures (LMMs) comprising
carbohydrates, a HBD and a salt in order to create reaction media for organic
transformations.'" '* 1> The melting points and compositions of some exemplary LMMs are
presented in Table II-3. However, these sugar-based LMMs suffer from high melting points
in the range of 65 to 85 °C, which limits their application.

11
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1.3 Properties of Deep Eutectic Solvent and Low-Melting Mixtures

Although only a small selection of molecules is presented in section 1.1 and section 1.2, an
enormous number of DESs and LMMs exists. Therefore, specific DESs and LMMs can be
tailored with the desired physico-chemical properties such as freezing point, density,

viscosity or conductivity. These main characteristics are discussed in this section.
1.3.1 Freezing Point

The freezing point of a DES or LMM is dependent on the choice of the HBD, the
composition and the organic salt. Thereby, the strength of interaction between the HBD and
the anion plays an important role. For instance, the freezing point of a choline salt-derived
DES combined with urea decreases in the order F- > NOs; > CI" > BF4 (Table 11-4) indicating
a correlation with the hydrogen bond strength. NMR spectroscopy showed the existence of a
hydrogen bond network within the eutectic mixtures. Further, an intense cross-correlation
between the fluoride anion of choline fluoride and the NH, groups of the urea molecule in a

DES was observed by HOESY measurements.®

Table II-4. Structures, compositions and freezing points (Tr) of different DES with

corresponding melting points (Ty ) of the pure HBD. The temperatures are given

in °C.
Organic salt HBD Molarratio Ty  Tm (HBD)  Ref.
X
| CI
~ 1-2 12 134 6
Urea
X
| F
~ 1-2 1 134 6
Urea
X
| NOj
>N+\/\OH HoN™ NH; 1-2 4 134 ‘
Urea
X
| BF4
>N+\/\OH H,N~ NH, 1-2 67 134 6
Urea

12



1. Deep Eutectic Solvents

Organic salt HBD Molarratio Ty  Tm (HBD)  Ref.
0
| Cr H )H(OH
N 0 1-1 34 190 s
~Non 0

Oxalic acid

O O
| Cr
OH ) )
Malonic acid

0]
| Cl HON
~ OH 8
N* 1-1 71 185

Succinic acid

OH
| Cr W 8
~ 1-2 25 77

Phenylacetic acid

0

| Cr OH 8
~ 1-2 20 48
ANon

Phenylpropionic acid

As mentioned before, the nature of the HBD and the composition have a significant impact
on the freezing point of a DES. For instance, similar to a mixture of ChCl-urea, which has a
eutectic molar composition of 1-2, phenylpropionic acid and phenylacetic acid-based DESs
show the lowest freezing point at a composition of 67 mol% of acid. Hence, two molecules
of carboxylic acid are required to complex one chloride anion. In contrast, for dicarboxylic
acids such as oxalic, malonic or succinic acid, the eutectic is formed at a molar ratio of 1-1
(Table I1-4). It can be assumed that the anion interacts with two carboxylic groups. However,
no clear correlation between the freezing point and the pure melting points of the
components could be drawn.’> Abbott et al. suggested that the depression of the freezing
point is dependent on the lattice energies of the DESs and LMMs, the interaction of the

anion and HBD, and the entropy changes arising from forming a liquid.®
1.3.2 Density

In general, the densities of DESs and LMMs exhibit higher values than water. They are
comparable to those of ILs which vary between 1.1 gcm™ and 2.4 g cm™.* The density is

dependent on the packing and molecular organisation of the DES.’ Similar to ILs, it is

13
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suggested that DESs and LMMs are composed of holes and empty vacancies which govern
the density behaviour. Mostly, the densities decrease with increasing temperature. The
decline in density may be caused by the faster movement and creation of space of the high
temperature molecule.'® Further, the density is dependent on the water content as it decreases

with increasing percentage of water.**

Moreover, the ratio of organic salt and HBDs has also an effect on the density. For instance,
the addition of ChCl to glycerol results in a decrease in density (Table II-5), which can also

be explained in terms of free volume and hole theory.'®**

Table II-5. Densities of different DESs and glycerol systems at 25 °C.

Organic salt HBD Molar ratio Density in g cm™ Ref.
ChCl Urea 1-2 1.25 26
ChCl Malonic acid 1-1 1.25 2
ChCl Ethylene glycol 1-2 1.12 26
ChCl Glycerol 1-2 1.18 2
ChCl Glycerol 1-3 1.20 2
ChCl Glycerol 1-4 1.21 2
1.3.3 Viscosity

The viscosity of a substance or a mixture is of importance for practical application. Most of
the DESs and LMMs exhibit a relatively high viscosity at room temperature (> 100 cP)
compared to molecular solvents.* >’ Similar to the density behaviour, the viscosity is related
to the free volume and the probability of finding holes of suitable dimensions for the solvent
molecules or ions to move into.?” *® Therefore, the viscosity is also dependent on the size of

the 1ons.

Table I1-6. Viscosities of different DESs and glycerol systems at 25 °C.

Organic salt HBD Molar ratio Viscosity in cP Ref.
ChCl Urea 1-2 750 2
ChCl Malonic acid 1-1 1124 2
ChCl Ethylene glycol 1-2 37 26
ChCl Glycerol 1-2 259 »
ChCl Glycerol 1-3 320 2
ChCl Glycerol 1-4 350 2
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Less viscous liquids can be obtained using small quaternary ammonium cations such as
ethylammonium and fluorinated HBD such as trifluoroacetamide.”’” Furthermore, the
existence of an extensive hydrogen bond network, which results in a lower mobility of free
species within the mixture, contributes to the high viscosity of DESs. Moreover, other forces
such as electrostatic or van der Waals interactions may lead to high viscosities.> The

temperature, composition and water content have also an important impact.”’

The viscosity of a DESs or LMMs follows an Arrhenius-like behaviour as it decreases with
increasing temperature.® > 2 Consistent with the observed density behaviour of different
ChCl-glycerol mixtures, the viscosity decreases with increasing ChCl amount whereas
mixtures with ethylene glycol have the opposite effect.* These examples show that the
viscosity is dependent on the composition and resulting interactions. Since water has a lower
viscosity than DESs and LMMs, the value decreases with increasing water content.?* ** %

Table II-6 presents viscosities of different DESs and LMMs.
1.3.4 Conductivity

There is a strong correlation between conductivity and viscosity. DESs and LMMs show
poor conductivity (lower than 2 mS cm™ at room temperature) due to their high viscosity.?
An Arrhenius like behaviour was observed for DESs and LMMs.* *° Since the composition
has an impact on the viscosity, the conductivity is also dependent thereon. As mentioned
before, the successive addition of ChCl to glycerol lowers the viscosity and increases the
conductivity (from 0.74 mS cm™ for a molar ratio of 1-4 ChCl-glycerol to 1.30 mS cm™ for a
molar ratio of 1-2 ChCl-glycerol) due to more available charge carriers in an increasingly

less viscous solvent.?
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14 Applications of Deep Eutectic Solvents and Low-Melting Mixtures

Since DESs and LMMs are liquid at ambient temperature and have other advantages, they

have been proposed for many applications. Some of them will be presented in this section.
1.4.1 Organic Synthesis

In organic synthesis the choice of solvent is crucial. They are often the largest source of
waste, therefore, it is of great importance to look for non-toxic alternatives like DESs and

LMMs. They are not only used as solvents, but also as catalysts and reactants.

Table II-7. Examples of organic reactions in ChCl-urea (1-2).

Electrophilic substitution of 1-aminoanthra-9,10-quinone derivatives®'

R .R
O HN™ 2 O HN" 2
Br
O‘O ChCl-urea, 80°C, Br, O‘O
R1 0] R1 0] Br
R1 =-H or -CI
R2 =-H or -Me
Perkin condensation of cinnamic acid derivatives*
CHO CO,H
. 99 ChCl-urea, 30 °C
R3 Rj )J\ok > R3 Rs
R, R,
R1 =-H, -Cl, -CN
R2 = -H, -Cl, -CF3, -OMe
R3 =-H, -Cl, -OMe
Reduction of epoxides®
NaBH,, 60 °C, 30 min,
4 ' OH

©/OV<C|) ChCl-urea ©/O\)\

A mixture of ChCl-urea, for example, was used as solvent for bromination, Perkin reaction,

or the reduction of epoxides and carbonyl compounds.’’** The reaction procedures are
outlined in Table II-7. The synthesis of the shown products usually requires drastic

conditions involving strong acids, high temperatures and environmentally toxic solvents.
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However, by using a DES as solvent the reaction can be performed at lower temperatures

with decreased reaction time and increased eco-friendliness.?'*

Sugar-based LMMs can also be used as reaction media. Some examples are summarised in
Table II-8. Russ et al. performed the condensation of fS-D-glucose and urea in a
carbohydrate-urea-salt melt."”” Thereby, the sugar and the urea were used as solvent and
reactants without the need of an additional solvent. However, the use of sugar-based LMMs

is still limited due to their high viscosities and high melting points.'®

Table I1-8. Examples of organic reactions in sugar-based LMM:s.

Synthesis of glucosyl ureas'”

O H
0 Urea, H+ E/Q/N
”(HO)/N%OH n(OH)

NH»
T

Diels-Alder reactions''

@)
@ + ﬁOR Carbohydrate-urea-salt / + ﬁbCOZR

65-75 °C, 8h
CO,R

R =Me, n-Bu endo exo

Synthesis of 2,4-diphenylquinazoline®*

O CHO Maltose-DMU-NH,CI
+ ©/ NH4O0Ac, air, 90 °C
L°

NH,

1.4.2 Biocatalysis

It is well known that biotransformations can be accomplished in ILs.** However, a lot of ILs
are toxic and harmful to the environment. Further, their synthesis and purification is often
expensive and time-consuming.”” *® The utilization of DESs and LMMs has not been
extensively investigated in this domain, since strong hydrogen bond donors such as urea are
known to denature proteins.’” *® Nevertheless, Gorke et al. tested the catalytic activity of
hydrolases in DESs.* As a test reaction, the lipase-catalyzed transesterification of ethyl
valerate with 1-butanol was carried out. In some of the DESs such as ChCl-urea,

ChCl-glycol, or ethylammonium chloride-glycol the conversion rate was comparable to
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toluene. Moreover, Zhao et al. tested the activity and selectivity of Novozym 435, an
immobilized Candida antarctica lipase B (CALB), in different DESs.*” The investigated
reaction, presented in Table II-9, was an enzymatic transesterification of ethyl sorbate with

1-propanol. A mixture of choline acetate-glycerol (1-1.5) exhibited the best activity.

Table II-9. Reaction scheme, activity and selectivity of the transesterification of ethyl sorbate

with 1-propanol.*’

Novozym 435, DES,

o . oH 50°C, 1 vol% H,0 0
Aoy A A A g~
Solvent Initial activity (umol min™' g™) Selectivity
t-Butanol 0.57 >99%
Glycerol 0.71 38%
ChCl-urea (1-2) 1.00 >99%
ChCl-glycerol (1-2) 1.12 45%
Choline acetate-urea (1-2) 0.21 40%
Choline acetate-glycerol (1-1.5) 1.02 99%

Other approaches were made by Durand et al. They performed lipase-catalysed reactions in
DESs, for instance the alcoholysis of phenolic esters with 1-octanol (Scheme II-1).4'**
Further, the effect of water content was studied. The results showed that it is extremely
difficult to perform lipase-catalysed reactions without the addition of water. The improved
catalytic activity may be attributed to reduced viscosity and improved mass transfer, a
significant increase in lipase’s initial activity and final conversion rate and a maintenance of

the enzyme’s catalytic activity.*'

(0] Novozym 435, (0]

R A DES-(water)
j@/\)\OMe + Ho/\/\/\/\ CEerwaeh) R X O/\/\/\/\
HO HO
R=-Hor
R =-OCH3

Scheme II-1. Reaction of lipase-catalysed alcoholysis of phenolic esters with 1-octanol in a

DES.*
1.4.3 Electrochemistry

In electrochemistry, DESs have become an area of interest in the last few years. A major

application for DESs is the incorporation of metal ions in solution for metal deposition,

18



1. Deep Eutectic Solvents

metal dissolution or metal processing. Eutectic mixtures have the advantage that metal salts
are highly soluble, no water is involved, and the conductivity is high compared to non-

aqueous solvents.*

Electrodeposition of metals is widely used to functionalize surfaces by plating. This process
leads to the formation of solid materials by an electrochemical reaction in a liquid phase. In
aqueous solution, electrodeposition is limited to the metals which exhibit a redox potential
higher than that of water. Electrodeposition has already been performed in ILs. However, in
contrast to ILs, DESs have the advantage of being water tolerant, biodegradable and cheap.*
4. 47 In DESs the plating of chrome®®, aluminium®’, copper™, nickel’" **, zinc> and other

metals was reported.®’

Another application in electrochemistry is electropolishing, which is the controlled
dissolution of a metal surface to reduce roughness and, therefore, increase the optical
reflectivity. For electropolishing of stainless steel, a mixture of ChCl-ethylene glycol has
been used.’* In the field of metal extraction, metal oxides were solubilized in a eutectic
mixture of ChCl-urea. Metal oxides are usually insoluble in molecular solvents. Only
aqueous acid or basic solutions allow their solubilisation. However, ChCl-urea is able to
dissolve several metal oxides such as Cu,O, NiO or ZnO.> Further, ligands like urea,
thiourea and oxalate are well-known to complex a variety of metals and can be used as a
component of a DES. Nevertheless, these mixtures are totally miscible with water and cannot

be used for biphasic extraction.’> >

1.4.4 Other Applications

In the last few years DESs and LMMs have become more and more popular and, therefore,
the range of application has increased as well.*’ An interesting field, which has received
attention, is the solvation of biomass like lignocellulose, cellulose or chitin.’’° Further,
DESs are used as sustainable media for nanoscale and functional materials as well as the
creation of well-defined nanomaterials involving shape-controlled nanoparticles, metal-
organic frameworks, colloidal assemblies, hierarchally porous carbons, and DNA/RNA
architectures.®® Also the adsorption of gas, for example CO,, was discussed in various
publications.®'** Moreover, eutectic mixtures were used for extraction, e.g. of glycerol from
65, 66 In

biodiesel into eutectic based ILs or DESs as extraction media for azeotropic mixtures.

inorganic synthesis, DESs are used as organic templates for the synthesis of ionothermal
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materials and zeolite analogues.” ® Also the potential as drug solubilisation vehicles was

investigated.”

1.5 Environmental Aspects

Over two decades ago, the green chemistry movement has begun and, therefore, the quest
towards alternative solvents. Most organic solvents jeopardise the environment and are toxic,
and hazardous in handling. Especially chlorofluorocarbons (CFCs) and volatile organic
compounds (VOCs) were banned, since CFCs cause ozone depletion and VOCs were
implicated in the production of photochemical smog.*® ° Different alternatives to substitute
and create more environmentally benign chemical processes have been proposed such as
supercritical fluids, water, ILs or solvent-free processes.*® However, it is still difficult to
define a solvent as green. Inspired by the twelve principles of green chemistry by P. Anastas
and J.Warner”, Y. Gu and F. Jérome created a list with twelve criteria a green solvent needs

to meet:”!

1) Availability: Solvents must be available on a large scale. Further, the production

capacity should not fluctuate to ensure a constant availability.

2) Price: Solvents have to be competitive in terms of price and the costs should not be

volatile during time to ensure sustainability of the chemical process.

3) Recyclability: The solvent has to be fully recycled in a chemical process using eco-

efficient procedures.

4) Grade: In order to avoid energy-consuming purification, technical grade solvents are

preferred.

5) Synthesis: Preparation of the solvents should be through an energy-saving process

and the synthetic reaction should be highly atom-efficient.

6) Toxicity: In order to reduce the risk for humans or nature, solvents have to exhibit a

negligible toxicity when used for personal and home care products, paints, etc.
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7) Biodegradability: Green solvents should not produce toxic metabolites and should be

biodegradable.

8) Performance: Compared to currently employed solvents, green solvents should show

similar and even superior performances to be eligible.

9) Stability: During a chemical process, the solvent has to be thermally and

(electro)chemically stable.

10) Flammability: Green solvents should be non-flammable to ensure a safe

manipulation.

11) Storage: The storage of the solvent should be easy and should fulfil all legislation to

be transported by road, train, boat or plane easily.

12) Renewability: Concerning the carbon footprint, renewable raw materials should be

used for the production of green solvents.

Certainly, a solvent that fulfils all these requirements is hard to find if non-existent.
Nevertheless, good approaches have been made, one of them being DESs and LMMs.”!
Since DESs and LMMs have lower vapour pressures than many organic solvents, their
emission to the atmosphere is decreased. However, most of them are miscible with water
which has the disadvantage that they could end up in the aqueous environment. DESs and
LMMs are mainly composed of non-toxic, natural-based and environmentally benign
substances.*® For instance, ChCl, which is often used in DESs and LMMs, is biocompatible
and known as former vitamin Bs. It has some important key functions in the human body,
e.g. as a precursor for phospholipids and acetylcholine.” Further, urea, another important
molecule in the development of DESs and LMMs, is not toxic to the human body. It is
produced during the mammalian metabolism and even salvaged due to the metabolized
activity of the colonic microflora. It is further used in the body and can be easily excreted in
the urine.”” Also eco-friendly and biodegradable organic compounds like carboxylic acids
(e.g. oxalic acid, malonic acid, succinic acid, etc.), amino acids or sugars (glucose, sorbitol,
fructose, etc.) can be parts of a DESs or LMMs.% ' 57 7376 AJthough the components of

eutectic mixtures are biodegradable and non-toxic, this is not necessarily valid for the
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mixture. Hayyan et al. investigated the toxicity and cytotoxicity of DESs comprising ChCl

and HBDs such as glycerine, ethylene glycol, triethylene glycol and urea.”” " The DESs

were compared to the aqueous solutions of the pure components. The results indicate that the

cytotoxicity is higher for DESs than for the individual components. The results were

dependent on the structure of the components. This study shows that more investigations

have to be done on the toxicity of DESs and LMMs to further explore their impact on the

environment.
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2. Conductor-Like Screening Model for Realistic

Solvation

2.1 c-Profiles

In 1993, Klamt and Schiilirmann developed the conductor-like screening model (COSMO).
It is a quantum chemical model, which works on scaled-conductor boundary conditions.' In
1995, a novel combination of the COSMO model with statistical thermodynamics was
introduced, the conductor-like screening model for realistic solvation (COSMO-RS).*> *
Interaction energies of the surface depend only on the local polarization charge densities.
Each molecule has a screening charge o, which can be used to identify qualitatively
molecular properties like polarity or hydrogen bonding donor (HBD) and acceptor (HBA)
abilities. This polarization charge-density ¢ on the molecular COSMO surface is called o-
surface. On this basis, COSMO-RS describes the interactions between molecules. It is
assumed that all surfaces are in contact and, therefore, the liquid is incompressible. Further,
only pair wise surface interactions are possible and the 3D geometry is neglected. The
relevant interaction in liquids, which COSMO-RS takes into consideration, are Coulomb
interactions, hydrogen bond interactions, Van der Waals interactions and a combinatorial
term. The latter takes the size and shape differences of the molecules in the system into

account. The term is dependent on the area and volume of all compounds in the mixture.

HBA

h2o.cosmo ®

Non-polar

Non-polar

15 -20 15 -10 05 [ 1] 05 10 5 20 5
HBD ‘ ' +

o el a0

Figure II-2. o-surface (left) and o-profile (right) of water. The blue areas mark a HBD, the

red areas a HBA, and the green areas a non-polar region.

The 3D information about ¢ on the molecular surface is reduced to a histogram p*(c) which

indicates how much surface can be found in a polarity interval. This histogram is called c-
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profile. The o-regions beyond £ 1 e/nm? can be considered as strongly polar and potentially
hydrogen bonding and the regions around 0 e/nm” as weakly polar or non-polar.* * The o-

surface and corresponding c-profile of water are depicted in Figure 11-2.

Regarding the colour coding, HBD regions are labelled as deep blue and HBA regions as
deep red on the o-surface. Non-polar regions are marked in green. The o-profile of water is
dominated by two major peaks arising from the strongly negative polar regions of the
electron lone-pairs of the oxygen atom (HBA) and from the strongly positively polar
hydrogen atoms (HBD), respectively. The remarkable symmetry of the profile is an
important feature. There is almost an equal amount of strongly negative and strongly positive
surface areas. This enables strong hydrogen bonding between the molecules in the liquid,
since energetically favourable pairings of positive and negative surfaces can be formed. This
phenomenon is almost unique and leads to the relatively high boiling point for such a small

molecule.?

] propanone.cosmo ®
chel3.cosmo ®

Acetone

Chloroform

30 -25 -20 15 10 -05 00 ©05 10 15 20 25 30
o [efA?) X0

Figure II-3. o-Profile for a mixture of chloroform and acteone.

The o-surfaces and o-profiles give valuable information about a molecule’s polarity. On the
basis of the o-profiles, qualitative predictions can also be made for binary mixtures. One of
the most striking examples is a mixture of acetone and chloroform. In Figure II-3, the
o-profiles for a mixture of both substances are presented. The c-profiles of acetone is

marked in red and the one of chloroform in blue.
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The o-profiles of the neat substances are very asymmetric. A reason for that is the oxygen
atom in acetone, which does not find appropriate counterparts, and the polar hydrogen atom
in chloroform which does not find a partner with a reasonably positive o-profile.
Consequently, in each pure substance there is a considerable amount of electrostatic misfit.
However, by mixing both liquids, the o-profiles complement each other. The polar oxygen
surface polarity of acetone matches the polar hydrogen of chloroform. As a consequence, the
misfit energy is strongly reduced in the mixture, causing a negative heat of mixing.

Therefore, when the liquids are poured together, the mixture becomes warm.’

o-Profiles and o-surfaces give valuable information about HBD and HBA abilities of a
molecule. Therefore, they are a useful tool for the prediction of the mixing behaviour of

substances. However, only qualitative assumptions can be made.

2.2 Solid-Liquid Equilibrium

COSMO-RS is a theory for substances in the liquid state. However, to calculate, for instance,
solubilities of crystalline compounds involving a solid-liquid equilibrium (SLE),
COSMO-RS requires methods to estimate free energy differences. Usually, one can use an
extrapolation of the free energy of fusion, AGsy, for SLE calculations. In general, the
prediction of chemical potential of crystalline substances is a rather unsolved task, because it
requires the prediction of the crystal structure and the free energy of the potential
polymorphs as an initial step.* * Currently, it is impossible to predict the free energy
differences between the liquid and solid state from first principles. The SLE calculations
performed by COSMO-RS use an experimental estimate for the fusion free energy AG}LS
based on the melting point and the heat of melting according to:

T X,
AGR,s = —AHF (1 - TX—) + ACPfys (T — T) — ACpf, T In2ekt 1

melt

AHquS represents the enthalpy of fusion, T;X,,, the melting temperature, T the temperature
and ACp}"us the heat capacity change of fusion. The use of the melting temperatures, the

enthalpy of fusion and optionally the heat capacity change of fusion allows the automatic
calculation of the compounds’ solid-liquid equilibrium at different temperatures. High
melting compounds, such as drugs or fine chemicals, should be calculated using the extended

formula containing AC p}‘us. Unfortunately, this value is rarely available from experiment.
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The implementation of COSMO-RS is the software COSMOtherm. For eutectic systems, the
SLE option of COSMOtherm will compute a range of mixtures and search for possible
concentrations of solidification. The SLE search assumes that there is a simple eutectic point
in binary mixtures. Consequently, complex systems with several phase transitions in the

solid state cannot be predicted.’

The SLE option was already used to predict phase equilibria properties for ionic liquid (IL)
mixtures.® Verma et al. used the SLE for binary systems consisting of IL and thiophene.
They compared the predicted solubility values to the experimental results. Further, solubility
values of binary mixtures consisting of IL and alcohol mixtures as well as IL and
hydrocarbons were predicted. It turned out that the deviations between calculated and
experimental results were within satisfactory limits. For the IL/thiophene systems, the
deviation increases with decreasing concentration of solute. Similar to the experimental data,
in the IL/alcohol system, the predicted solubility decreases with increasing length of carbon
chain of the alcohol at a particular temperature. For a system comprising IL and
hydrocarbon, it was discovered that an increase in the alkyl chain length of the substituent of
the hydrocarbon decreases the solubility of the IL. This phenomenon can be explained by a

hindrance effect.’®
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3. Microemulsions

3.1 General Information

Microemulsions were observed the first time in 1943 by Hoar and Schulman.' Also Winsor
was a pioneer in this field and suggested a first classification of microemulsions.
Nevertheless, the term microemulsion was coined by Schulman et al. They studied the
mechanism of formation and structures of mixtures consisting of oil, alcohol, soap, and
water.’ In general, microemulsions are isotropic, optically transparent, and

thermodynamically stable solutions.* >

However, the word micro is misleading, since the systems exhibit a nanostructure.
Therefore, the expressions “micellar emulsion” or “swollen micelle” were also
established.®” Danielsson and Lindman also defined microemulsions as systems consisting
of water, oil and an amphiphile. This system is thereby a single optically isotropic and
thermodynamically stable liquid solution.® The term amphiphile describes substances with an
affinity to polar and non-polar phases and was introduced by Winsor.’ In the late 1970’s and
early 1980’s, as the oil prices reached high levels, there was a growing interest in
microemulsions when it was discovered that these systems improve oil recovery.'® Since
then, research in the field of microemulsions has become more and more important. Not only
the range of application has increased, but also the understanding of the nanostructure by

using NMR'"!, transmission electron microscopy'" '?, X-ray or neutron scattering'*'3, etc.

3.2 Classification

A microemulsion consists of a strongly polar component (usually water) and a strongly non-
polar component (usually oil) that are stabilized by an amphiphile. Microemulsions exhibit a
substantial structural diversity. Two examples are oil-in-water (O/W) and water-in-oil (W/O)
microemulsions in which the dispersed medium forms typically, but not exclusively,
spherical droplets with a small size polydispersity. O/W systems are also abbreviated as L1-
phases and W/O as L2-phases. Microemulsion droplets mostly have radii in the range of 5 —

20 nm.'®

The third type of structures are bicontinuous or sponge phases also called L3-phase. A
scheme of the three phases is depicted in Figure II-4. The L3-phase consists of a network of
oil and water nanodomains and is separated and stabilised by a surfactant interfacial film.

This phenomenon can mostly be found at almost equal amounts of water and oil.'” '* To

31



II Fundamentals

stabilise these nanostructures, additives such as cosurfactants or salts are often introduced in
the systems. Especially when anionic surfactants are used, a cosurfactant is necessary.
However, they are not always essential for the formation of a microemulsion. Exceptions are

microemulsions comprising sodium di-(2-ethylhexyl) sulfsuccinate (AOT)."”

O
OQQO OOQ%
Sa\ge

a) oil-in-water, b) water-in-oil

c) bicontinuous phase

Water

Oil
Water
Oil

Figure 1I-4. Three different types of microemulsion a) oil-in-water, b) water-in-oil or c)

bicontinuous.
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Another classification was introduced by Winsor. He discovered four types of equilibrium

systems:2

e Type I: Two phases are in equilibrium. The system consists of an O/W phase and

nearly pure oil phase.

e Type II: Two phases are in equilibrium. The system consists of a W/O phase and a

surfactant-poor aqueous phase.

e Type III: The system consists of three phases. A surfactant-poor aqueous phase, a

bicontinuous phase and a nearly pure oil phase.

e Type IV: A single phase microemulsion of type L1, L2 or L3 is formed. No free

aqueous or oil phase exists.

A three-component system can be illustrated by a triangular representation, also known as
Gibbs triangle. An exemplary ternary phase diagram of a system with a nonionic surfactant

can be seen in Figure II-5.

Surfactant

Water Oil

Figure II-5. Scheme of a phase diagram of water, oil and surfactant showing 1, 2, and 3
phase domains. The phase diagram is typical for a system with a nonionic

surfactant
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In these types of diagrams, the domains of microemulsion, macroemulsion, or liquid crystals
can be seen at a glance. The mass, volume, or mole fractions are plotted along the axes and
every corner represents one species (polar, non-polar or amphiphilic). The phase diagrams

are determined at a constant temperature and pressure.

To investigate the temperature dependant behaviour, other depictions have to be chosen.
Two examples are the fish cut and the x cut. Both diagrams are binary. In the fish cut the oil-
to-water ratio and in the X cut the water-to-surfactant ratio is kept constant.'® The fish cut
shows the temperature as a function of the surfactant concentration. The X cut, however,

shows the temperature as a function of a, which is the oil/(oil+water) w/w ratio.'®

3.3 Waterless Microemulsions

In microemulsions, usually water serves as polar phase. However, it is also possible to
replace the aqueous phase by another polar constituent. Lattes et al. used formamide in a
system composed of cyclohexane as oil, butanol as cosurfactant, and two different
surfactants.?’ They created these microemulsions to use them as media for reactions
involving compounds which react with water. Other approaches towards waterless
microemulsions exhibit ethylene glycol?', glycerol, and propylene glycol as polar phase.*
Also the formation of micelles in ethylammonium nitrate, one of the first known room-
temperature ionic liquids, was already discovered in 1982.% Over the last years, ILs were
used more frequently in microemulsions.?**” Especially as a substitute for water, ILs have
several advantages. They are stable above 100 °C and below 0 °C which offers new ways of
applications, for example for the synthesis of new nanoparticles or high temperature surface
cleaning.?’*" An example for a “cold” waterless microemulsion is a system containing the IL
[Emim][EtSO4], limonene as oil phase, and Triton X-114 as surfactant which was

investigated by Harrar et al.*®

A large temperature stability of the system down to -35 °C was
achieved by using high amounts of IL. As mentioned before, a second advantage is the use
of water-free microemulsions as reaction medium for water sensitive reactions. For instance,
non-aqueous reverse micelles work as nanoreactors.>’ One of the first examples was a Diels-
Alder reaction of cyclopentadiene with methyl acrylate.’ Further, biocompatible, structured
solvents can be created by combining a low-toxic polar liquid with a low-toxic organic phase

t.33 However, the use of DESs or LMMs in microemulsions is still

and a low-toxic surfactan
limited. Recently, Rengstl et al. reported the aggregation of choline dodecylsulfate in a

LMM consisting of choline gluterate, ChCl, and urea.** Further, the self-aggregation of
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sodium dodecyl sulphate in a DES was studied. In this work, also a SDS-assisted

cyclohexane in DES microemulsion was introduced.*

34 Surfactantless Microemulsions

In 1976, Smith et al. discovered that ternary systems of hexane, water, and 2-propanol have
typical properties of microemulsions.>®*” At special compositions, the mixture appeared as a
transparent, stable microemulsion even though soap or detergent were not present. The
addition of hexadecyltrimethylammonium salts as surfactant had only a small effect on the
phase diagram. This led to the assumption that the alcohol is the dominant structure-inducing
component.*® Another study was conducted by Keiser et al. who investigated the influence
of NaCl on surfactantless microemulsions via '"H NMR.*® Their results show that the phase

boundaries are dependent on the salt content and can be detected by NMR measurements.

Surfactantless microemulsions have the advantage that they dissolve hydrophilic and
hydrophobic reagents, possess a large interphase area, can be prepared from inexpensive
solvents, and no surfactant has to be removed in the purification step of the product.*® At
first, surfactantless microemulsion were tested for the incorporation of copper(Il) into meso-
tetraphenylporphine.”® Later, the microemulsions served as reaction media. For instance,
enzymatic reactions were carried out. The organic solvent enables the enzymatic conversion
of water-insoluble compounds or the shift of the equilibrium towards the products.**** It was
discovered that proteins can be dissolved in the surfactantless microemulsion. In contrast to
surfactant-based systems, the enzymes can be recovered easily without losing their catalytic
activity.*

Recently, surfactantless microemulsions were investigated in depth by Klossek et al.** *

While studying the so-called Ouzo-effect, they discovered a “pre-ouzo” region. In general,
the Ouzo-effect appears when water, or any other solvent, is added rapidly to a highly or
entirely miscible second solvent (e.g. ethanol) and a third component that is highly soluble in
the second solvent, but not in the first one (e.g. anethole or octanol). The result is a fine and
time-stable emulsion.*” However, Klossek et al. found defined structures, observed by
dynamic and static light scattering, in the system water/ethanol/n-octanol close to the phase-
separation line. This phenomenon was named “pre-Ouzo” effect.** The work was extended
to surfactantless microemulsion containing eco-solvents such as ethyl lactate or v-

valerolactone (Figure 11-6).*
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Further proof for the existence of micelle-like structures was given by X-ray and neutron
scattering, where two distinct nanoscopic pseudo-phases, one octanol rich and one water-
rich, were detected.*® To gain further insight about the molecular level shape and structures
of these aggregates, molecular dynamic simulations were carried out for the system
water/ethanol/n-octanol. The study showed the formation of octanol aggregates in the “pre-
ouzo” region that are swollen by ethanol. The concentration of the latter is enhanced at the
interface. The octanol aggregation is driven by the partial hydrophobic nature of octanol.

These results suggest a common mechanism for structure formation.*’

Eco-solvent

Optimal area of
solubilisation

Water Solubilised Molecule

Figure II-6. Ternary phase diagram which shows the optimal region to solubilise a

hydrophobic molecule with the minimum of eco-solvent.*.

This nano-clustering is present in several applications. For instance, in insect repellent
formulations the nano-structuring may have an impact on the behaviour of the active
components on the skin and their diffusion in the upper skin layers.** ** Nano-droplets have
also a significant influence on the vapour pressures of the different components in perfumes
or tinctures.”™ *! Also water/acetone/CO, systems were used as surfactant-free pressurised

microemulsions to solubilise hydrophobic compounds such as ibuprofen.*?
3.5 Scattering Techniques

3.5.1 Dynamic Light Scattering

Dynamic light scattering (DLS) is a powerful tool for the measurement of particle sizes.
Usually, the measurements are performed by a dynamic light scattering goniometer. A

scattering medium, such as a suspension of colloid particles, is illuminated by a coherent
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light. The light is scattered by the individual particles. The individual fields interfere largely
constructively to give a large intensity. However, destructive interference leads to a small
intensity at other points. Furthermore, since the scattering medium evolves in time, i.e. the
position of the particles changes due to Brownian motion, the phase change and pattern

fluctuate from one random configuration to another.>

>
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Figure II-7. Scheme of coherent laser light hitting a particle resulting in scattered light and

definition of the scattering vector q.

Normally, useable information are extracted from the fluctuating intensity I(q,t) by

constructing its time correlation function:
(1(q,0)I(q,0) = lim = [ de 1(q,0)I(q,t +7) 2

q, the scattering vector, is defined as the difference between the propagation vectors of the
scattered and incident light (Figure 1I-7). From equation 2 it can be seen that the time
correlation function compares the signal /(q,t) with a delayed version I(q,t + 7) of itself

for all starting times t and for a range of delayed times 7.

DLS measurements are performed in the time domain. Information about the dynamic
properties of the studied scatterers can be obtained from the autocorrelation function g, (7)
of the scattered intensity I(t). The autocorrelation function correlates the current
arrangement of the particles with the initial state. It is an average value of the product of the

intensity at a time ¢ I(t), and a delayed intensity I(t + 7):

g2(1) = {I(8) - I(t + 1)) 3

The brackets represent an average which is performed by forming the product in equation (3)
for a large number of times £ For short time delays t, the positions and, hence, the scattered

intensities of the particle are highly correlated so that g,(7) is, on average, large. However,
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for delay times much greater than the typical fluctuation times, the positions of the particles

are no longer correlated and g, (7) is just the square of the average scattered intensity.

One of the main applications of DLS is determination of particle size. This is done by
measuring the diffusion constants of particles which undergo Brownian motion in dilute

suspension. The ‘free-particle’ diffusion constant is given by the Stokes-Einstein equation:

kp T
Dy = —2— 4
67T7]RH

kg is the Boltzmann constant, 7"the temperature, 77 the viscosity. The size of the objects can
be deduced from DLS measurements using these equations. Since the diffusion coefficient is

determined, the hydrodynamic radius, Ry, of the particle can be calculated as well. 33

The simplest case is a system with monodisperse spherical particles. The autocorrelation

function, g, (q; 7), is then given by a single exponential decay:** >

91(q; 1) = exp(—T1) 5

g1(q; T) is obtained by the DLS measurement and fitted to an exponential in delay time T
giving the decay rate I'. The latter is linked to the diffusion coefficient [y and the scattering

vector g (Figure 11-7):
' = Dyq? 6

For polydisperse systems, a decay rate has to be introduced for every particle size. The
autocorrelation function is described as the sum of diverse exponential functions. However,
only one decaying autocorrelation function is measured. It is composed of different, fastly
decaying exponential functions. Therefore, it is very challenging to calculate the actual

particle size distribution.>

In general, DLS is used for the characterisation of dispersions of pigments and polymers,
macromolecular solvents, macroemulsions, erythrocyte, liposomes, micelles, and
microemulsions. The latter were investigated in this thesis. DLS is used to determine the
particle size in the range of 10 to 1000 nm. Further advantages are the short measuring time
(2-3 min), no calibration, the uncomplicated sample preparation and a small sample

volume.>
3.5.2 Small-Angle X-Ray Scattering

Small-angle scattering occurs in all kinds of materials such as (partially) crystalline or

amorphous solids, liquids, or even gases. As a probe, electrons, gamma rays, light, X-rays,
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and even neutrons can be used for small-angle scattering.”® Scattering experiments are
governed by the reciprocity principle. The incident wavelength A has to fall within the size
range of the structures to be detected.”® A scheme of scattered radiation by a sample to small

angles is depicted in Figure II-8.

%,
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Figure II-8. Small angle scattering of radiation by a sample. Angles normally used are

shown.>®

If X-rays are used for small angle scattering (SAXS), the distance between two particles is
much larger than the irradiated wavelength. This leads to an increased interference of the
reemitted spherical waves which is only possible with small angles. Using coherent
radiation, the amplitude is only dependent on the optical retardation. The scattering vector ¢
describes the change of momentum of the scattered wave (Figure 11I-7). The X-rays interact
with the electron density p(r), since the local physical properties are identical. p(r) is the
number of electrons per unit volume (cm®). A volume element dV at a position r then

contains p(r) dVelectrons.’’ The scattering amplitude is then given by
F(q) = [, p(F)e~@ay 7

Mathematically, the scattering amplitude F£(q) is the Fourier transform of the electron
density within the scattering volume. By using the conjugate complex F% the intensity 1(q)

can be derived.*>>’
1(q) = F(@)F*(q) = fvl sz p()p(5) e =gy, av, 8

Predictions about the structure can only be made if the electron density of the particle, pp,
and the solvent, ps, is different. Therefore, only the contrast Ap = p, — p, will be relevant

for diffraction.’” Consequently, if p, and ps are equal, the continuum is homogeneous and no

scattering effect can be observed.
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SAXS measurements can be employed for the investigation of microemulsions and micellar
solutions. Detailed and quantitative knowledge of the local structure can be obtained.”” ** In
this thesis, SAXS was used for the investigation of surfactantless and waterless
microemulsions. SAXS probes pertinent colloidal length of 1-100 nm and delivers

information about the size and shape of the particles via the intensity.*®

59, 60

Further, SAXS is applied to study the precipitation in metal alloys™ ™, structural defects in

62.63 particle growth in solution®, structures in glasses®,

diamonds®', pore structures in fibres
and the characterisation of structural correlations in liquids®™ ** - ¢’ to name but a few.
However, when the number of phases is increased, the complexity increases dramatically.
Moreover, in SAXS measurements, only the scattered intensity is collected. Therefore,

critical information are lost which prevents the full retrieval of the original structure.>
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4, Caffeic Acid Phenethyl Ester

4.1 Properties

Phenolic acids and their derivatives widely occur in nature, especially in plants such as
vegetables, fruits, grains, and spices. Since they act as antioxidants, they may have a
favourable effect on human health."® Caffeic acid (CA) is a main representative of the
hydroxycinnamic and phenolic acids and its derivatives such as glycosides, amides, esters,
and sugar esters can be found in many plants.” An ester of the CA is the caffeic acid
phenethyl ester also known as CAPE. The molecular structures of CA and CAPE are
depicted in Figure II-9.

i i /\)@
HO
A OH HO N 0

HO HO

Figure 1I-9. Molecular structures of caffeic acid (CA) and caffeic acid phenethyl ester
(CAPE).

CAPE is one of the most active compounds in honey bee propolis and exhibits some
interesting pharmacological and biological properties.® For example, CAPE has an
antimicrobial activity. Studies demonstrated the destruction of the bacteria Enterococcus
gaecalis, Listeria monocytogenes and Staphylococcus aureus by CAPE.”!'" The antimicrobial
activity against Haemophilus influenza showed that RNA, DNA and cellular proteins are
possible targets of CAPE.” '* Further, CAPE has been proposed as a HIV-1 integrase
inhibitor and, therefore, can be used potentially in anti-HIV therapy."*"'® CAPE showed also
a cytotoxicity on tumour cells, which makes it a feasible active compound in cancer
treatment.'”"” Other properties of CAPE are its anti-inflammatory and antioxidant activity.’
The antioxidant effect can result from the transcriptional inhibition of NF-kB and a reduced
expression of pro-inflammatory genes.”® The antioxidant activity of CAPE has also diverse
mechanisms such as free radical scavenging, metal ion chelation, and inhibition of specific
enzymes that induce free radical or lipid peroxidation.?"" ** Structural factors as well as the
medium used to assay these activities are the basis for the antioxidant activities of CA and

CAPE. 2%
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4. Caffeic Acid Phenethyl Ester

4.2 Caffeic Acid Phenethyl Ester in Honey Bee Propolis

In nature, CAPE occurs in honeybee propolis which is a natural resinous substance collected
by bees from plants, buds and exudates.”> Bees use it as sealer for their hives and to prevent
the decomposition of invaders killed by the bees.”® *’ Depending on their composition,
propolis is a lipophilic, yellow-brown to dark brown and sometimes greenish material. Upon
cooling it is hard and wax-like. However, it softens and turns resinous and sticky upon
warming, hence it is also named bee-glue.”® The chemical composition and biological
activities are ascribed to geographical settings, plant sources and collecting season.”” The
major components are flavonoids, aromatic acids, diterpenoid acids, triterpenoids and
phenolic compounds.’*** Since honey bee propolis has a complex composition, it is difficult
to separate the different constituents by simple fractionation. Mostly, propolis is divided into
the alcohol soluble fraction, also called propolis balsam, and in the alcohol-insoluble or wax
fraction.** However, it is very difficult to extract active compounds, especially CAPE, since
1) honey bee propolis contains over 180 constituents and ii) the CAPE content is dependent
on the type of propolis. *° Although ethanol extract of propolis is the most common
extraction method, new approaches such as microwave-assisted extraction, extraction with
supercritical CO; or hot-pressurized fluid extraction were performed to leach phenolic
compounds.*** However, the isolation of CAPE is often challenging since it is tedious and

suffers from impurities.*’

4.3 Synthesis of Caffeic Acid Phenethyl Ester

As described in section 4.2, the extraction of CAPE from honey bee propolis has some
drawbacks. Therefore, it is important to find alternatives to obtain CAPE. An overview of

diverse synthetic routes towards CAPE is presented in this section.

In 1988, Grunberger et al. synthesised CAPE via an acid-catalyzed (p-toluenesulfonic acid)
esterification of CA and phenethyl alcohol (molar ratios 1:15) in benzene yielding CAPE in
40%."7 Water was removed by a Dean-Stark trap. The reaction scheme can be seen in

Scheme 1I-2.

fe) Benzene, p-TsOH, 80°C o /\/@
OH 3d, Dean-Stark trap
HO N-NoH + ©/\/ Ho "o
40%
HO

HO

Scheme II-2. Scheme of acid-catalyzed reaction of CA and phenethyl alcohol to CAPE."”
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Another route was suggested by Hashimoto et al. (Scheme II-3).**:* CAPE was prepared via
a base-catalysed alkylation of CA with f-bromoethylbenzene in a dipolar aprotic solvent

such as hexamethylphosphoramide (HMPA) in 70% yield.

o) 1) NaOH/HMPA, RT,1h o
2) CgHsCH,CH,Br, RT, 52h
HO N o HO N0
70%
HO HO

Scheme 1I-3. Reaction scheme of the base-catalyzed alkylation of CA and

B-bromoethylbenzene.*’

In 1996, Chen et al. introduced the synthesis of CAPE using dicyclohexyl carbodiimide
(DCC) as a condensing agent in 38% yield." DCC is used as peptide coupling reagent.*’
Despite the rather low yield, the advantage of this method is a relative short reaction time
and mild conditions. The reaction is depicted in Scheme I1-4. However, the major drawback

of the last two synthesis is the carcinogenicity of HPMA and also the toxicity of DCC.*"*8

i i /\/©
OH
H
OD/\)J\OH + ©/\/ THF, DCC, RT, 8h Hoj©/\)k o
HO 38%

HO

Scheme I1-4. Reaction scheme of the esterification of CA and phenethyl alcohol using DCC

as condensing agent.'®

Further, a three-step synthesis of CAPE was conducted by Touaibia and Guay.*’ In the first
step, CA is treated with sodium hydroxide and acetic anhydride at 0 °C affording
diacetylcaffeic acid. The subsequent step is the esterification of phenethyl alcohol with the
acetylated caffeic acid chloride. The latter was prepared from the Vilsmeier-Haack adduct
derived from oxalyl chloride and N,N-dimethylfromamide (DMF) as catalyst. Oxalyl
chloride can also be replaced by thionyl chloride (SOCI,). In the last step, a base-induced de-
O-acetylation was accomplished using potassium carbonate in methanol/dichloromethane to

obtain CAPE in 44% overall yield. The three-step synthesis is summarized in Scheme II-5.
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4. Caffeic Acid Phenethyl Ester

1) (COCI),, DMF,
CH,Clp, RT, 2h
o) 0 2) HOCH,CH,Ph, toluene,

)
A0, NaOH, 0°C, 30min idine, RT, 4h /\/©
HOD/\)LOH cs Acoon pyridine ACOWO
HO AcO AcO

4% \ KoCOj3, MeOH, CH,Cly,

RT, 1h

HO:Q/\)CLO/\/C
HO
Scheme II-5. Three-step synthesis to CAPE according to Touaibia and Guay.*

In order to avoid environmental pollution and harm to the human body, other approaches
towards CAPE were made by using enzymes. In 2005, Kishimoto et al. described the
enzymatic synthesis of CAPE from 5-chlorogenic acid (5-CQA) and phenethyl alcohol,
5-CQA and phenethyl bromide, and CA and phenethyl alcohol or phenethyl bromide using
chlorogenate hydrolase (CQA hydrolase) with a maximum yield of 24%.%% ' An example of

this type of reaction is shown in Scheme II-6.

HO
HO \ P OH Citrate buffer, 4h, 45°C o OH o
. Chlorogenate hydrolase WOH ., Ho g
0 0 . HO
oH 24% OH OH HO
HO
OH OH

Scheme II-6. Reaction scheme of the hydrolysis of 5-chlorogenic acid and the synthesis of

CAPE catalysed by chlorogenate hydrolase.™

Specificity, milder conditions, and minimization of side products are advantages offered by
enzyme catalysed synthesis. Therefore, Chen et al. used an immobilized lipase (Novozym
435) from Candidia Antarctica supported on acrylic beads to synthesize CAPE from CA and

phenethyl alcohol in isooctane.’” They achieved a molar conversion of 79% after two days.

It is well known that ionic liquids (ILs) serve as reaction media for all kinds of reactions.*®
ILs are able to dissolve many compounds, have a wide temperature range for the liquid
phase, and possess no vapour pressure. They have already been studied extensively as
reaction media for enzymatic synthesis.** > Kurata et al. reported the enzymatic synthesis of
CAPE analogues in diverse ILs.>® Further work was done by Ho Ha et al. who investigated
the effect of ILs on the enzymatic synthesis of CAPE.”” *® They used Novozym 435 for the
lipase-catalyzed esterification of CA with phenethyl alcohol and discovered that 1-ethyl-3-
methylimidazolium bis[(trifluoromethyl)sulfonyl]imide ([Emim][Tf:N]) leads to the highest
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conversion rate among nine tested hydrophobic ILs. Further, the effect of temperature,
enzyme amount, and substrate ratio was investigated. After 48h, a conversion of 92% was
achieved.”” The reaction scheme is depicted in Scheme II-7. However, despite the high

conversion rate, the reaction suffers from the toxicity of the ILs.> %

o) on  [EMImITEN], Novozym 435, o) /\/@
48h, 70°C
HO X oH ©/\/ HO. A o
Yield not determined
HO

HO

Scheme II-7. Reaction scheme of the lipase-catalysed esterification of CA and phenethyl

alcohol in an IL.>’
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1. Chemicals

Prior to use, choline chloride (Alfa Aesar > 98%), choline bromide (TCI Europe n.v.),urea
(Merck, p.A.), D(—)-sorbitol (Merck, extra pure for microbiology) and D(+)-glucose (Merck,
anhydrous for biochemistry), caffeic acid (Sigma Aldrich, > 98%), ethylammonium chloride
(Merck, >98%), glycolic acid (Merck, for synthesis), betaine (Sigma Aldrich, > 99%),
L-carnitine (Sigma Aldrich, >99%) and, malonic acid (Merck, for synthesis), were dried
under vacuum for several days. L-Carnitine, L-Carnitine-o-tartrate and acetyl-a-carnitine
hydrochloride was provided by Lonza. Ammonium persulfate (extra pure), caffeic acid
phenethyl ester (> 97%), phenethyl alcohol (= 99%), benzyl alcohol (for synthesis) and
sulphuric acid (95-97%) were purchased from Merck and used without further purification.
Betaine hydrochloride (= 99%), oxalic acid (anhydrous, p.a. > 99%), Amberlyst 15
(hydrogen form), molecular sieve (3 A), ethylene glycol (anhydrous, > 99.8%), diethyl
adipate (= 99%), p-toluenesulfonic acid monohydrate as well as the lipases from hog
pancreas, Mucor miehei, Pseudomonas cepacia, Rhizopus arrhizus, Rhizopus niveus,
Aspergillus niger, Candida cylindracea and immobilised Candida antarctica lipase B
(Novozym 435, acrylic resin) were obtained from Sigma Aldrich and used as received.
Further, Amberlite IR-120 was purchased from Roth, DL- carnitine hydrochloride (> 98%)
and choline iodide from Alfa Aesar (98%) and tetrahydrofurfuryl alcohol (> 99.5%) from
Pennakem. Methanol, formic acid, acetic acid (100% waterfree) and acetonitrile were of
analytical grade and obtained from Merck. Purified water was produced by a millipore
system. Deuterated solvents, dimethyl sulfoxide-ds (99.9%), chloroform-d (99.8%) and

methanol-d4 (99.8%) were purchased from Deutero.
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2.1 NMR spectroscopy

NMR spectra were recorded on a Bruker Avance 300 (‘300 MHz) at the University of
Regensburg. All spectra were recorded at room temperature. Chemical shifts are reported in
[ppm] relative to an internal standard (solvent residual peak).! Coupling constants J are
reported in Hertz [Hz]. Resonance multiplicity of the signals is as follows: s = singlet,
d =doublet, t = triplet, q = quartet, m = multiplet, bs = broad singlet, dd = doublet of
doublets.

2.2 Karl-Fischer Titration

The water contents were determined with an Abimed MCI analyser (Model CA-02), a

coulometric Karl-Fischer titration.

2.3 Refractive Index

The refractive indices were measured with a Kriiss Abbe refractometer at 25 °C with a

wavelength of 589 nm at 25 °C.

24 UV-Vis Spectroscopy

UV-Vis spectra of caffeic acid (CA) (c = 6x10° M), caffeic acid phenethyl ester (CAPE)
(c =4x10” M), ChCl (c = 7x10* M), each in methanol, and a 1:1 (v:v) mixture of phenethyl
alcohol:methanol were recorded using a Varian Cary E3 UV-Vis spectrophotometer and a

Varian Cary Win UV Scan Application Vers. 2.0 software.

2.5 High Performance Liquid Chromatography

High performance liquid chromatography (HPLC) was performed on a Waters HPLC system
comprising two Waters 515 HPLC pumps, a Waters 717 plus autosampler, a Waters 2487
UV/VIS-Detector, and the Waters Empower 3 software. The column used was a Knauer
Eurosphere C18-column (100 A, 250 x 4.6 mm). The samples (6.5 - 70 mg) were diluted
with MeOH (5 mL), filtered, and subsequently submitted to HPLC separation using gradient
elution. The HPLC conditions are summarized in Table III-1. The temperature of the column
was set to 30 °C. The injection volume was 10 pL. The detection wavelength of CAPE was
determined with UV-Vis spectroscopy and was set to 289 nm. The measurements for each

sample were repeated at least three times.
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Table III-1. Gradient table for HPLC analysis.

Time in min. Flow in mL min’! vol% solvent A vol% solvent B
0 0.7 50 50
20 0.7 0 100
30 0.7 50 50

In general, the separation of a mixture containing CA and CAPE using the aforementioned
chromatographic method was possible. CA appeared in the chromatogram at a retention time
around 6.5 min and CAPE at 18.3 min. It was not possible to detect ChCl with the applied

settings.

L CA CAPE

Absorbance [AU|
<
T

0.6 1
0.4
0.2 1
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Retention time in min

Figure I1I-1. Chromatogram of a mixture of CA and CAPE.

In order to determine a standard curve, solutions of pure CAPE in methanol with varying
concentrations ¢ in mg/mL were analysed by HPLC. As the peak area is proportional to the
concentration, a standard curve could be plotted. The relative standard deviations for the
peak areas were 1.6, 0.5 and 0.2% for concentrations of 0.20, 0.10 and 0.025 mg/mL,

respectively.
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Figure II1-2. Standard curve for CAPE in methanol.

The R? value, the slope and the standard error of the linear fit are presented in Table I11-2.
All concentrations ¢ of CAPE were calculated using the standard curve equation via the peak

area A measured by HPLC. The standard curve is defined as follows:
A =3.13338 -107 - ¢ 9

Table I1I-2. Results of the linear fit of the standard curve.

Equation y=b-x
R? 0.99974
Slope 3.1334-10’
Standard error 0.03335-107
2.6 Thermal Analysis

Thermogravimetric analysis (TGA) was carried out using a Perkin Elmer TGA 7 under
oxygen atmosphere. The measurements were performed in a temperature range from 30 to

900 °C, with a heating rate of 10 °C min™'. The decomposition temperatures were determined
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from the onset of mass loss, derived from the intersection of the baseline before the thermal

decomposition with the tangent during mass loss.

Differential scanning calorimetry (DSC) measurements were performed with a Perkin Elmer
DSC 8000 under nitrogen atmosphere. The measurements of the glass transition
temperatures of the sugar based low-melting mixtures were carried out with a heating rate of
15 °C min™', from -80 to 50 °C. The cycles were repeated 3 times. Glass transition points and

heat capacity changes were determined using the half-step temperature of the transition.

The onset of the melting points presented in chapter IV 2 were determined with DSC
measurements from -10 °C to 85 °C. The heating rate was 5 °C min™' for all measurements

and the cycles were repeated 3 times.

2.7 Density

The density, p, was determined as a function of temperature with an Anton Paar DMA
5000M vibrating tube densiometer. The samples were inserted in a U-shaped borosilicate
glass tube. The tube was excited until the eigenfrequency of the tube was reached. This
frequency is directly proportional to the density of the sample. The densities of the low-
melting mixtures in section IV 1.3.2.1 were measured in a temperature range from 15 to
65 °C. The densities used for the calculations of the dynamic light scattering in section

1V4.3.2 were determined at 25 °C.

2.8 Viscosity

Viscosities presented in section IV 1.3.2.2 were determined using a Bohlin CVO 120
rheometer. All samples were measured with a CP4°/4 mm cone under an argon atmosphere.
The viscosity measurements were carried out in a temperature range between 15 and 75 °C,

with shear rates from 0.076 to 10 s™'.

Viscosities used for dynamic light scattering in section IV 4.3.2 were determined with a
rolling-ball viscometer (AMVn, Anton Paar). The sample was inserted in a glass capillary
equipped with a steel ball. The ball rolls a fixed distance at a given angle. The rolling time of

the steel ball correlates with the dynamic viscosity of the fluid according to

n =KX (psb - psample) Xt 10

K represents a temperature and angle dependent calibration constant, ps, the density of the

steel ball, psample the density of the sample and ¢ the rolling time of the steel ball. Except for
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samples E6, for which a capillary with an inner diameter of 1.6 mm was necessary, a distinct
glass capillary with a diameter of 1.8 mm was employed. The capillaries were calibrated

with mineral oils purchased from Cannon (N44 for the 1.8 mm capillary and S3 for the 1.6
capillary).

29 Ternary Phase Diagrams

The domains of existence of the single clear and homogeneous phase were determined using
a static and dynamic process described by Clausse et al.? The alcohol, tetrahydro furfuryl
alcohol (THFA), was mixed with the DESs or diethyl adipate (DEA) at determined weight
ratios to obtain a starting weight of 3 g. Then DEA and DESs, respectively, were added
dropwise to the solutions until a phase transformation occurred. The amount of added
constituent was recorded and the weight percentages for each mixture were calculated. The

temperature was kept constant at 25 + 1 °C with a thermostatically controlled test tube rack.

2.10 Dynamic Light Scattering

Dynamic light scattering (DLS) experiments were performed with CGS-3 goniometer from
ALYV (Langen, Germany). The system was equipped with an ALV-7004/FAST Multiple Tau
digital correlator and a vertical-polarized 22-mW HeNe laser (wavelength A = 632.8 nm).
The measurements were carried out at 25 °C with a scattering angle of 90°. All samples were
filtered with a 0.2 um PTFE membrane filter to remove dust particles. The cylindrical light-
scattering cells had an outer diameter of 10 mm. The measuring time was 300 s. The

obtained correlation functions were fitted by a single exponential equation.

2.11 Small Angle X-Ray Scattering

Small angle X-ray scattering (SAXS) was performed and analysed by Julien Marcus at the
Institut de Chemie Séparative de Marcoule, France. The measurements were carried out on a
bench built by Xenocs. The X-ray radiation was generated by a sealed molybdenum tube
with a wavelength A of 0.71 A. The scattered beam detection is maintained by a large online
detector (MAR Research 345, diameter: 345 mm) located at 750 mm from the sample stage.

The scattering vector g is described as following:
q= 47” . sing 11

The achievable q region was 0.2-30 nm™' with an experimental resolution of Ag/q = 0.05. A

12:00 multilayer Xenocs mirror, coupled to two sets of Forvis scatterless slits providing a
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0.8 x 0.8 mm? beam at the sample position, was used to apply collimation. As a calibration
standard, a 2.36 mm thick high-density polyethylene sample (supplied by Goodfellow) was
utilised to obtain absolute intensities. The acquisition time of the samples was 3600 s. The
two-dimensional spectra were integrated with the FIT2D software. The electronic
background of the detector, the transmission measurement and the empty cell subtraction
were taken into account. The scattering intensity was then plotted against the magnitude of g

and the curves were fitted with an Ornstein-Zernike function.

2.12 References
1 H. E. Gottlieb, V. Kotlyar and A. Nudelman, J. Org. Chem., 1997, 62, 7512-7515.
2 H. L. Rosano and M. Clausse, Microemulsion systems, CRC Press, 1987.
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3.1 Synthesis of Caffeic Acid Phenethyl Ester

Choline chloride (7.75 g, 55.5 mmol) and caffeic acid (5.00 g, 27.73 mmol) were combined
in an inert atmosphere. The vial was sealed and the mixture stirred at 90 °C until a yellowish,
homogeneous liquid was formed. Subsequently, the temperature was reduced to 80 °C, and
phenethyl alcohol (50.45 g, 412.92 mmol) was added under vigorous stirring until the
mixture was homogeneous. Amberlyst 15 (4.96 g) was added and the reaction mixture was
stirred under exclusion of light to prevent degradation for 14 h at 80 °C. Amberlyst 15 was
filtered off and the remaining liquid was poured slowly into hot water. Upon cooling to room
temperature, caffeic acid phenethyl ester precipitated and was collected by filtration. The
product was washed with water. Caffeic acid phenethyl ester was obtained as a slightly

purple to off-white powder (56.4%).

Y
HO
N O

HO

'H NMR (300.13 MHz, CDCL3) & [ppm] = 7.50 (d, J = 15.9 Hz, 1H), 7.33-7.18 (m, 5H),
7.01 (d, J=2.0 Hz, 1H), 6.92 (dd, J= 8.2 and 2.1 Hz, 1H), 6.76 (d, J = 8.1 Hz, 1H), 6.22 (d,
J=15.9 Hz, 1H), 4.35 (t, J= 7.0 Hz, 2H), 3.98 (t, J = 7.0 Hz, 2H)
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1. New Low-Melting Mixtures

1.1 Abstract

In the first part of this chapter, low-melting mixtures comprising carnitine and betaine
derivatives as well as ammonium persulfate and ethylammonium chloride are introduced.
The used ammonium compounds serve as alternative to choline chloride. In the second part,
physico-chemical properties of ternary sugar-based low-melting mixtures were determined.
Choline chloride, urea and as sugars glucose and sorbitol, respectively, were blended in
various compositions. The refractive index, density, viscosity, decomposition temperatures
and glass transition temperatures were measured. Further, the influence of temperature and
water content was investigated. The results show that the mixtures are liquid below room
temperature and the viscosity and density are dependent on the temperature and composition.
Moreover, the viscosity decreases with increasing water content. These mixtures are
biodegradable, low toxic, non-volatile, non-reactive with water and can be accomplished
with low cost materials. In consideration of these advantages and a melting point below
room temperature, these low-melting mixtures can be a good alternative to ionic liquids as

well as environmentally unfriendly and toxic solvents.

1.2 Introduction

A eutectic system is the mixture of chemical compounds or elements which exhibits a single
chemical composition at which it solidifies at a lower temperature than at any other
composition." * Eutectic systems with a very large depression of the melting point, which can
be up to 200 °C, are called deep eutectic solvents (DESs). About ten years ago, Abbott et al.
reported for the first time on such systems.* The very significant melting temperature
lowering at the eutectic point results mainly from the strong interaction of the anion with the
hydrogen bond donor. Hence, the lattice energy is decreased which leads to a depression of
the melting point.> * One type of DES is the blend of an organic salt and hydrogen bond
donors (HBD),” ¢ the most prominent being probably the mixture of choline chloride (ChCl)

and urea.’

Not only the easy production, low costs, non-volatility and non-inflammability are

considerable advantages of these new systems, but also their easy biodegradability.*’

Further, and also very important, typical DES derive from renewable resources, whereas

most solvents used in industrial processes and chemistry still stem from petrol. For some
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applications, for example in biocatalysis, the use of "green" DES can be a promising

alternative.®!”

ChCl is the most dominant quaternary ammonium compound used in the field of DESs. A
broad range of HBD in combination with ChCl has been established. However, the number
of DES, liquid at room temperature, is still very limited.'® Instead of varying the HBD, the
organic salt can also be altered. For instance, carnitine is a promising substance for the
utilisation in DESs and low-melting mixtures (LMMSs). L-Carnitine is produced naturally in
the human body via trimethyllysine and y-butyrobetaine hydrolases. It is needed for the
mitochondrial oxidation of long-chain fatty acids.'” In industry, carnitine and also acetyl-
carnitine are applied in cosmetics and in pharmacy.’*® Further, L-carnitine is used as
renewable building block for biomaterials like polycarnitine, polycrotonbetaine and
polycarnitine allylester.?* In the field of LMMs, a L-carnitine-urea (2-3 wt:wt) melt was used
as a reaction medium for a Diels-Alder cycloaddition.”> However, this mixture has a melting
point of 74 °C which limits its range of application. Also, betaine, an oxidation product of
choline, was already used for LMMs.'® ! The first part of this chapter, concentrates on the
screening of new LMMs comprising carnitine, betaine and some of their derivatives. Also

ammonium persulfate and ethylammonium chloride were tested.

In order to create new systems, carbohydrates were discovered as mixing partners.”® The
largest part of all biomass is carbohydrates with a percentage of 75% and, hence, they are the
most important and widespread renewable feedstocks on earth.® Carbohydrates are poorly
soluble in almost all solvents except water, which is a major drawback concerning their
use.”’ For a few years, it has been reported that carbohydrates can be incorporated into ionic
liquids (ILs).?”* However, from an environmental point of view, creating ‘green’ fluids by
combining carbohydrates and ILs is not advantageous, since ILs tend to be toxic and have

only moderate biodegradability.**

Therefore, it is tempting to combine carbohydrates with DES. In this line, Imperator et al.
reported the utilisation LMMSs of sugars or sugar alcohols, urea and inorganic salts as

solvents for Diels-Alder reactions.?® *°

In a carbohydrate-urea-salt melt, a [4+2]
cycloaddition between cyclopentadiene and different acrylates yielded the respective
products in good yields.?® In a continuation of their work, the authors used these LMMs as a
solvent medium for further reactions, in which both sugar and urea were used as reaction
partners. For example, f-D-glucosyl urea was prepared from a D-glucose/urea/NH4Cl melt

(3:7:1 wt:wt:wt) in a condensation reaction using different catalysts.>**
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Table IV-1. Melting points of mixtures of carbohydrates, urea and inorganic salts in different

compositions.

Carbohydrate Urea Salt Mass ratio Melting points in °C Ref.
Glucose Urea  NH4CI 5-2.5-2.5 84 1
Glucose Urea  NH4CI 6-3-1 78 1
Glucose Urea NaCl 6-3-1 78 2
Glucose Urea CaCl, 5-4-1 75 13
Sorbitol DMU*  NH4CI 7-2-1 67 »

2 DMU: 1,3-dimethylurea

The melting points of the used mixtures range from 65 to 85 °C, as summarised in Table
IV-1.2% 3% Until now, such sugar-based LMMs, with melting points lower than 50 °C, are
very rare.*® Hence, in this chapter, ternary mixtures of urea and choline chloride as salt and
glucose or sorbitol as sugar are introduced. The melting points of all mixtures were below
room temperature. Some other basic properties are presented, such as temperature-dependent

densities, viscosities, and degradation temperatures as well as glass transition temperatures.
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1.3 Results and Discussion
1.3.1 Alternative Ammonium Compounds to Choline Chloride

Various LMMs comprising ammonium compounds and diverse HBDs were mixed. The used
ammonium compounds and their abbreviation are listed in Table IV-2. Binary and ternary
mixtures with different compositions comprising ammonium compounds and HBDs were
produced. As HBD, urea, malonic acid (MA), glycolic acid (GA), glucose (Glu), sorbitol
(Sor) and caffeic acid (CA) were used. The compounds were mixed under a nitrogen

atmosphere and stirred at 80 °C until a homogeneous liquid was formed.

Table IV-2. Used ammonium compounds with their corresponding abbreviation and

molecular structure.

Ammonium compound Abbreviation Molecular structure
2
. + Os » o) +
Ammonium persulfate APS NH, | S~oOd NH,
g 9 B
9 O
OH OH
HO OH
L-Carnitine-o-tartrate CT
I, §Ho® ow
~+
N \)\)J\O‘
o %
o . | 0" CHj;
Acetyl-a-carnitine hydrochloride ACH ~ )L
N \)ﬁ(OH
0]
| OH
~ -
L-Carnitine C - NJ{\)\WO
O
| OH cl
DL-Carnitine hydrochloride CCl >NWOH
o
| O
Betaine B N B
- O
_ _ . Qc )
Betaine hydrochloride BClI > NJr\)J\OH
Ethylammonium chloride EAC cl *NH3 ™
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The state of matter of various mixtures was investigated at 80 °C, room temperature (RT)

and 0 °C. The results are presented in Table [V-3.

Table IV-3. List of performed LMMs comprising an ammonium compound and HBDs. The

state of matter was determined at 80 °C, room temperature and 0 °C.

Ammonium Compound HBD1 HBD2 Molarratio 80°C RT 0°C
APS Urea - 1-2 - - -
APS Urea - 1-1 - - -
APS MA - 1-1 - - -
APS GA - 1-3.3 + ~ -

CT Urea - 1-2 - - -
CT Urea - 1-1 - - -
CT MA - 1-1 - - -
CT GA - 1-3.14 + + 4+
ACH Urea - 1-2 ~ ~ -
ACH Urea - 1-1 ~ ~ -
ACH MA - 1-1 - - -
ACH GA - 1-3.5 + + 4+
ACH Urea GA 1-1.6-3.4 + +  +
ACH Urea GA 1-1.9-3.6 + + 4+
ACH Urea GA 1-3.4-3.5 + + 4+
ACH GA - 1-1 ~ ~ o~
ACH GA - 1-2 + ~ o~
ACH GA - 2-1 - - -
ACH GA - 1-3 + + 4+
ACH GA - 1-3.5 + + 4+
ACH GA - 1-4 + + 4+
ACH GA - 1-5 + + 4+
ACH GA - 1-6 + + 4+
ACH GA - 1-7 + + +
ACH GA - 1-8 + ~ -
ACH GA - 1-9 + ~ -
ACH GA - 1-10 + ~ -
ACH GA - 1-12 + ~
C Urea - 1-1 - - -
C Urea - 1-2 + +
C Urea - 1-3
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Ammonium Compound HBD1 HBD2 Molarratio 80°C RT 0°C
C MA - 1-1 + +  +
C MA - 1-2 + +
C MA - 1-3 + +
C GA - 1-1 ~ - -
C GA - 1-3 + +  +
C GA - 1-4 + + o+
C GA - 1-5 + +  +
C Glu - 1-2 - - -
C Sor - 1-2 ~ ~ -
C CA - 1-2 - - -
C CA - 1-1 - - -
C CA - 2-1 - - -

CCl 8] - 1-1 - - -
CcCl U - 1-2 - - -
CcCl MS - 1-1 - - -
Ccl MS - 1-2 + - -
CCl GA - 1-1 - - -
CCl GA - 1-2 - - -
CcCl GA - 1-3 + ~ -
CcCl GA - 1-4 + ~ -
CcCl GA - 1-5 + ~ -
CCl Sor - 1-2 - - -
CCl Sor - 1-1 - - -
B MA - 1-1 + ~ -
B GA - 1-3.4 + +  +
B CA - 1-2 - - -
B CA - 1-1 - - -
B CA - 2-1 - - -
BClI MA - 1-1 - - -
BClI GA - 1-4 ~ ~ o~
EAC U - 1-1 + - -
EAC U - 1-2 + - -
EAC MA - 1-1 + - -
EAC MA - 1-2 ~ - -
EAC GA - 1-1 +
EAC GA - 1-2 +
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Ammonium Compound HBD1 HBD2 Molarratio  80°C RT 0°C
EAC CA - 1-2 + - -
EAC CA - 1-1 + - -
EAC CA - 2-1 + - -
Urea GA 1-3.5 + - -

+ £ homogeneous liquid, ~ £ liquid, not homogeneous, - £ solid

At first glance, GA seems a suitable HBD for the formation of LMMs. However, during the
mixing process, bubbling was observed. This leads to the assumption that GA reacts with the
ammonium compound. The determination of the water content as a function of time revealed
that water is produced. The values of the time-dependent water contents are presented in
Table IV-4. This might be a first hint that GA and the ammonium compounds esterified. A
high water content also reduces the melting point. Therefore, many mixtures containing GA

are liquid at RT and below.

Table IV-4. Time-dependent water contents of ACH-GA mixtures.

ACH-GA 1-7 ACH-GA 1-3
Time ind Water content in wt% Time ind Water content in wt%
0 0.29 0 0.15
1 1.57 1 0.20
2 2.00 2 0.61
3 2.35 3 1.41

A promising alternative to choline chloride is L-carnitine. Melts comprising L-carnitine, urea
and malonic acid, respectively, form LMMs which are liquid at 0 °C. Since L-carnitine is a
natural-derived and non-toxic compound, it is an auspicious candidate for the utilisation in

DESs and LMMs.
1.3.2 Sugar-Based Low-Melting Mixtures

Sugar-based LMMs were formed by choline chloride, urea, glucose and sorbitol,
respectively. The compounds were mixed under a nitrogen atmosphere and stirred at 75 °C
until a homogenous colorless liquid was formed. The mixtures were stored in sealed flasks.
The compositions, water content, their abbreviations and refractive indices of the four
prepared mixtures are shown in Figure IV-5. Figure IV-1 shows a sample of Glu-U-ChCIl1 at

room temperature.
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Table IV-5. Molar ratios and refractive indices as well as the water content of the four

prepared low-melting mixtures

Mixture Molar ratio Refractive index Water content (weight %) Abbreviation
Glucose-Urea-ChCl  1-1-1 1.5166 0.39 Glu-U-ChCl1
Glucose-Urea-ChCl  1-2-1 1.5150 0.10 Glu-U-ChCI2
Sorbitol-Urea-ChCl 1-1-1 1.5108 0.19 Sor-U-ChClI1
Sorbitol-Urea-ChCl ~ 1-2-1 1.5111 0.13 Sor-U-ChCI2

Figure IV-1. Mixture of Glucose-Urea-ChCl (1-1-1) at room temperature.
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1.3.2.1 Density

The densities of the different mixtures were measured within a temperature range from 15 °C
to 65 °C. The results are depicted in Figure IV-2. There is a linear dependence between
density and temperature. The densities of the glucose systems vary between 1.315 g cm™ at
15°C and 1.290 g cm™ at 65 °C and those of the sorbitol systems between 1.290 g cm™ at
15°C and 1.261 g cm™ at 65 °C. The mixtures with higher urea content show a slightly
higher density.

1.32 —e— Glu-U-ChCl1

—eo— Glu-U-ChCI2
—un— Sor-U-ChCl1

8\ —»=— Sor-U-ChCI2

131+ =
1.29-_ ;\
128 \E\

1.27—- \

p/g.cm

1.26 1

10 20 30 40

Figure IV-2. Densities of the mixtures as a function of temperature.
1.3.2.2 Viscosity

The viscosity of a LMM is an important characteristic, since high viscosities can decrease
the reaction rate in case of diffusion-controlled chemical reactions. The measured values are
presented in Figure IV-3. The viscosities vary significantly as a function of temperature with
a more pronounced temperature dependence of the glucose systems. The viscosities were
measured in a temperature range from 15°C to 75°C. Since the LMMs are very
hygroscopic, moisture should be avoided. Note that for these glucose containing systems, the

higher fraction of urea decreases the viscosity at all temperatures.
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Figure IV-3. Logarithmic plots of the different viscosities of the low melting mixtures as a

function of temperature. The viscosities are given in Pa-s.

Nevertheless and as expected,'® the viscosities are all very high around room temperature (up

to 1520 Pa-s). They drop significantly at higher temperatures to values as low as 0.04 Pa-s.

Presumably, the extensive hydrogen bond network between the components is responsible

for both, the high viscosities at low temperatures and the strong temperature dependence.
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Figure IV-4. Logarithmic plot of the viscosity of a Glu-U-ChCI1 mixture as a function of

water content. The viscosities are given in Pa-s.
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Further, electrostatic and van der Waals interactions or the large sizes of the species, which
cause a small void volume and, therefore, a lower mobility of these species may also
contribute to the high viscosities.'® Note that all four mixtures show a Newtonian behaviour

over the whole temperature range studied.*

As the amount of water in such systems is an important parameter, we measured the
viscosity as a function of the water content for one of the mixtures. Figure V-4 shows the
results for the system Glu-U-ChCl1. With a water content of 7.8 wt% the viscosity drops by

a factor of 50 compared to the mixture with only 0.4 wt% of water.
1.3.2.3 Thermogravimetric Analysis

The thermal stability and decomposition temperatures were measured with a
thermogravimetric analyser in a temperature range from 30 °C to 900 °C with a heating rate
of 10 °C min™. The decomposition temperatures were determined from the onset of mass
loss, derived from the intersection of the baseline before the thermal decomposition with the
tangent during mass loss. Figure IV-5 depicts the mass loss in percent as a function of
temperature for each mixture. The decomposition temperatures range around 175 °C. No
appreciable difference in thermal stability between the different mixtures was detected.
However, the further degradation of the LMMs containing glucose differs from the ones
containing sorbitol. In the latter case, the mixtures degrade in one step, whereas the glucose
mixtures decompose in several steps. The single step degradation of the sorbitol mixtures is

consistent with previous studies and own measurements.” *’
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Figure IV-5. Weight losses of the mixtures in % as a function of temperature.
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The thermograms of urea, choline chloride and the carbohydrates are presented in the
appendix (VI 1.3). The first step in the thermogram of the Glu-U-ChCI mixtures results from
the degradation of urea. The further steps arise from the degradation of glucose which

decomposes in two steps.*®
1.3.2.4 Glass Transition Temperatures

A lot of ILs are good glass formers, i.e. they can be cooled from the equilibrium state down
to low temperatures without crystallising.***! They enter the metastable supercooled liquid
state and undergo a glass transition which leads to an out-of-equilibrium glassy state.*” The
DSC signature of the glass transition is a sigmoidal change in heat flux reflecting a
characteristic change in heat capacity, AC,, when the sample is heated from the glassy state
to the liquid state.*! For all four mixtures glass transition temperatures were found. The
measurements were performed with a heating rate of 15 °C min" from -80 °C to 50 °C. The
glass transition temperatures of the mixtures vary from -36.6 °C to -24.0 °C. The LMMs
containing sorbitol exhibit a lower transition temperature than those containing glucose.
Further, the compositions with higher carbohydrate content show a lower transition

temperature.

ILs can exhibit a strong jump in their molar heat capacity, ACpm, because each molecule unit
is in fact composed of two sub-units (the cation and the anion). Therefore, they have an
appreciable relative mobility in the supercooled liquid state.** For example, the values of a
series of [C,O,mim][X] of imidazolium cation-based room temperature ionic liquids
(RTILs) are in the region of 92 J mol' K to 177 J mol' K'.** Compared to the RTILs, the
measured LMMs have slightly lower ACpn values, ranging from 60Jmol'K"' to
86 J mol' K™'. However, these values are still very high compared to polymeric systems
ACpn=10J mol'K' for polyethylene (Ty=-133 °C) and ACpn=36Jmol'K"' for
poly(vinyl acetate) (Ty=-269 °C),*” ** and typical solvents such as glycerol (T,=-88 °C)
and toluene (Ty=116°C) with values of ACpn=23Jmol'K"' and 53 Jmol'K",

respectively.*® *

Compared to these substances, the higher values for ACpy, at T, indicate that more degrees of
freedom are released on heating above Tg, probably because the LMMs consist of three
components. As shown in Table IV-6, the sorbitol systems exhibit higher ACp, values than
the corresponding glucose mixtures. Further, the melts with higher carbohydrate content

have a larger change in heat capacity ACpm.

75
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Table IV-6. Glass transition temperature (T,), heat capacity (ACp) and molar heat capacity
changes at Tg (ACpp).

Mixture Tgin °C ACpinJ g' K ACpmin J mol' K!
Glu-U-ChCl1 -27.3 0.672 85
Glu-U-ChCI2 -24.0 0.545 60
Sor-U-ChClI1 -36.6 0.675 86
Sor-U-ChCI2 -34.4 0.635 70

14 Concluding Remarks

In the first part, various ammonium compounds as alternatives to choline chloride were
introduced. These ammonium compounds were mixed with different HBDs. It was revealed
that mixtures containing GA foam upon mixing. Further, the water content increased with
time. This leads to the assumption that the ammonium compound and GA react. Possibly, an
esterification took place since water is produced. Further, L-carnitine is a promising
alternative to ChCl, since most of the mixtures are liquid at 0 °C and L-carnitine is a natural-

derived, non-toxic substance.

New very low-melting mixtures were obtained by mixing ChCl with urea and a carbohydrate
(glucose or sorbitol). Their density measurements show a linear correlation between density
and temperature. The densities of the LMMs containing glucose have higher values than
those containing sorbitol. Further, the mixtures with a higher urea content show increased
densities. The viscosities of the melts are relatively high at room temperature. Viscosities of
the mixtures depending on the chemical nature of the LMM components (type of salt and
molar ratios of the components), on the temperature, and on the water content were
measured. Similar to other known DESs, the viscosity is governed by an extensive hydrogen
bond network between the components, which results in lower mobility of the free species
within the DES and, therefore, a higher viscosity.'® The LMMs were thermally stable up to
175 °C.

Another typical feature of LMMs is the absence of a crystal structure. Upon cooling, the
mixtures stay in a metastable supercooled liquid state down to at least -24.0 °C. At lower

temperatures they undergo a glass transition.
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2. COSMO-RS Calculations of Deep Eutectic Solvents

2.1 Abstract

In this chapter, the influence of the hydrogen bond acceptor (HBA) in deep eutectic solvents
(DESs) is discussed. First, o-profiles, generated by COSMO-RS, were created for DESs
comprising urea and choline halides. From these o-profiles, the strength of interaction
between the hydrogen bond donor (HBD), urea, and hydrogen bond acceptor (HBA), the
halide, can be deduced. The strength of interaction is an indicator for the decline of the
melting point. In a second step, the melting points and eutectic compositions of choline
fluoride (ChF)-urea, choline chloride (ChCl)-urea , choline bromide (ChBr)-urea and choline
iodide (Chl)-urea were calculated. It was discovered that the strongest HBA causes the
largest depression of the melting point. The predictions were confirmed by differential

scanning calorimetry experiments.

2.2 Introduction

COSMO-RS is an abbreviation for eonductor-like screening model for realistic solvation.
This model describes interactions on the basis of surface pieces with the charge . The
developed polarisation charge density of the molecule is reflected in the o-surface. The 3D
information about ¢ on the molecular surface can be converted to a histogram p*(c) which
indicates how much surface can be found in a polarity interval. This histogram is called o-

profile.
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Figure IV-6. o-surface (left) and o-profile (right) of urea. The blue areas mark a HBD, the

red areas a HBA and the green areas a non-polar region.
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2. COSMO-RS Calculations of Deep Eutectic Solvents

The o-regions beyond + 1 e/nm? are considered as strongly polar and potentially hydrogen
bonding and the region around 0 e/nm? as weakly polar or non-polar (Figure IV-6)." % In the
colour coding, HBD regions are labelled as deep blue and HBA regions as deep red on the
surface. Non-polar regions are marked in green. The o-profiles give valuable information
about the behaviour of a substance in the liquid phase. Moreover, properties for binary
mixtures can be deduced from these profiles. Therefore, o-profiles of DESs can be provided
by plotting the profile of a HBD, a cation and an anion serving as HBA i.e. urea, the choline

cation, and the halide anions.

Abbott et al. suggested that the depression of the melting point arises from (i) the lattice
energy of the DES, (ii) the entropy changes caused by the formation of a liquid phase and
(iii) the interaction of the anion and HBD.? Most of the time, the HBD or cation is varied to
tune DESs with respect to their melting point. However, it is also possible to alter the anion,
which serves as the HBA. The fact that the freezing points of DESs, consisting of urea, the
choline cation and an anion, decline in the order F- > NOs;” > CI" > BF4 leads to the

assumption that the depression of the melting point is a matter of hydrogen bond strength.*

Table 1V-7. Freezing temperatures Tr in °C of some choline-derived DESs with different

anions and urea as HBD. All molar ratios of the salt and HBD are 1-2.

Cation Anion HBD Trin °C Ref.
Choline F Urea 1 4
Choline NO5 Urea 4 4
Choline Cr Urea 12 4
Choline BF, Urea 67 N

To gain further insight into the behaviour of DESs, especially concerning hydrogen bond
interactions, COSMO-RS is a useful tool. Since the o-profiles give information about the
hydrogen donor and acceptor abilities of a substance, the profiles of DES comprising urea,
the choline cation and diverse halide anions were created. Further, the eutectic compositions
and melting points of the mixtures were calculated. The results were compared to

experimental data obtained by DSC measurements.
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IV Results and Discussion

2.3 Results and Discussion
2.3.1 o-Profiles

The histogram of urea and various choline halides is shown in Figure IV-7. The o-profile of
urea is plotted in red, the choline cation in blue, the fluorid anion in turquoise, the chloride

anion in black, the bromide anion in yellow and the iodide anion in grey blue.
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Figure IV-7. o-profiles of urea, the choline cation and halide anions from fluoride to iodide.

From the histogram, it can be deduced that the strength of the hydrogen acceptor abilities of
the halide ions increase in the order I' < Br" < CI' < F". The iodide anion is the weakest HBA.
However, the o-profiles presented in Figure IV-7 show that I" is even a better HBA than the
choline cation. With a peak around 1.5 e/nm? urea is a good HBD. Consequently, urea is
more likely to form hydrogen bonds with the halide anions than with the choline cation.
Thus, the structure of the choline salt is destroyed and a DES can be formed. In theory, the
melting points of the deep eutectics comprising urea and choline halides increases in the
order F- < Cl"<Br <T. It can be assumed that the distance between the HBD and HBA is a
measure for the strength of the hydrogen bond. To corroborate this theory, COSMO-RS
calculations of the phase diagrams of urea and choline halides were performed with the

solid-liquid equilibrium (SLE) option.
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2.3.2 Phase Diagrams

Phase diagrams were computed with the SLE option. It calculates the composition at a
certain temperature at which the mixture merges from the solid in the liquid state. The results

are listed in Table IV-8 and depicted in Figure IV-8.

Table 1V-8. SLE temperatures of mixtures comprising urea and a choline halide with

corresponding molar fractions of urea.

ChF ChCl ChBr Chl
Tstein °C x (Urea) | Tseein °C - x (Urea) | Tsiein °C - x (Urea) | Tsiein °C - x (Urea)
132.70 1 132.70 1.00 132.70 1.00 132.70 1.00
120.00 0.95 125.00 0.96 120.00 0.94 120.00 0.94
94.29 0.88 100.00 0.89 100.00 0.88 94.29 0.84
68.57 0.84 75.00 0.83 80.00 0.82 68.57 0.75
42.86 0.80 50.00 0.78 60.00 0.77 42.86 0.68
17.14 0.77 25.00 0.74 40.00 0.73 42.86 0.64
-8.57 0.75 0.00 0.71 20.00 0.69 68.57 0.61
-34.29 0.74 -25.00 0.69 20.00 0.67 94.29 0.57
-60.00 0.72 -50.00 0.67 40.00 0.65 120.00 0.52
-60.00 0.50 -50.00 0.66 60.00 0.63 145.71 0.46
-34.29 0.50 -25.00 0.65 80.00 0.61 171.43 0.39

-8.57 0.49 0.00 0.63 100.00 0.58 197.14 0.31
17.14 0.49 25.00 0.62 120.00 0.55 222.86 0.22
42.86 0.48 50.00 0.60 140.00 0.52 248.57 0.11
68.57 0.47 75.00 0.58 160.00 0.48 274.29 0.00
94.29 0.46 100.00 0.56 180.00 0.44
120.00 0.44 125.00 0.52 200.00 0.38
145.71 0.41 302.00 0.00 220.00 0.33
171.43 0.38 240.00 0.26
197.14 0.33 260.00 0.18
222.86 0.28 280.00 0.09
248.57 0.21 298.00 0.00
274.29 0.11
300.00 0.00

All calculated mixtures show a eutectic composition around a molar ratio of 1-2 choline

halide-urea confirming the theory that two molecules of urea interact with one halide
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anion.* > Concerning the melting point, the calculations verify the trend deduced from the o-
profiles. The melting points of the deep eutectic mixtures decrease in the order
Chl > ChBr > ChCIl > ChF. However, a big gap appears in the phase diagram for the
predicted eutectic composition of ChF-urea depicted in Figure IV-8. Ionic systems are
described the more precisely by COSMO-RS the more charge is delocalized on the ion.>
Therefore, properties of very small ions such as F~ or OH™ can be calculated with lower
accuracy. This could be a reason why no clear result can be drawn from the calculation for
ChF-urea. Nevertheless, more precise predictions were made for ChCl-urea, ChBr-urea and
Chl-urea. The melting points of ChCl-urea, ChBr-urea and Chl-urea were calculated to be

-50.00 °C, 20.00 °C and 42.86 °C, respectively.
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Figure 1V-8. Calculated phase diagrams by COSMO-RS of diverse urea-choline halide

mixtures.

To compare the predictions to experimental data, the melting points of the mixtures were

determined by differential scanning calorimetry (DSC).

84



2. COSMO-RS Calculations of Deep Eutectic Solvents

Table IV-9. Melting temperatures (Tw) of the different choline halide-urea mixtures (molar
ratio 1-2) obtained from DSC with corresponding melting temperatures of the

pure choline halide salts (T') and the calculated SLE temperatures (Tstg).

Mixture Tmin °C T in °C Tsie in °C
ChCl-urea 22.53 £0.05 302 -50
ChBr-urea 41.77 +£0.13 298 20

ChlI-urea 67.28+0.19 273 43

Since no reasonable result for ChF-urea could be obtained, the measurements were only
carried out for ChCl-urea, ChBr-urea and Chl-urea. First, the mixtures were produced by
mixing urea and the halide salt in a molar ratio of 2-1 at 75 °C. The samples were then
measured in a temperature range from -10 °C to 85 °C with a heating rate of 5 °C min™. The
results with corresponding melting points of the pure halide salts and the temperature

calculated by COSMO-RS are presented in Table [V-9.

At first sight, the measured melting temperatures seem to differ significantly from the
predicted ones. However, the trend that strong hydrogen bonds cause a great decrease of the
melting point is confirmed. As discussed in the latter section, the hydrogen bond acceptor
abilities of the anions increase in the order I" < Br” < CI". Therefore, the predicted as well as
the measured values show an increase in melting point in the order I > Br > CI'. This
observation shows that the strength of interaction between the HBD and HBA is a significant

factor for the formation of a DES and the depression of its melting point.

As mentioned before, the properties of small, highly charged ions can only be calculated
with low accuracy.” The temperatures for the eutectic mixtures calculated by the SLE option
show this effect. The precision decreases with decreasing ion size. Therefore, the predicted
results for ChBr-urea and Chl-urea are closer to the experimental data than ChF-urea and

ChCl-urea.

2.4 Concluding Remarks

It this chapter, it was shown that o-profiles, generated by COSMO-RS, give valuable
information about the formation and strength of hydrogen bonds between two species. This
feature is very useful for the prediction of DESs, since, the depression of the melting point is
derived from the interactions between the HBD and HBA. DESs, comprising urea and

different choline halides, were compared by means of their o-profiles. From these profiles it
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can be deduced that the strength of interaction between urea and the anions increases from
iodide to fluoride. Therefore, the melting points of the mixtures should decrease vice versa.
To proof this hypothesis, the solid-liquid equilibrium (SLE) of the mixtures was computed.
The results revealed that the eutectic composition emerges at a molar ratio of ChX-urea 1-2
which is consistent with the literature.* > Further, the calculated melting temperatures exhibit
the same trend predicted from the o-profiles. However, no reasonable results were obtained
for the mixture ChF-urea. Since fluoride is a very small and highly charged anion, no
accurate calculation could be made using COSMO-RS.? All other mixtures, namely
ChCl-urea, ChBr-urea and Chl-urea, follow the trend suggested by the o-profiles. To verify
the accuracy of the calculations, DSC measurements were performed for the eutectic
compositions. It was revealed that the experimental melting points are consistent with the
trend predicted by the o-profiles and SLE calculations. However, it was not possible to
predict precisely the actual melting points and only a tendency can be drawn from the
calculations. A reason for that could be the fact that DESs are not only dependent on
hydrogen bonds but also on lattice energies and entropic effects.’* To conclude, COSMO-RS
is a useful tool for the prediction of DESs via o-profiles and the SLE option. Especially the
o-profiles provide further insight into the interactions between HBD and HBA.
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3. Eco-Friendly Synthesis of Caffeic Acid Phenethyl

Ester Using Deep Eutectic Solvents

3.1 Abstract

In this chapter a new strategy towards the synthesis of caffeic acid phenethyl ester is
introduced. The reaction is carried out in a deep eutectic solvent which consists of caffeic
acid and choline chloride. Caffeic acid is used as part of the solvent and as reactant.
Phenethyl alcohol is soluble in this mixture in every molar ratio, and as a consequence no
additional solvent is necessary. At first, enzymes were incorporated in the reaction mixture.
However, the enzymatic reaction was not efficient. Therefore, an acid-catalyzed
esterification was performed in the deep eutectic solvent. Reaction conditions were
optimised with respect to the molar ratio of phenethyl alcohol and caffeic acid, and by
varying the amount and nature of the acid catalyst as well as the reaction time. The obtained
caffeic acid phenethyl ester could easily be separated from the reaction mixture by simply
adding water to destroy the deep eutectic by solubilisation of choline chloride in the aqueous

phase.

3.2 Introduction

Caffeic acid phenethyl ester (CAPE) has become an interesting molecule since it shows
favourable pharmacological and biological properties, such as antimicrobial effects, anti-
inflammatory or anticancer and immune modulatory activities.'® Further, CAPE is an active
flavonoid which plays an important role in the antioxidant activity of propolis.' However, the
isolation of CAPE from honeybee propolis is time-consuming and suffers from impurities.’
Moreover, there are some disadvantages concerning the synthesis of CAPE since hazardous
and deleterious chemical reagents are being used.* > *!" To overcome these drawbacks, new
synthetic approaches have to be investigated. For example, Ho Ha et al. prepared CAPE via
an enzyme catalysed reaction which was carried out in an ionic liquid (IL)."> ' ILs are salts
which show melting points below 100 °C and are used in a wide range of applications. In
organic synthesis they are employed as reaction media as an alternative to classic organic

solvents.'

However, a lot of ILs are toxic and harmful to the environment. Further, their synthesis and
purification is often expensive and time-consuming.'* '® A good alternative to ILs are deep

eutectic solvents (DESs). Recently, Durand et al. performed lipase-catalysed reactions in
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IV Results and Discussion

DESs.'”?° So it is tempting to combine the enzymatic reaction of CAPE with a DESs. For
that reason, an enzymatic approach and an acid-catalysed esterification were chosen for the
synthesis of CAPE. The reaction of the acid-catalysed esterification is shown in Scheme
IV-1. A DES, comprising choline chloride (ChCl) and caffeic acid (CA), which was first
reported by Maugeri et al., was employed as the reaction medium.>' Additionally, mixtures
comprising ethylammonium chloride (EAC) and CA were tested for lipase-catalysed
reactions. It is advantageous that CA can be used as part of the solvent and as reactant. The
formation of a DES is mandatory, because CA is nearly insoluble in the second reactant
phenethyl alcohol (PA). However, by generating a DES in advance the solubility properties
of CA are changed and the ChCIl-CA (molar ratio 2-1) mixture becomes miscible with PA in
every composition. For comparison, solubility tests showed that no CA is soluble in PA at
room temperature and only 2.6 wt% of CA are soluble in PA at 50 °C. By using a DES the
utilization of an additional solvent is avoided. The non-toxic and biodegradable medium

guarantees a procedure which follows the 12 principles of green chemistry.?

OH
- + H*, AT HO X
. o

N+\/\
g OH HO

N
Deep eutectic solvent

Scheme IV-1. Reaction scheme of the esterification to synthesise caffeic acid phenethyl

ester.

33 Preparation of the Deep Eutectic Solvents and Reaction Mixtures

In order to form a DES, ChCl and CA were mixed in a molar ratio of 2-1 under a nitrogen
atmosphere and sealed to protect the samples from moisture. EAC-CA was used in various
compositions. The vials were heated to 90 °C and stirred until a homogeneous liquid was
formed. Subsequently, the temperature was reduced to 80 °C and PA was injected (Figure
IV-9). To start the enzymatic reaction, the enzyme and small amounts of water were added
and the reaction mixtures stirred for 2 days at 40 to 60 °C, depending on the nature of the
enzyme. The esterification was started by adding the acid catalyst and stirring the samples at
80 °C. All samples were covered with aluminium foil to prevent degradation by light. The

progress of the reaction was analysed by HPLC analysis.
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Figure IV-9 Samples with different amounts of PA before the addition of enzyme or acid.

34 Results and Discussion
3.4.1 Rheological Behaviour of the Reaction Mixtures

The temperature dependant rheological behaviour was tested for different mass ratios of
DES (ChCI-CA (2-1))-PA, since high viscosities can decrease the reaction rate in case of
diffusion-controlled chemical reactions. The results are depicted in Figure IV-10. The

measurements were carried out according to the procedure described in III 2.8.
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Figure IV-10. Logarithmic plot of different viscosities of different compositions of DES-PA

as a function of temperature. Viscosities were measured in Pa-s.
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The viscosities were measured in a temperature range from 25 °C to 75 °C. All mixtures
behaved like Newtonian fluids. The viscosities decreased with increasing temperature. As
expected, the viscosities decreased with increasing content of PA as can be seen in Table
IV-10. For example, at 25 °C, the viscosity of a mass ratio of DES-PA 1-9 was determined to
be 8.49 mPa-s whereas a mixture of DES-PA 7-3 showed a viscosity of 3105 mPa-s. The
high viscosity of the mixtures is caused by the high content of DES. Its rheological
behaviour may be attributed to electrostatic and van der Waals interactions or a small void
volume.” However, it was not possible to measure the viscosity of the pure DES, as it is

solid up to 67 °C.?!

Table IV-10. Temperature-dependant viscosities of different compositions of DES-PA.

Viscosities are given in mPa-s.

l\ga];;_rgzo nat25°C  nat35°C  nat45°C  nat55°C  nat65°C 1 at 75°C
1-9 8.49 5.94 431 2.64 2.82 2.49
2-8 19.1 11.7 7.54 4.82 3.24 2.71
3-7 49.1 25.7 15.4 9.69 6.69 5.43
4-6 93.6 47.5 26 16.0 10.8 7.83
5.5 206 98.8 47.6 27.2 17.5 12.7
6-4 443 168 85.3 493 313 23.5
7-3 3105 1204 448 248 ; 80.7
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3.4.2 Lipase-Catalysed Reactions

To synthesise CAPE, lipase-catalysed reactions were performed. Different eutectic and low-
melting mixtures and various enzymes were tested. The reaction conditions were varied with
respect to water content, amount and type of enzyme, and pH. As reaction media EAC-CA

and ChCI-CA, respectively, were employed.

In Table IV-11, different compositions are listed for reaction mixtures containing EAC and
CA catalysed by Novozym 435. In all mixtures, if not stated otherwise, the amount of DES
or LMM was 1.9 g, the amount of PA 3 g and the amount of water 0.5 g. The experiments

were performed at 60 °C with a reaction time of 2 d.

Table IV-11. Enzymatic reactions catalysed by Novozym 435 in EAC-CA.

Molar ratio m (Novozym 435)  Conversion rate

EAC-CA in mg in % Remarks
2-1% 100 0.63
3-1° 100 0.50
4-1% 104 0.29
2-1° 80 1.95
1-1° 82 2.84
1-2° 80 2.51
3-1° 80 1.45
2-1° 81 1.55 No water added
2-1° 80 2.73 0.2 g glacial acetic acid added
2-1° 80 1.56 0.2 g sodium hydroxide added
2-1° 80 1.54 0.3 g water added
2-1° 199 - 0.2 g glacial acetic acid added
2-1° 200 -
2-1° 200 - 1g PA + 0.2 g acetic acid added
2-1° 199 - 0.2 g sulphuric acid added
2-1° 0 - No enzyme added
2-1° 80 - No water added
2-1° 80 - No water added/molecular sieve
2-1° 0 - No water added
2-1° 0 - No water added/molecular sieve

*ungrinded Novozym 435, *grinded Novozym 435
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The conversion rate, ranging between 0 and 2.8%, turned out to be very poor. The variations
have no significant influence on the outcome. Durand et a/. suggested that the grinding of the
immobilised enzyme increases the conversion rate.'® In the presented experiments, this effect

could not be confirmed.

Further, mixtures comprising ChCl and CA were tested. The amount of DES was 2 g and
had a molar ratio of ChCI-CA of 2-1. The reaction mixtures were stirred for two days at
60 °C. Additionally, the influence of a molecular sieve with a diameter of 3 A and the
addition of glacetic acetic acid was examined. The different experiments are summarised in

Table IV-12. No conversion was observed by HPLC measurements.

Table IV-12. Reaction mixtures with different amounts of PA, water and enzyme.

m(PA)ing m(HxO)ing m (Novozym 435) in mg Remarks
16 1.3 45
12.1 1.4 41
16.4 1.3 73
11.9 0.5 80
3.0 0.5 71
3.0 0.5 0
3.0 0.5 200 0.2 g glacetic acetic acid added
3.0 0.5 200
3.0 0.5 0 0.2 g glacetic acetic acid added
0.67 0 80 molecular sieve added
0.67 0 79
0.67 0 0 molecular sieve added
0.67 0

In another set of experiments, different types of lipases were tested in a mixture of ChCI-CA
(molar ratio 2-1). The experiments were carried out at 40 °C and the reaction time was 2 d.
The type and amount of lipases as well as the added quantity of water are listed in Table
IV-13. For all experiments, 2 g of DES and 3 g of PA were used. HPLC analysis showed that
CAPE could not be obtained during the process.
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Table IV-13. Various lipases tested for the enzyme catalysed reaction between CA and PA to

CAPE.
Lipase m (enzyme) in mg m (HO0)in g
Rhizopus niveus 100 0.50
Rhizopus arrhizus 99 0.50
Mucor miehei 52 0.50
Hog pancreas 99 0.66
Pseudomonas cepacia 71 0.50
Aspergillus niger 41 0.64
Candida cylindracea 199 0.65
3.4.3 Acid-Catalysed Esterification

Since a lipase-catalysed reaction was not successful, acid-catalysed reactions were carried
out. The preparation of the reaction mixtures consisting of DES (ChCI-CA), PA, and an acid
catalyst is described in section IV 3.3. The set of reaction conditions was optimised with
respect to the content of PA and CA, and by varying the amount and nature of the acid

catalyst, as well as the reaction time.
3.4.3.1 Variation of the Content of Phenethyl Alcohol

HPLC measurements revealed that no CAPE is formed by mixing the DES and PA under
heating. Therefore, the idea occurred to add an acid catalyst. First, sulphuric acid and

p-toluenesulfonic acid were tested.

Table 1V-14. Content of PA in wt% in the reaction mixture with corresponding molar

conversions from CA to CAPE. The reactions were carried out over night at

80 °C.
p-Toluenesulfonic acid as catalyst Sulphuric acid as catalyst
Content of PA Molar conversion of CA to | Content of PA  Molar conversion of CA to
in wt% CAPE in % in wt% CAPE in %
26.3 17.2 20.5 6.2
38.8 31.8 38.4 14.9
52.5 48.3 53.7 442
77.8 70.4 61.7 65.0
80.2 74.5 79.7 67.1
83.8 67.8 83.6 56.4
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The reaction was carried out overnight at 80 °C. The results indicate a decent conversion
rate, but seem to be dependent on the amount of PA used. For that reason, the amount of PA
was varied. The results are summarised in Table IV-14. The highest conversion rate of CA to
CAPE (74.5%) was accomplished for 80.2 wt% PA. p-Toluenesulfonic acid was used as
catalyst. Experiments with sulphuric acid as catalyst showed similar results (conversion rate

of 67.1% and a content of 79.1% of PA).
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Figure IV-11. Molar conversion rate of CA to CAPE in % as a function of molar ratio of
PA-CA. Right diagram: Reaction was catalysed by p-toluenesulfonic acid. Left

diagram: Reaction was catalysed by sulphuric acid.

Additionally, in Figure IV-11 the conversion rate as a function of molar ratio of PA-CA is
depicted. The highest conversion was obtained for a molar ratio of 15.8-1 PA-CA with
p-toluenesulfonic acid as catalyst. For sulphuric acid as catalyst a molar ratio of 14.7-1 of
PA-CA was most efficient. These results indicate that an excess of PA is required for a
yielding conversion. The latter was also confirmed by other approaches.'*** Another reason
for the better conversion with higher PA content might be the reduced viscosity which

facilitates diffusion.
3.4.3.2 Variation of the Acid Catalyst

In a second set of experiments, other acid catalysts were tested. First, carboxylic acids such
as oxalic acid, malonic acid, and acetic acid were introduced. However, the molar conversion
rates were low. The highest conversion rate, 12.9%, was achieved for oxalic acid. Further,

the catalytic power of two solid acids, Amberlyst 15 and Amberlite IR-120, was investigated
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in order to perform the reaction in a more eco-friendly way. They have the great advantage
of being environmentally benign and can be easily removed from the reaction mixture by
filtration.”> 2° Both catalysts were tested with a molar ratio of 15.8-1 PA-CA. HPLC analysis
showed a molar conversion rate of 72% for Amberlyst 15 and 65% for Amberlite IR-120.
Due to these results, we decided to use Amberlyst 15 for further experiments (see Figure

IV-12 for structure).

CH3 —(CHCH)i—

SO3zH SOzH
Figure IV-12. Chemical structures of p-toluenesulfonic acid (left) and Amberlyt 15 (right).

Amberlyst 15 is a macro reticular polystyrene based ion exchange resin with acidic sulfonic
groups which can be used for several acidic catalysed reactions.”” Its easy removal from the
reaction mixture, the uncomplicated use and regeneration afterwards are further

advantages.”> %’
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Figure IV-13. Molar conversion of CA to CAPE as a function of Amberlyst 15 in wt%. The
molar ratio of CA, ChCl and PA was kept constant.

In another set of experiments, the amount of Amberlyst 15 was optimized. The results can be

seen in Figure IV-13. The results elucidate that the conversion of CAPE is most efficient
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using 7.9 wt% of Amberlyst 15. All reactions were performed overnight at 80 °C and the

molar conversion was determined by HPLC according to II1 2.5.
3.4.3.3 Kinetic Study of the Reaction Time

In order to further improve the reaction conditions, the kinetic behaviour of the reaction was
studied. The amount of CAPE in the reaction mixture was quantified after 4, 8, 14, and 26
hours of reaction. One set of experiments was performed for 8 wt% of Amberlyst 15, the

other with 13 wt% of Amberlyst 15.
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Figure 1V-14. Molar conversion of CA to CAPE as a function of time. The ratio of CA,
ChCl, PA was kept constant. The amount of Amberlyst 15 was 8 wt%.

A reaction time of 14 h turned out to be the most efficient with a molar conversion of 76.3%
for mixtures containing 8 wt% Amberlyst 15. The reaction mixture comprising 13 wt%
exhibits the highest molar conversion of 76.6% after 8h. The results are depicted in Figure
IV-14 and Figure [V-15. In both cases, the conversion rate decreases as a function of time. A
possible reason could be the degradation of CAPE by heat or acidity. The molar conversions

were determined by HPLC analysis described in section I112.5.
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Figure IV-15. Molar conversion of CA to CAPE as a function of time. The ratio of CA,
ChCl, PA was kept constant. The amount of Amberlyst 15 was 13 wt%.

3.4.4 Isolation of Caffeic Acid Phenethyl Ester

Another important point is the isolation of the product. Usually, toxic and volatile solvents
are required.*'" However, in this case, after the elimination of the catalyst by filtration,
CAPE was isolated using only water. Since PA is only slightly soluble in water at 20°C, the
reaction mixture was poured into hot water. In this step, ChCl was removed from the
reaction mixture, since it is highly soluble in water. Upon cooling to room temperature,
CAPE precipitated and was collected by filtration. The product was identified via '"H NMR

spectroscopy.

3.5 Concluding Remarks

Rheological measurements of the reaction mixtures showed that the viscosity is dependent
on the ratio of DES-PA and the temperature. As a consequence, the viscosity can be tuned

for the application.

Further, the enzymatic esterification of CA and PA catalysed by different lipases, but mainly
by Novozym 435, was investigated. As reaction media, mixtures of EAC-CA and ChCI-CA,
respectively, were tested. A reaction between CA and PA catalysed by Novozym 435 was
already reported to work in ILs."> HPLC analysis of the performed reactions revealed that

almost no CAPE was formed. Reasons for this observation might be the denaturation of the
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enzymes by the salty and acidic DES or a low reactivity of CA due to a strong hydrogen

bond network.?® Also consecutive reactions of CAPE could be responsible for the low yield.

However, a new, eco-friendly approach towards the synthesis of CAPE was demonstrated by
the acid-catalysed esterification. The insolubility of CA in PA was overcome by the
formation of a DES. Therefore, no additional solvent was required. The DES consisted of
CA and ChCl. Thereby, CA acts as part of the DES as well as reactant. ChCl is a
biodegradable and non-toxic substance. Furthermore, Amberlyst 15 was employed as an
acidic catalyst, since this resin can be recycled and easily removed from the reaction
mixture. The reaction conditions were optimised and a molar conversion up to 76.6 % was
achieved. The product was isolated by using hot water. These properties are in good
accordance with the 12 principles of green chemistry.”” Moreover, a new spectrum of
application is disclosed for DESs, since a significant number of DESs can be imagined

enabling various synthetic approaches without solvents.?+2%!
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4. Towards Surfactantless and Waterless

Microemulsions

4.1 Abstract

Recently, the presence of nano-clusters was shown in the monophasic region of ternary
liquid mixtures without surfactants. The nano-cluster containing mixtures had similarities to
classical microemulsions. Well-defined time-correlation functions were observed even far
away from the demixion boundary for the systems water/ethanol/oil, where the oil was
1-octanol, fragrance molecules, or mosquito repellents. In this work, we show that the same
structural description was obtained for surfactantless and waterless green microemulsions,
using deep eutectic solvents instead of water. These results were deduced from dynamic light

scattering as well as small-angle x-ray scattering for various compositions.

4.2 Introduction

Microemulsions are macroscopically homogeneous liquids comprising a polar and a non-
polar constituent. A surfactant and, usually, a cosurfactant are necessary to obtain these
translucid and thermodynamically stable solutions.'* According to Winsor, microemulsions
can be either a one-phase system (Winsor IV) or part of a multi-phase system as Winsor I, II,
or III when it is in equilibrium with the oil phase, the aqueous phase or both phases,
respectively. The type of the microemulsion is dependent on the composition. A
microemulsion can be of three different types: water-in-oil, bicontinuous, or oil-in-water.
The surfactant and cosurfactant form an interfacial film between the aqueous and oil phases.’
Microemulsions have been proven useful, particularly in the field of enhanced oil recovery,’

13-15

but also in cosmetic,”'® food,'" > and pharmaceutical industry'*'"* as well as cleaning

agents.” '

Mostly, the polar phase in microemulsions is an aqueous phase. However, this is not
essential for the formulation of microemulsions. In literature, many publications deal with
waterless microemulsions and their interesting properties. The pioneers in this field were
Lattes et al. They replaced water by formamide in a system containing cyclohexane as oil
and butanol as cosurfactant and studied the influence of two different surfactants.'” They
published several papers using formamide as a highly structured solvent and utilised the
resulting non-aqueous microemulsion, for example, as reaction medium to perform Diels-

Alder reactions.'®?® Another approach was made by Harrar ef al. They studied non-aqueous
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microemulsions containing an ionic liquid (IL), [Emim][EtSO4], the oil limonene and Triton
X-114 as surfactant.”' It was observed that a large thermal stability down to -35 °C can be
achieved using high amounts of the IL. This phenomenon paves the way for applications
such as extraction processes or reaction media for water-sensible reactions. Concerning
perfumes, the effect of humidity on evaporation from aqueous and non-aqueous
microemulsions containing perfume was investigated by Hamdan et al. They discovered that
the weight loss is greater at lower humidity for both systems, but is higher for the aqueous
system.”” Further, other waterless microemulsions were studied like the system ethylene
glycol/sodium dodecyl sulfate (SDS)/decanol/toluene by Friberg et al., who found a critical
point®. Also a system comprising dimethylacetamide (DMA)/sodium di-(2-ethylhexyl)
sulfosuccinate (AOT)/octane was examined by Cai et al. In this study, the critical behaviour
of the non-aqueous microemulsion was investigated.* Peyrelasse et al. did also a
quantitative determination of the percolation threshold in waterless microemulsions.”> They
showed that a model for microemulsion could be successfully applied for non-aqueous
microemulsions. The self-assembly of amphiphiles in the absence of water, the capability of
reverse micelles to encapsulate non-aqueous polar organic solvents, the use of ILs or, the

possibility to employ non-aqueous reverse micelles as nano-reactors are examples of current

research topics on waterless microemulsions.?®

Recently, new approaches towards waterless and surfactantless microemulsions were
performed. A good starting point is the Ouzo effect. As it is well known, the necessary
condition for the Ouzo effect is the rapid addition of water, or any other solvent, to a highly
or entirely miscible second solvent (e.g. ethanol) and a third component that is highly soluble
in the second solvent, but not in the first one (e.g. anethole or octanol). While studying the
Ouzo effect, it was discovered that nano-structures were present in the single-phase region,
near the demixion boundary. This phenomenon was called “pre-Ouzo effect” and was

discovered by Klossek et al.*

The presence of these nano-structures was also observed using
dynamic and static light scattering in surfactantless microemulsions containing various types
of hydrophobic liquids, i.e. in the ternary mixtures water/benzyl alcohol/ethanol, or with
ethyl lactate or y-valerolactone.”’ To gain more knowledge about the molecular-level shape
and the structure of these aggregates, molecular dynamics simulations were carried out with
the system water/ethanol/octanol.?® Swollen micelles-like aggregates were observed in the
pre-Ouzo region. Diat et al. discovered that the single-phase in the pre-Ouzo region consists

of two distinct nanoscopic pseudo-phases, one octanol-rich and one water-rich. These results
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were obtained by combining small-angle neutron scattering with small- and wide-angle x-ray
scattering.”’ The ethanol molecules were distributed between octanol-rich nano-domains and
a water pseudo-phase with a slight accumulation at the interface and an exponential decay
concentration on the water side. The distribution coefficient of ethanol between the two
pseudo-phases was calculated. Thereby, the existence of fatty alcohol-rich domains of well-

defined size in the order of 2 nm was proven.

Numerous surfactantless microemulsion formulations on the market present this nano-
clustering. For example, such a nano-structuring may have an impact on the behaviour of
mosquito repellents on the skin, or their diffusion into the upper skin layers.*® In perfume or
tinctures, Marcus et al. observed a nano-structuration in the pre-Ouzo region with four
different perfumery molecules. From model formulations nano-droplets can be predicted in
Eau de Toilette and Eau de Parfum. They can possibly appear in perfumes in presence of
very hydrophobic fragrance molecules.’' Tchakalova et al. showed that the evaporation rate
was following the volatility in such ternary solutions. They observed a strong evaporation of
ethanol in the pre-Ouzo region, used in fresheners, while there is a noticeable auto-
encapsulation of the fragrance when spontaneous emulsification is produced and the bulk
water evaporates. Hence, pre-Ouzo formation with aggregates must be distinguished from
critical fluctuations. In the case of pre-Ouzo long living aggregates, evaporation follows a
non-linear path with a turn-over as an embedded eutectic occurs.*> Surfactantless
microemulsions also showed the possibility to dissolve hydrophobic compounds, such as
ibuprofen, in the presence of large amounts of water in the pressurized system

water/acetone/CQO,.>

Concerning the possible existence of surfactantless and waterless microemulsions, we can
mention organic blends of biodiesel and diesel with ethanol and various additives, used as
fuel. Biodiesel, a blend of fatty acid alkyl esters, is industrially produced by
transesterification. The latter is a reaction of vegetable oils or a fat with an alcohol and yields
fatty acid esters and glycerol. The exact knowledge of the phase equilibrium is essential for
the optimization of the biodiesel production and purification. Liquid-liquid equilibria for the
glycerol/ethanol/biodiesels systems were therefore studied, where biodiesels came from
canola oil, cottonseed oil, soybean oil, coconut oil and sunflower o0il.**** The term
“microemulsion” is never used in the related papers, as no connection between these
solutions and surfactantless waterless microemulsions was made. Recently, Arpornpong et

al. reported the possible existence of nano-droplets in such blends by investigating the
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effects of co-solvent saturation and unsaturation on the phase behaviour and on the viscosity

of a biofuel.*

The question of the existence of nano-droplets in waterless and surfactantless
microemulsion is set. It can be noted that Silva et al. also observed nanostructures in
mixtures of ethanol and diesel oil (or synthetic diesel) in presence of additives, also inferred
from dynamic light scattering data.*” However, the technique used in these two last studies is
not enough to postulate the presence of a microemulsion, as critical molecular fluctuations

may occur and give a signal in dynamic light scattering similar to those arising from

fluctuating nano-droplets.

In this chapter, green surfactantless and waterless microemulsions are formulated and
characterised. Water was replaced with two different deep eutectic solvents (DESs), i.e.
choline chloride-ethylene glycol (1-4) (DES1) and choline chloride-urea (1-2) (DES2). At
first, a phase diagram comprising DES1, a mixture of tetrahydro furfuryl alcohol (THFA)-
Brij 30 (€ = 2-1), and diethyl adipate (DEA) as non-polar phase was performed. Further,
surfactantless and waterless systems containing DES/THFA/DEA were investigated. DESs
have considerable advantages compared to classical ILs. They are easy to produce, non-
volatile, biodegradable and have low cost.**® Further, THFA stems from wood chemistry

and is also biodegradable*. Diethyl adipate is also of very low toxicity.*’

The domains of existence of the single clear and homogeneous phase were established for
each system using ternary phase diagrams. Dynamic light scattering (DLS), as well as small-

angle X-ray scattering (SAXS) were carried out to characterize the nano-domains.
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4.3 Results and Discussion
4.3.1 Ternary Phase Diagrams

At first, a waterless phase diagram comprising DES1/THFA-Brij 30 (€ = 2-1)/DEA was
recorded. It is presented in Figure IV-16.

Figure 1V-16. Pseudo-ternary phase diagram of a waterless DES1/THFA-Brij 30 (£ = 2-
1)/DEA system at 25°C. The white area marks the single phase domain and the

grey the multiphasic region.

The phase diagram shows a monophasic, clear domain. To find out if also a single-phase

region is present in a surfactantless system, a phase diagram without Brij 30 was performed.

Figure IV-17 presents the phase diagrams obtained for the two waterless and surfactantless
systems. A common trend can be observed, as a single, clear and homogeneous phase and a

multiphasic domain is obtained in each case.

The larger single translucid is found for the system DES1/THFA/DEA (Figure IV-17 a)). It
can be noted that these systems fulfil the conditions needed to observe the Ouzo effect: a
solvent A (DES) is added to a second solvent B (THFA), which is highly soluble or entirely
miscible with solvent A, and a third component (DEA), which is highly soluble in solvent B,

but not in solvent A. Dynamic and static light scattering measurements were carried out to
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investigate the presence of possible nano-clustering in these surfactantless and waterless

systems in analogy to the water containing solutions.

0.0 02 0.4 0.6 0.8 10 0.0 02 04 0.6 0.8 1.0
DEA DEA

Figure IV-17. Pseudo-ternary phase diagrams of surfactantless and waterless systems
a) DES1/THFA/DEA and b) DES2/THFA/DEA at 25 °C. The white area marks

the single phase domain and the grey the multiphasic region.
4.3.2 Dynamic Light Scattering

Dynamic light scattering (DLS) measurements were carried out following path a for the
system DES1/THFA/DEA and path b for the system DES2/THFA/DEA. Path a and b are
denoted in Figure I[V-17.
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Figure IV-18. Time-dependent self-correlation functions as obtained from DLS measurement
for the systems DESI/THFA/DEA (left) along path a and DES2/THFA/DEA
(right) along path b at 25 °C.
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The amount of DEA was kept constant on both paths and the amount of THFA was
progressively increased. The correlation functions are well-defined near the demixion
boundary and decreased gradually with an increasing amount of THFA (Figure IV-18). It
can be observed that we cannot measure a time-correlation function at the end of path a, as

the correlation coefficient for points EG5 and EG6 is almost equal to zero.
4.3.3 Small Angle X-Ray Scattering

SAXS measurements were carried out along path a for the system involving DES1 and path
b for the system with DES2. The absolute intensity of the sample is directly proportional to
the square of the electron density difference between both pseudo-phases (the DES-rich and
the oil-rich ones), called the scattering contrast. The latter can be assessed when structures
composed of two phases with different electron densities are present in the solution.
Logically, the scattering contrast cannot be characterized if there are no structures in the

solution.

As can be seen in Figure IV-19, the behavior in the variation of excess of scattering at low g-

value in the SAXS spectra are in good accordance with those observed using DLS.

Q) / emr!
e/ enr!

QA : Qs A

Figure IV-19. SAXS measurements on a log log scale and in absolute units for the system

DES2/THFA/DEA (left) and DES2/THFA/DEA (right).

High intensities were also observed for samples EG1 and Ul which indicates that nano-
structures are present at the beginning of path a and b, near the demixion boundary. With
increasing distances from the demixion boundary, these nano-droplets became smaller and

finally disappeared in favour of true molecular solutions.
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Figure IV-20. Correlation lengths in A obtained from the Ornstein-Zernike fits versus the

mass fraction of the DESs.

The characteristic length decreased from 45 A for EG1 to 12 A for EG4, and from 19 A for
Ul to 5 A for U3 (see Figure IV-20, respectively the curves with crosses and open circles).
Along path a and b for the systems containing DES1 and DES2, the characteristic length is
more important for DES1 near the demixion boundary. This may be explained by the size of

the EG molecule which is larger than urea molecules. EG may form larger clusters.

SAXS experiments proof and confirm the existence of a nano-clustering near the demixion
boundary for these types of system, in the pre-Ouzo zone. This nano-structuration is less and

less pronounced when the composition is farther away from the demixion boundary.

4.4 Concluding Remarks

In this chapter, the presence of nano-structuration in the pre-Ouzo region for waterless and
surfactantless green microemulsions was investigated. The two investigated systems
containing DES/THFA/DEA meet the requirements of the Ouzo effect in the biphasic zone
and present similar phase diagrams. DLS as well as SAXS experiments were carried out in
the pre-Ouzo region. Well-defined time-correlation functions appeared in the pre-Ouzo
region and even far from the demixion boundary. These results combined with the SAXS

measurements show the presence of spatial fluctuations. These fluctuations are independent
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of molecular critical fluctuations which can appear near a critical point. By the way, this is

also the first time that microemulsions were formulated using DES instead of water.

The obtained results confirm previous studies where such fluctuations were observed in
aqueous systems also fulfilling all the required conditions for the Ouzo effect.”® **3' The
results aim at proofing that the pre-Ouzo effect is general and independent of the presence of
water. However, it cannot be excluded that this general behavior, i.e. the presence of a nano-
clustering in the pre-Ouzo region, may depend on the presence of hydrogen bonds between
the molecules. These bonds were present in all the investigated systems and hence, further

studies are now necessary to check this point.
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V Summary

This thesis focuses on the properties, development and application of deep eutectic solvents

(DESs) and low-melting mixtures (LMMs). The work is divided into four chapters.

e New low-melting mixtures

e COSMO-RS calculations of deep eutectic solvents

e Eco-friendly synthesis of caffeic acid phenethyl ester using deep eutectic solvents

e Towards surfactantless and waterless microemulsions

In the first chapter, new low-melting mixtures, novel binary and ternary DESs and LMMs
are introduced. Mainly carnitine and betaine compounds were used amongst others. These
ammonium compounds serve as alternative to choline, which is mostly used in DESs. The
state of matter of the mixtures was determined at 80 °C, room temperature and 0 °C. It was
discovered that mixtures containing glycolic acid have a time-dependent increase in water
content. This leads to the assumption that glycolic acid might react with the ammonium
compound. L-Carnitine showed good results, since mixtures with urea and malonic acid,
respectively, were liquid at 0 °C. L-Carnitine is naturally produced by the human body,
biodegradable and non-toxic. Therefore, it is a promising substance for the utilisation in

DESs and LMMs.

Furthermore, sugar-based LMMs comprising choline chloride (ChCl), urea as well as
glucose (Glu) and sorbitol (Sor), respectively, with varying molar ratios are presented.
Decomposition temperatures, glass transition temperatures as well as refractive indices,
densities, viscosities and the influence of the water content on the viscosity of the DES were
investigated. It was revealed that the glass transition temperature can be reduced to -36.6 °C.
This is a large decrease, since the binary mixture consisting of ChCl and urea with a molar
ratio of 1-2 has a melting point of 12 °C." However, the water free sugar-based mixtures
have a rather high viscosity at room temperature, which limits their applicability. With a

water content of 7.8 wt% the viscosity of ChCl-urea-Glu (1-1-1) drops by a factor of 50.

To conclude, it was shown that DESs and LMMs can be tuned by varying the hydrogen bond
donor (HBD) and hydrogen bond acceptor (HBA). Also the addition of a third component

can reduce the melting point. Thereby, the choice of the additional substance and the
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composition is an important issue. Further, the properties are dependent on the water content.
With this knowledge, a whole new class of LMMs can be created and tailored for the desired
application. Another important advantage of sugar-based LMMs is their biodegradability and

non-toxicity. For that reason, eco-friendly chemistry can be carried out.

In the second chapter, different DESs were calculated with the conductor-like screening
model for realistic solvation (COSMO-RS). COSMO-RS is capable to predict HBD and
HBA abilities of molecules. Since DESs are partly formed by hydrogen bonding, COSMO-
RS is an important tool for their evaluation. The HBD and HBA abilities of a molecule are
visualised in so-called o-surfaces and plotted in the corresponding o-profiles. From these
profiles, a first hint towards the formation of a DESs can be deduced. In a set of experiments,
DESs consisting of urea and different choline halides (CHX) were tested. The o-profiles of
the different molecules and ions show that urea is a HBD, whereas fluoride, chloride,
bromide and iodide are HBAs. The strength of the HBA decreases in the order
F > CI'> Br >TI. Concerning DESs, it was discovered that the stronger the hydrogen bond,
the stronger the depression of the melting point." > Therefore, according to the o-profiles and
with respect to the halide ions, the depression of the melting point must increase in the order
I'<Br < CI' < F". To corroborate this hypothesis, phase diagrams of the melting temperature
as a function of molar ratio were calculated for the ChX-urea mixtures. The calculations
were performed with the solid-liquid equilibrium (SLE) option. It computes a range of
mixtures between the components and searches for possible concentrations of solidification.
The obtained phase diagrams confirm the prediction of the o-profiles. The melting points of
the mixtures decrease in the order Chl-urea > ChBr-urea > ChCl-urea. All mixtures showed
a eutectic molar ratio of 2-1. Since the predictions for CHF-urea were not very accurate, the
phase diagram was not taken into account. The fluoride anion is a very small highly charged
anion. This might be a reason for the less precise calculation.” Moreover, differential
scanning calorimetry (DSC) was performed to compare the computed values to experimental
results. Although the measured results differ from the predictions, the trend could be

confirmed.

COSMO-RS is a useful tool for the prediction of DESs. By evaluating the o-profiles, a first
qualitative conclusion can be made. They give insight into the interactions between the HBD
and the HBA. Nevertheless, the results of the SLE calculations indicate only a trend. A
reason for that might be the small ion size of some halide ions as well as the fact that DESs

are not only dependent on hydrogen bonds.*
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Among other applications, DESs serve as media for chemical reactions. Chapter IV 3
focuses on the utilisation of a DESs for the synthesis of caffeic acid phenethyl ester (CAPE).
CAPE is one of the most active compounds in honey bee propolis and exhibits some
interesting pharmacological and biological properties. The isolation of CAPE from honey
bee propolis is often challenging, since it is time-consuming and suffers from impurities.
Also the chemical synthesis has some drawbacks, since it includes harmful chemicals.
Therefore, it is important to find alternatives. A DES comprising caffeic acid (CA) and ChCl
fulfils the requirements for an environmental friendly reaction medium. Moreover, CA can
be used directly for the synthesis. In a first set of experiments, the DES ChCI-CA with a
molar ratio of 2-1 was mixed with different ratios of phenethyl alcohol. In general, CA is not
soluble in PA. However, when a DES with ChCl is formed before, ChCI-CA mixes with PA
in every ratio. A homogeneous fluid can be formed and no further solvent is needed. Since a
lipase-catalysed synthesis towards CAPE did not succeed, an acid-catalysed esterification
was carried out. First experiments were performed with sulphuric acid and p-toluenesulfonic
acid as catalyst. The results indicated a decent conversion rate. However, the conversion
seems to be dependent on the amount of PA. Therefore, the content of PA was optimised. To
further improve the reaction conditions, sulphuric and p-toluenesulfonic acid were
substituted by the solid acid catalyst Amberlyst 15. Amberlyst 15 has the advantage of being
environmentally benign and can be easily removed from the reaction mixture. After
optimising the amount of Amberlyst 15 with regards to the conversion rates and the reaction
time, the most effective conditions were found. All in all, a molar conversion rate of 76.3 %

was achieved. In order to isolate CAPE, only hot water was used.

These properties are in good accordance with the 12 principles of green chemistry.’ Further,
a new spectrum of application is disclosed for DESs, since a significant number of DESs can

be imagined enabling a large amount of possible syntheses without solvents.

In the last chapter, waterless and surfactantless microemulsions containing DESs as polar
phase were investigated. Recently, Klossek et al. discovered the “pre-Ouzo effect” in ternary
mixtures, for instance, water/benzyl alcohol/ethanol.® Further, Diat et al. found that in a
water/octanol/ethanol system the single-phase in the pre-Ouzo region consists of two distinct
nanoscopic pseudo-phases, one octanol-rich and one water-rich. The ethanol molecules were
distributed between octanol-rich nano-domains and a water pseudo-phase with slight

accumulation at the interface and an exponential decay concentration on the water side.” The
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shape on a molecular level and the structure of these aggregates were also calculated by

molecular dynamics simulations.®

With this knowledge, the question of the existence of nano-droplets in waterless and
surfactantless microemulsion is set. Therefore, water was replaced with two different DESs
to formulate and characterise surfactantless and waterless microemulsions ChCl-ethylene
glycol (1-4) and ChCl-urea (1-2) were used as polar phase, tetrahydrofufuryl alcohol
(THFA) as cosurfactant and diethyl adipate as non-polar phase. THFA stems from wood
chemistry and, like the DESs, is biodegradable. Diethyl adipate is also of very low toxicity.
Ternary phase diagrams were carried out and the domains of the single clear and
homogeneous phase were determined. To characterise the nano-domains, dynamic light
scattering (DLS), as well as small angle X-ray scattering (SAXS) was performed. In both
phase diagrams, a monophasic single phase domain appears. DLS and SAXS measurements
were performed for mixtures near the demixion boundary. The content of THFA was then
gradually increased. DLS measurements revealed well-defined correlation functions near the
demixion boundary. With increasing amount of THFA, the correlation function decreased.
This leads to the assumption that nano-clustering is present in mixtures near the border. For
the same mixtures used for the DLS measurements, SAXS measurements were performed.
The experiments proof and confirm the existence of a nano-clustering near the demixion
boundary, i.e. in the pre-Ouzo region. This nano-clustering is less and less pronounced when
the composition is farther from the demixion boundary. The results also corroborate previous
studies where such fluctuations were observed in aqueous systems also fulfilling all the
requirements for the Ouzo effect. The present study also shows that the pre-Ouzo effect is
general and independent from the presence of water. However, it cannot be excluded that the
nano-clustering is dependent on hydrogen bonds, since in all systems hydrogen bonding is

present. Therefore, further studies are necessary to check this point.
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1. New low melting mixtures

1.1 Density

Table VI-1. Densities of the carbohydrate-urea-choline chloride mixtures in a temperature

range of 15 °C to 65 °C.

Tin°C pingcm3
Glu-U-ChCl1 Glu-U-ChCI2 Sor-U-ChCl1 Sor-U-ChCI12
15 1.315 1.314 1.291 1.289
25 1.310 1.309 1.285 1.283
35 1.305 1.303 1.279 1.278
45 1.299 1.298 1.274 1.272
55 1.294 1.293 1.268 1.266
65 1.289 1.287 1.262 1.261
1.2 Viscosity

Table VI-2. Viscosities of the carbohydrate-urea-choline chloride mixtures in a temperature

range of 15 °C to 75 °C.

Tin°C ninPas

Glu-U-ChCI1 Glu-U-ChCI2 Sor-U-ChCl1 Sor-U-ChCI2
15 1580+ 115 560 +33.6 67.7+3.6 425+14
25 154 +£5.1 56.9+2.1 11.4+£0.32 7.42+£0.20
35 23.2+0.82 8.92+0.33 2.54+£0.073 1.71 £ 0.053
45 492+0.16 1.98 £ 0.065 0.730 £ 0.020 0.507 £0.013
55 1.34 £ 0.024 0.559 +0.008 0.260 + 0.005 0.174 £ 0.002
65 0.468 +£0.020 0.213 £0.032 0.113 £0.003 0.080 + 0.001
75 0.193 + 0.004 0.091 + 0.002 0.056 = 0.001 0.043 +0.000
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Table VI-3. Water contents with corresponding viscosities of Glu-U-ChCll. The

measurements were carried out at 25 °C.

Water content (weight %) ninPas
0.39 154 +£5.1
1.28 101 £5.1
2.84 31.3+1.2
7.74 4.6+0.1
1.3 Thermogravimetric Analysis
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Figure VI-1. Thermograms for urea, choline chloride, sorbitol and glucose.
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14 Differential Scanning Calorimetry
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Figure VI-2. DSC curve of Glu-U-ChCI1 from -80 °C to 50 °C and with a heating/cooling

rate of 15 °C min™.
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Figure VI-3. DSC curve of Glu-U-ChCI2 from -80 °C to 50 °C and with a heating/cooling

rate of 15 °C min™".
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Figure VI-4. DSC curve of Sor-U-ChCI1 from -80 °C to 50 °C and with a heating/cooling

rate of 15 °C min™'.
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2. COSMO-RS Calculations of Deep Eutectic Solvents

2.1 Differential Scanning Calorimetry
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Figure VI-6. DSC curve of Urea-ChCl from -10 °C to 85 °C and with a heating/cooling rate

of 5 °C min™.
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Figure VI-7. DSC curve of Urea-ChBr from -10 °C to 85 °C and with a heating/cooling rate

of 5 °C min™.
100 -
80 -
=
&  60-
o
-
g 404
g
m
2 20 -
o
= ]
-
S 04
T
=20
20

T T T T T 1
0 20 40 60 80 100

Temperature (°C)

Figure VI-8. . DSC curve of Urea-ChBr from -10 °C to 85 °C and with a heating/cooling rate

of 5 °C min’!
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3. Eco-Friendly Synthesis of Caffeic Acid Phenethyl Ester Using Deep Eutectic

Solvents

3.1

Viscosity

Table VI-4. Viscosities of mixtures with different mass ratios of DES-PA in a temperature range of 15 °C to 75°C.

Tin°C ninmPas
1-9 2-8 3-7 4-6 5-5 6-4 7-3

25 8.49+0.22 19.1 £0.50 49.1£0.70 93.6+1.6 206+ 3.6 486 +5.4 3105+ 61.6
35 5.94+0.27 11.7+0.35 25.7+0.82 47.5+0.77 93.8+1.8 196 + 3.7 1204 +23.0
45 431=+0.24 7.54+£0.18 154+0.24 25.8£0.67 47.6 £ 0.67 89.9+1.7 447 £ 8.6
55 2.64+£0.93 4.82+0.78 9.69 £ 0.62 16.0 +0.23 27.2+0.78 46.5 £0.60 247 £215
65 2.82 +0.98 3.24+0.24 6.69 + 1.36 10.8 £0.18 17.5+£0.55 27.0+0.76 -

75 2.49 +£0.27 2.71+£0.26 543 +£1.02 7.83+0.16 12.7+£0.16 17.7+£0.12 80.7+71.7
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3.2

Composition, Reaction Time and Molar Conversion

Table VI-5. Composition of the reaction mixtures given in g, reaction time (RT) , concentration c(dilution) of the dilution of the reaction mixture

in methanol used for HPLC measurements given in mg/mL, the determined peak area with corresponding standard deviation (SD) and

the resulting molar conversion rate of CA to CAPE in %.

Catalyst m(CA) m(ChCl) m(PA) m(acid) Reaction time c(dilution) Peak area SD Molar conversion
0.445 0.702 0.296 0.088 1d 7.6 6.786E+06 3.90E+05 6.2
0.464 0.680 0.713 0.115 1d 11.8 2.043E+07 9.41E+05 14.9
% 0.439 0.667 1.282 0.068 1d 5.0 1.953E+07 1.02E+06 44.2
<
E 0.451 0.702 1.857 0.063 1d 4.0 1.886E+07 2.32E+05 65.0
a.
g 0.896 1.395 9 0.207 1d 11.4 2.840E+07 8.15E+05 67.1
0.443 0.696 4.654 0.112 1d 10 2.478E+07 9.53E+05 66.8
0.45 0.701 5.853 0.202 1d 7.0 1.219E+07 4.42E+05 56.4
'% 0.457 0.705 0.415 0.07 1d 8.6 2.034E+07 8.92E+05 17.2
=
A é '—% 0.447 0.713 0.736 0.74 1d 4.6 1.641E+07 6.87E+05 31.8
[}
;g 0.459 0.682 1.263 0.071 1d 4.6 2.036E+07 7.31E+05 48.3
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Catalyst m(CA) m(ChCl) m(PA) m(acid) Reaction time c(dilution) Peak area SD Molar conversion
© 0.463 0.702 2.252 0.045 1d 94 2.704E+07 7.34E+05 43.5
=
(:; - 0.469 0.701 4.099 0.067 1d 11.0 3.098E+07 2.60E+06 64.8
6=
ig : 0.450 0.704 4.677 0.075 1d 7.8 2.188E+07 1.32E+06 74.5
=
& 0.443 0.7 5.894 0.088 1d 7.8 1.625E+07 7.06E+05 67.8
2 0.481 0.707 1.857 0.177 1d 9.8 3.572E+05 1.03E+03 0.5
(OB
< . 0.459 0.696 4.05 0.15 1d 7.2 1.245E+05 3.64E+03 0.4

0.467 0.695 1.905 0.1 1d 9.6 3.934E+06 1.13E+05 5.6

Eg 0.45 0.696 4.208 0.1 1d 12.4 3.242E+06 2.13E+05 6.4
2

g 0.457 0.716 2.031 0.205 1d 3.8 2.368E+06 9.41E+04 9.4

0.445 0.702 2.149 0.405 1d 4.6 3.538E+06 1.39E+05 12.9

% - 0.472 0.687 1.749 0.103 1d 3.8 2.214E+05 5.66E+04 0.8

g : 0.473 0.696 4.066 0.103 1d 6.0 3.923E+05 1.65E+04 1.5
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Catalyst m(CA) m(ChCl) m(PA) m(acid) Reaction time c(dilution) Peak area SD Molar conversion
Q
£ 8
_‘é = 0.446 0.699 4.639 0.622 1d 5.6 1.414E+07 3.26E+05 64.7
< P
0.446 0.705 4.566 0.495 1d 1.3 2.502E+07 7.54E+05 72.1
0.455 0.752 4.606 1.322 1d 6.6 1.261E+07 3.98E+05 54.4
0.455 0.752 4.600 0.501 1d 6.2 1.670E+07 4.88E+05 69.5
0.453 0.689 4.489 0.297 1d 8.6 2.166E+07 4 48E+05 63.3
s 0.442 0.688 4.620 0.097 1d 17.8 3.315E+07 9.12E+05 49.0
Ti; 0.458 0.687 6.010 0.502 1d 8.0 1.758E+07 1.04E+06 69.4
O
g
< 0.458 0.700 2.018 0.501 1d 8.0 2.986E+07 1.17E+06 52.3
0.455 0.694 4.492 0.544 1d 9.0 2.337E+07 7.08E+05 65.1
0.458 0.709 4.525 0.652 1d 6.4 1.569E+07 3.39E+05 61.6
0.448 0.692 4.595 0.908 1d 14.8 2.939E+07 8.27E+05 51.4
0.439 0.700 4.482 0.499 4h 114 2.928E+07 6.95E+05 66.5
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Catalyst m(CA) m(ChCl) m(PA) m(acid) Reaction time c(dilution) Peak area SD Molar conversion
0.442 0.685 4.420 0.806 4h 14.0 3.736E+07 5.82E+05 67.7
0.439 0.700 4.482 0.499 8h 11.6 3.102E+07 5.33E+05 69.2
s, 0.442 0.685 4.420 0.806 &h 11.0 3.319E+07 1.27E+06 76.6
:‘? 0.447 0.688 4.518 0.498 14h 7.8 2.328E+07 8.73E+05 76.3
g 0.465 0.710 4.465 0.814 14h 7.0 2.167E+07 5.09E+05 75.9
0.439 0.700 4.482 0.499 26h 11.2 2.876E+07 8.20E+05 66.5
0.442 0.685 4.420 0.806 26h 7.6 1.703E+07 6.40E+05 56.9
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3.3 NMR

Caffeic acid phenethyl ester in CDCI3:

HO

HO
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4. Towards Surfactantless and Waterless

Microemulsions

4.1 Composition of the Samples

Table VI-6. Compositions of the mixtures used for DLS and SAXS measurements. The
fraction of DEA, THFA and DES are given in weight %.

Sample Type of DES DEA THFA DES
El DESI1 30 40 30
E2 DESI 30 41 29
E3 DESI 30 43 27
E4 DESI 30 45 25
E5 DESI1 30 47 23
E6 DESI1 30 55 15
Ul DES2 25 54 21
U2 DES2 25 56 19
u3 DES2 25 60 15

4.2 Density, Viscosity and Refractive Index

Table VI-7. Densities, viscosities and refractive indices of the mixtures used for DLS and

SAXS measurements at 25 °C.

Sample pingcm? nin mPas Refractive Index
El 1.0567 9.87 1.4466
E2 1.0560 9.29 1.4450
E3 1.0543 8.80 1.4449
E4 1.0532 8.33 1.4441
ES 1.0519 7.50 1.4439
E6 1.0467 6.44 1.4436
Ul 1.0730 16.18 1.4571
U2 1.0690 13.95 1.4559
u3 1.0631 10.62 1.4536
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% Percentage

[Emim][EtSO4] 1-Ethyl-3-methylimidazolium ethylsulfate

[Emim][Tf:N]  1-Ethyl-3- methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
[EtNH3][NOs;] Ethylammonium nitrate

°C Degree Celsius

u Micro

3D Three dimensions

5-CQA 5-Chlorogenic acid

A Peak area

A Angstrom

o Constant baseline value

a Dynamic part of the amplitude
ACH Acetyl-a-carnitine hydrochloride
AOT Sodium di-(2-ethylhexyl) sulfsuccinate
APS Ammonium persulfate

B Betaine
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bs Broad singlet

c Centi

C L-Carnitine

CA Caffeic acid

CALB Candida Antarctica lipase B
CAPE Caffeic acid phenethyl ester
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CDCl; Chloroform-d;
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ChBr Choline bromide

ChCl Choline chloride
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cm Centimetre
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COSMO Conductor-like screening model
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COSMOtherm Program for COSMO-RS calculations

cP
CT

DEA
DES
DLS
DMA
DMF
DMU
DNA
DSC

EAC
EG

GA
Glu

HBA
HBD
HIV
HMPA
HOESY
HPLC

LMM

Centipoise
L-Carnitine-a-tartrate

Days

Doublet

Diffusion coefficient
N,N'-Dicyclohexylcarbodiimide
Doublet of doublets

Diethyl adipate

Deep eutectic solvent
Dynamic light scattering
Dimethylacetamide
N,N-Dimethylformamide
1,3-Dimethyl urea
Deoxyribonucleic acid
Dynamic scanning calorimetry
Elementary electric charge
Ethylammonium chloride
Ethylene glycol

Scattering amplitude

Gram

Glycolic acid

Glucose

Hour

Hydrogen bond acceptor
Hydrogen bond donor

Human immunodeficiency virus

Hexamethylphosphoramide

Heteronuclear Overhauser effect spectroscopy

High performance liquid chromatography

Hertz

Intensity

Ionic liquid

Joule

Kelvin

Boltzmann constant

Low-melting mixture
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5 B £ 8B B

MeOH
MHz
min
mol

mol%

NF-«xB
nm
NMR
Oo/W

SAXS
scCO;
SD
SDS

Multiplet

Meter

Molar concentration
Milli

Mass

Malonic acid
Methanol
Megahertz
Minute

Mole

Mole percentage
Nano

Refractive index

Nuclear factor kappa-light-chain-enhancer of activated B cells

Square nanometer

Nuclear magnetic resonance s
Oil-in-water

Phenethyl alcohol

Pascal

Phenyl group

Parts per million
p-Toluenesulfonic acid
Scattering vector

Quartet

Distance vector

Reference

Hydrodynamic radius
Ribonucleic acid

Room temperature
Room-temperature ionic liquid
Siemens

Singlet

Seconds

Small angle x-ray scattering
Supercritical CO,

Standard deviation

Sodium dodecyl sulfate
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SLE
SOCl

Sor

Tr
Tfus

TGA
THF
THFA
Tm
Tm
TsLe
UV-Vis
v

viv

VOC

W

W/0O
w/w-ratio
wt%

X

r

ACp
ACptus
ACpn
AGrys
AHiys

T 83 2 D 3 JUx

Solid-liquid equilibrium
Thionyl chloride

Sorbitol

Time

Temperature

Triplet

Freezing temperature
Temperature of fusion
Glass transition temperature
Thermogravimetric analysis
Tetrahydrofuran
Tetrahydro furfuryl alcohol

Melting temperature

Melting temperature of the pure substance
Temperature at the solid-liquid equilibrium

Ultraviolet-visible spectrophotometry

Volume

Volume to volume

Volatile organic compound
Watt

Water-in-oil
weight-to-weight ratio
weight percentage

Mole fraction

Decay rate

Heat capacity change

Heat capacity of fusion change
Molar heat capacity change
Gibbs free energy of fusion
Enthalpy of fusion

Density contrast

weight ratio

Viscosity

detection angle
Wavelength

3.14159

Density
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VI Appendix

Pr
Ps
Psample

Psb
(9]

T
D

Density of the particle
Density of the solvent
Density of the sample
Density of the steel ball
COSMO screening charge
Delayed time

Phase
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