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Abstract 

During the last fifteen years, green chemistry became a central topic of academic and industrial 

research which is still progressively growing. In this context, many researchers are interested in 

alternative solvents which are environmentally friendly. Among them, there are ionic liquids 

(ILs) and deep eutectic solvents (DESs). The aim of the thesis was to development of new 

biocompatible ILs and DESs for the solubilization of biopolymers, such as cellulose. Short -chain 

two- and three-tailed quaternary alkylammonium (C3 - C6) associated with various biosourced 

carboxylates (e.g. itaconate, lactate, levulinate) have been good candidates and the identification 

of structural key factors for cellulose solubilization was realizable. This systematic approach 

coupled with extensive physicochemical study of ILs, resulted in the levulinates of [DiC3 ], [DiC4] 

and [TriC4] and [DiC4]itaconate as the most efficient with a solubilization of cellulose up to 10 %, 

or even 20 % in the presence of the bio-based co-solvent g-valerolactone. Despite their good 

biodegradability in comparison with that of imidazolium, quaternary ammonium are not 

naturally resourced. They were therefore, in a second step, substituted by derivatives of choline, 

betaine and carnitine as biocompatible cations, associated with the above carboxylates. The 

ether- and ester-derivatives are ILs, and ethyl-choline ether levulinate is able to solubilize 10 % 

cellulose. Moreover, urea combined with dibutylammonium salts or betaine esters behave as 

DESs with  melting temperatures around 30 to 40 °C. In the same way, DESs based on sugar-

derivatives having an ether function on the anomeric carbon has been obtained in the presence 

of salts of choline, betaine and carnitine. Finally, a theoretical approach using the COSMO-RS 

software was used to model the properties of ILs and DESs and for predictions of cellulose 

solubilization. 

Keywords:  biocompatible solvents, ionic liquid, deep eutectic solvent, cellulose, biopolymer, 

solubilization, biodegradability, hydrotrope, COSMO-RS, choline, betaine, carnitine, levulinate, 

itaconate. 
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Résumé 

Depuis une quinzaine d'années, la chimie verte, devenue un axe prioritaire des recherches 

académiques et industrielles, connait un développement considérable. Dans ce contexte, de 

nombreuses recherches s'intéressent aux solvants alternatifs, respectueux de l'environnement. 

Parmi eux, on trouve les liquides ioniques (LIs) et les eutectiques profonds (DESs). L'objectif de 

la thèse était de développer de nouveaux LIs et DESs biocompatibles pour la solubilisation de 

biopolymères tels que la cellulose. Les alkylammonium quaternaires à chaîne courte (C3 à C6) bi- 

et tricaténaires associés à divers carboxylates d'origine naturelle (e.g. itaconate, lactate, 

lévulinate) se sont révélés être de bons candidats et ont permis d'identifier les effets structuraux 

clés pour la solubilisation de la cellulose. Par cette approche systématique couplée à une étude 

physicochimique approfondie des LIs, les lévulinates de [DiC3], [DiC4] et [TriC4] ÅÔ ÌȭÉÔÁÃÏÎÁÔÅ ÄÅ 

[DiC4] sont les plus efficaces et permettent de solubiliser jusqu'à 10 % de cellulose, voire 20% en 

présence d'un co-solvant biosourcé, la g-valérolactone. Malgré leur très bonne biodégradabilité 

en comparaison à celle des imidazolium, les ammonium quaternaires ne sont pas naturels. Ils 

ont donc été, dans un second temps, substitués par des cations biocompatibles dérivés de la 

choline, de la bétaïne et de la carnitine, associés aux carboxylates précédents. Les dérivés de 

type éther et ester sont des liquides ioniques et l'éthyl-choline éther lévulinate permet de 

solubiliser 10% de cellulose. Par ailleurs, en présence d'urée, les sels de dibutylammonium et les 

esters de bétaïne se comportent comme des DESs dont les températures de fusion sont de 

l'ordre de 30 à 40 °C. De même, des DESs à base de dérivés de sucre possédant une fonction 

éther sur le carbone anomérique ont été obtenus en présence des sels de choline, de bétaïne et 

de carnitine. Enfin, une approche théorique utilisant le logiciel COSMO-RS a été utilisée pour la 

modélisation des propriétés des LIs et des DESs ainsi que pour la solubilisation de la cellulose 

afin de la prédire. 

Mots clés : solvants biocompatibles, liquide ionique, eutectique profonde, cellulose, 

biopolymère, solubilisation, biodégradabilité, hydrotrope, COSMO-RS, choline, bétaïne, carnitine, 

lévulinate, itaconate. 
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In recent years, the research on novel eco-friendly classes of solvents has gained more and more 

importÁÎÃÅ ×ÉÔÈ ÔÈÅ ÃÏÎÓÃÉÏÕÓÎÅÓÓ ÏÆ ȰÇÒÅÅÎÅÒȱ ÐÒÏÃÅÓÓÉÎÇȢ 4ÈÅ ÔÅÒÍ ȰÇÒÅÅÎȱ ÃÈÅÍÉÓÔÒÙ has been 

ÄÅÆÉÎÅÄ ÁÓ Ȱthe invention, design and application of chemical products and processes to reduce or 

to eliminate the use and generation of hazardous substancesȱȢ1 In the context of the development 

of sustainable solvent media, especially ionic liquids (ILs)2 and deep eutectic solvents (DESs)3 

have appeared very promising for the replacement of volatile organic solvents. Figure I.1  

illustrates the most important milestones in the field of ILs and DESs.4 Even though the first IL 

was introduced in 1914, this discovery had no real impact until the end of the 20th century. 

However, research on these so-called designer solvents has become a hot topic in various 

scientific and technological areas during the last twenty years. 

 

Figure I.1 Milestones in the development of knowledge in the field of ILs and DESs.
4
 

The use and transformation of renewable raw materials, i.e. biomass and biopolymers, is a 

further  important  ÁÓÐÅÃÔ ÏÆ ȰÇÒÅÅÎȱ ÃÈÅÍÉÓÔÒÙ ×ÉÔÈ ÔÈÅ ÁÉÍ to replace petro-sourced products. 

For biomass processing, the main focus lies on cellulose because it is the major natural 

ÒÅÓÏÕÒÃÅÄ ÂÉÏÐÏÌÙÍÅÒ ÐÒÏÄÕÃÅÄ ÂÙ ÐÌÁÎÔÓȭ ÐÈÏÔÏÓÙÎÔÈÅÓÉÓȢ5 This raw-material, built of a rich 

structure, is of high interest for many different applications and transformation processes due to 

its high occurrence, renewability and biodegradability (Figure I.2). 
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Figure I.2 Overview for cellulose: discovery, structure, biosynthesis, applications.
6
 

A resistant fibrous solid was described in 1838 by the French chemist Anselme Payen using the 

ÔÅÒÍ ȰÃÅÌÌÕÌÏÓÅȱȢ6 The detailed polymeric structure of cellulose was determined by Hermann 

Staudinger in 1920.7 4ÈÏÕÓÁÎÄÓ ÏÆ ÙÅÁÒÓ ÐÒÉÏÒ ÔÏ ÔÈÅ ÄÉÓÃÏÖÅÒÙ ÏÆ ÔÈÅ ȰÓÕÇÁÒ ÏÆ ÔÈÅ ÐÌÁÎÔ ÃÅÌÌ 

×ÁÌÌȱȟ ÃÅÌÌÕÌÏÓÅ ×ÁÓ ÕÓÅÄ Én the form of wood, cotton, and other plant fibers as an energy source, 

for building materials, and for clothing.6 Today, most of the cellulose is used for the production 

of paper and cardboard. Furthermore, the production of cellulose fibers and films, as well as the 

synthesis of a large number of cellulose-derivatives (CMC: carboxymethyl cellulose, MC: methyl 

cellulose, HEC: hydroxyethyl cellulose, HPCM: hydroxypropylmethyl cellulose, NC: nitrocellulose, 

CA: cellulose acetate) are important sectors. On an industrial scale, cellulose is used for coatings, 

laminates, optical films and sorption media, and furthermore for property-determining additives 

in building materials, pharmaceuticals, foodstuffs, and cosmetics. Some new applications in the 

field of biomaterials have been reported, such as immobilization of proteins, antibodies and 

heparin. Well-known cellulose-derived thermoplastics based on nitrocellulose and camphor are 

celluloids.8 Celluloid is easily molded and shaped, and it found generally its application for movie 
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and photography films. However, it is highly flammable, and difficult and expensive to produce, 

thus today it is no longer widely used.   

In our days, the research on cellulose as a renewable raw material is still a growing field of 

interest. For the production of platform molecules or cellulose derivatives, cellulose has to be 

extracted from biomass before its solubilization and / or reduction of polymerization degree 

(Figure I.3). In this project, we focused on the solubilization of biopolymers, especially cellulose, 

with novel biocompatible ÓÏÌÖÅÎÔÓ ×ÉÔÈ ÒÅÇÁÒÄ ÔÏ ÔÈÅ ÐÒÉÎÃÉÐÌÅÓ ÏÆ ȰÇÒÅÅÎȱ ÃÈÅÍÉÓÔÒÙȢ In the 

course of this study, mainly ILs were applied as cellulose solvents. 

 

Figure I.3 The presented project in the context of biomass transformation.  

The project of this PhD thesis deals with the synthesis and characterization of novel 

biocompatible solvents for the solubilization of biopolymers, mainly cellulose. As schematically 

represented in Figure I.4 , the PhD thesis was carried out within the frame of a cotutelle between 

the University of Lille1 (France) and the University of Regensburg (Germany), as well as in the 

context of an industrial project with the French company A.R.D. ɀ Agro-industrie recherches et 

développements. 

 

Figure I.4 Situation of the PhD thesis as Cotutelle (France, Germany) and industrial project (Cifre) 
with A.R.D. 

First of all, ILs with alkyl-chained quaternary ammonium cations were tested with the aim to 

determine their structural effect, like size and number of alkyl-chains on both their 

physicochemical properties and their capacity to solubilize cellulose. The counter anions were 
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constituted of various natural carboxylates, which were screened in combination with different 

cations in order to evaluate their cellulose dissolution power.  

In a further step, the targeted ILs were changed with regard to the optimization of their 

ÐÒÏÐÅÒÔÉÅÓ ÂÅÉÎÇ ÉÎ ÕÎÉÓÏÎ ×ÉÔÈ ÔÈÅ ȰÇÒÅÅÎȱ ÃÈÅÍÉÓÔÒÙ ÐÒÉÎÃÉÐÌÅÓȢ 7Å ÃÏÎÃÅÎÔÒÁÔÅÄ ÏÎ ),Ó ÃÁÔÉÏÎÓ 

derived from natural products, such as choline, betaine and carnitine. The synthesized ether- 

and ester-derivatives of choline, betaine and carnitine were combined with natural carboxylates, 

similar to the first part of the study, to give ILs which were studied for the cellulose dissolution 

process.  

An additional part of the project deals ×ÉÔÈ $%3Óȟ ÁÎÏÔÈÅÒ ÃÌÁÓÓ ÏÆ ȰÇÒÅÅÎȱ ÓÏÌÖÅÎÔÓ ×ÈÉÃÈ ÓÈÏ×Ó 

a growing potential for various applications. Therefore, bio-based sugar-derivatives, which 

could be obtained from cellulose, were used for the formation of DES and low melting mixtures. 

For the moment, their main application is the decrease melting temperature of salts and solids, 

thus the simplification for several processes.  

)Î ÔÈÅ ÃÏÎÔÅØÔ ÏÆ ȰÇÒÅÅÎȱ ÃÈÅÍÉÓÔÒÙȟ ÔÈÅÏÒÅÔÉÃÁÌ ÍÏÄÅÌÉÎÇ ÁÌÓÏ ÂÅÃÏÍÅÓ ÍÏÒÅ ÁÎÄ ÍÏÒÅ 

important to support or even avoid experimental work. Consequently, chemicals, energy and 

waste could be saved or prevented. Hence, in this project, the software COSMO-RS was used to 

carry out theoretical calculations with the aim to assist experimental results. 
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1.1 Biomass and biopolymers  

Biomass gains more and more importance as an alternative to fossil resources in the course of 

ȰÇÒÅÅÎȱ ÃÈÅÍÉÓÔÒÙȢ9 It  is a renewable source from natural raw materials and it occurs often as 

waste product during transformation processes, thus its use as alternative to petrochemicals is 

of huge interest.10 A survey of the literature with the keyword "biomass" highlights a huge and 

exponential development during the last decade. Figure 1.1 shows the great increase of 

publications dealing with "biomass" during the last thirty-five years (the bibliometric analysis 

was carried out with the database ScifinderÑ). In 1980, we find º 850 publications against º 

1300 publications in 1990, º 3300 publications in 2000 to reach º 20500 publications in the 

year 2013. 

 

Figure 1.1 Number of publications dealing with ñbiomassò as a function of the publication year 

(analyzed with the database ScifinderÑ) 

1.1.1 Biomass - Natural sources and structures of biopolymers  

Biomass is obtained from different natural sources such as forestry, agricultural and industrial 

crops and residues, municipal solid waste, animal residues and sewage.11 During pretreatment 

and extraction processes, various biopolymers can be gained from crude biomass. These 

biopolymers can be used as renewable resources for further  transformation processes to obtain 

biofuels or fine chemicals. The most important biopolymers are found in three different polymer 

families, namely polasaccharides , polypeptides  and polyesters  (Figure 1.2).10 The most 

important polysaccharides are cellulose , starches  (namely amylose and amylopectin), chitin , 

chitosan  and pectins . The main natural resourced polypeptides are casein, wheat gluten , 
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keratin  and collagen . In the the group of polyesters, we find poly lactic acid , 

polyhydroxybutyrate  or polyhydroxyalkanoates . 

 

Figure 1.2 Schematic overview of the most important families of biopolymers: polysaccharides, 

polypeptides and polyesters.
10

 

In general, ligno-cellulosic biomass 

is the most used natural raw 

material because of its high world-

wide occurrence. In fact, 170 billion 

tons of biomass per year are 

produced by photosynthesis in 

nature; 75% of them are 

carbohydrates.9 Ligno-cellulosic 

biomass is composed of 40-50 % 

cellulose , 25-35 % hemicellulose  

and 15-20 % lignin  (Figure 1.3).12  

Cellulose is composed of a 

polymeric structure of ɼ-glycosidic- 

linked glucose units which results 

in a rigid cristallinity . The 

hemicellulose portion of lingo-

cellulosic biomass contains generally five different sugar-monomers: D-xylose, D-arabinose, D-

galactose, D-glucose and D-mannose. Lignin  is an amorphous polymer including methoxylated 

phenylpropane structures, such as coniferyl alcohol, sinapyl alcohol and coumaryl alcohol.12 The 

major carbohydrate produced by plant photosynthesis is cellulose, so this is the most plentiful 

organic polymer on Earth.13 Accordingly, its use as a renewable resource for further conversions 

ÔÏ ÃÈÅÍÉÃÁÌ ÐÒÏÄÕÃÔÓ ÉÓ ÍÏÒÅ ÁÎÄ ÍÏÒÅ ÉÍÐÏÒÔÁÎÔ ÆÏÒ ȰÇÒÅÅÎȱ performances. Intended for 

further transformation processes, biomass has to be fractioned into its single components, 

namely cellulose, lignin and hemicellulose. Different pretreatment techniques are used for the 

isolation of biomass fractions. Most of the pretreatment processes contain physical, chemical or 

Polysaccharides Polypeptides

- Cellulose

- Starches (amylose, amylopectin)

- Chitin and chitosan

- Pectins

- Casein

- Wheat gluten

- Keratin
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Polyesters

(synthesized by bacteria)
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- Polyhydroxybutyrate
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Figure 1.3 Composition of lignocellulosic biomass: cellulose 

(40-50%), hemicelluloses (25-35%) and lignin (15-20%).
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biological procedures.14 The physical pretreatment method deals mainly with the mechanical 

size reduction obtained by milling, comminuting or steam.12 These processes augment the 

available specific surface area, and decrease both the degree of polymerization and the cellulose 

crystallinity. 14 For chemical pretreatment ways, mainly acids, alkali and organic solvents are 

used. Thereby, the native structure of lingo-cellulosic biomass is not influenced. Biological 

pretreatment ways include essentially the action of enzymes that can degrade lignin, 

hemicelluloses and polyphenols.14  

1.1.2 Application of biopoly mers and their  transformation to platform chemicals  

Biopolymers are more and more used as alternatives to petro-chemistry in the course of 

biorefining processes.15 Ligno-cellulosic biomass can be transformed into biomolecules and 

bioderivatives via different pathways, as shown in Figure 1.4, which give platform molecules for 

fine chemicals, e.g. furfural , 5-hydroxymethylfurfural  or levulinic acid .16 Cellulose is 

particularly interesting for biorefining industries because of its high appearance in nature and 

its potential for various transformations. 

 

Figure 1.4 Overview of biorefining processes for lingo-cellulosic biomass.
15

 

In Figure 1.5, the most important platform molecules obtained by cellulose transformations are 

shown.17,18 Possible reactions of cellulose to glucose contain enzymatic or acid catalyzed 

hydrolysis, with a further transformation of glucose to ethanol via fermentation. Further 

products obtainable by biocatalytic transformation processes of glucose are succinic , itaconic , 

glutamic , glutaric  and lactic acid s. Other chemocatalytic transformations of glucose include the 

hydrogenation to sorbitol or the direct hydrogenolysis of cellulose to sugar alcohols. As a result, 

sorbitol can be first dehydrated to sorbitan and then to isosorbide or reacted via further  

reactions to glycerol and propylene or ethylene glycol, as well as various C1 to C6 mono- and 
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polyols and even alkanes. Otherwise, 5-hydroxymethylfurfural (5 -HMF) can be obtained by acid 

catalyzed dehydration of glucose, which can be further transformed to levulinic acid.19  

 

Figure 1.5 Schematic overview of cellulose transformation to platform chemicals via biocatalytic 

(white) or chemocatalytic (grey) processes.
17

 

A highly efficient hydrolysis process of cellulose to glucose was described by Wang et al. using 

heteropoly acids (H3PW12O40) as catalyst under hydrothermal conditions.20 With this process, a 

high yield of glucose (50.5%) and selectivity higher than 90% are achieved at 180 °C for 2 h with 

a mass ratio of cellulose to H3PW12O40 of 0.42. Up to this, different methods with solid acid 

catalysts have already been described for the dissolution of cellulose. Another example shows 

the hydrolysis of saccharides, like cellulose and starch, with the layered transition metal oxide 

HNbMoO6 which exhibited a significant catalytic performance.21 

1.1.3 Classical solvents and solubili zation processes 

Generally, the solubilization of polymers is a complex process because of the various and 

numerous interactions within the polymer and between polymer molecules which play 

important roles for their rigid structure .22 However, solubilization of lignocellulosic biomass, 

native lignin, for instance, can be very useful for its conversion into aromatics, phenols and 

saturated cyclic derivatives.23 The general process consists of chemical pulping (e.g. Kraft 

pulping) including strong acids or bases under high pressure at high temperature.24,25 In 

particular, the biopolymer cellulose is complex to dissolve because of its very stable supra-

molecular structure resulting from strong interactions, especially hydrogen bonds (Figure 

1.6).26 Cellulose consists of polydisperse linear glucose chains, where D-glucopyranoside-units 

Cellulose Glucose Ethanol

CO / H2

Lactic acid

Succinic acid

Itaconic acid

Glutamic acid

Glutaric acid

5-HMF Levulinic acid

Sorbitol Sorbitan Isosorbide
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are linked together by ɼ-1,4-glycosidic bonds. The size of the molecule is depending on the 

degree of polymerization (DP) and can vary between 20 ɀ 10 000 units, according to the type of 

cellulose (e.g. 10 for laboratory-synthesized cellulose or 10 000 or more for bacterial 

cellulose).26 Between the glucose-chains, there are inter- and intra-molecular hydrogen bonds 

which cause the highly stable structure. For these structural properties, the hydrolysis process, 

and therefore the solubilization  of cellulose, is very complex. For many decades, the research for 

ideal cellulose solvents (high dissolution capacity, cheap, low viscous, stable, non-toxic, 

ecologically friendly, easy to recycle) is a great challenge both for academics and industrials. 

 

Figure 1.6 Structure of cellulose with its intramolecular (- - -) and intermolecular (- - -) hydrogen 

bonds.
26

 

Usually, successful cellulose solvents must possess the ability to compete for existing 

intermolecular hydrogen bond interactions, in order to separate the polymer chains from each 

other, resulting in the dissolution of the biopolymer.27 So far, different classical solvents are used 

for the solubilization of cellulose, which are classified as derivatizing  and non-derivatizing 

solvents , depending on their interactions with the polysaccharide.2 In contrast to non-

derivatizing solvents which dissolve the polymer only by intermolecular interactions, 

derivatizing ones interact chemically with the cellulose hydroxyl groups and form 

intermediates.27 Some traditional solvent systems were found to be efficient, such as N-

methylmorpholine oxide,28 N,N-dimethylacetamide / lithium chloride,29 1,3-dimethyl-2-

imidazolidinone / lithium chloride, 30 N,N-dimethylformamide / nitrous tetroxide, 31 dimethyl 

sulfoxide / tetrabut ylammonium fluoride,32 and some molten salt hydrates (e.g. LiClO4, LiSCN, 

ZnCl2).33 Figure 1.7 gives an overview of the structure of the most traditional cellulose solvents: 

1) N,N-dimethylacetamide / lithium chloride (DMA / LiCl); 2) dinitrogen tetroxide / 

dimethylformamide (N2O2 / DMF); 3) N-methylmorpholine-N-oxide (NMMO); 4) mineral acids: 

sulfuric acid, phosphoric acid, etc.; 5) sodium hydroxide; 6) dimethylsulfoxide / 

tetrabutylammonium fluoride (DMSO / TBAF); 7) dimethylimidazolone / lithium chloride; 8) 

molten salt hydrates : LiClO4, LiSCN, ZnCl2. 
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Figure 1.7 Classical cellulose solvents: 1) DMA / LiCl; 2) N2O2 / DMF; 3) NMMO; 4) mineral acids: 
H2SO4, H3PO4, etc.; 5) NaOH; 6) DMSO / TBAF; 7) dimethylimidazolone / LiCl; 8) molten salt 
hydrates : LiClO4, LiSCN, ZnCl2.

34
 

It has been shown that all non-derivatizing solvents can hypothetically be arranged in cyclic 

structures (Figure 1.8).26 Small ions or polar characteristics assist in the ring-formation of five- 

or six-ring geometries; larger cations, such as NMMO or TBA seem to be less-suited for this 

purpose. However, fluoride is a very small anion and the involvement of an additional dipolar 

molecule (DMSO) can compensate for the unfavorable steric geometry of the cation. Therefore, 

one expects that larger anions, such as chloride or bromide, are less capable to dissolve 

celÌÕÌÏÓÅȢ 4ÈÅ ÉÏÎ ÓÉÚÅ ÇÏÖÅÒÎÓ ÔÈÅ ÉÏÎ ÍÏÂÉÌÉÔÙȟ ÁÎÄ ÔÈÅÒÅÆÏÒÅ ÉÎÆÌÕÅÎÃÅÓ ÔÈÅ ÉÏÎȭÓ ÁÂÉÌÉÔÙ ÔÏ 

penetrate and attack the cellulose network; the smaller the ion, the more favorable. This 

explains why the addition of salts composed of small ions, such as lithium chloride, is favorable 

for the cellulose dissolution.26  

 

Figure 1.8 Hypothetical ability of traditional non-derivatizing cellulose solvents to arrange in cyclic 
formations: TBAF + DMSO (6-ring geometry); NMMO (6-ring geometry); DMA + LiCl (5-ring 
geometry).

26
 

At first  sight, from their solubili zation capacity of cellulose, these solvents are satisfactory but 

from an ecological point of view, they are not ideal. All of the traditional cellulose solvents suffer 

from some drawbacks like toxicity, volatility, high cost, recovery, or insufficient solvation 

power.35,36 Hence, the development of alternative cellulose solvents, containing notably 

Ȱgreennessȱ and high efficiency, persists as an active field of research. For the general evaluation 

of eco-friendly solvents, both the toxicity  (the degree at which a substance can damage an 

organism) and the biodegradation  (the decomposition of materials by micro-organisms) have 

1                                       2                                                3                       4

5                                     6                                                  7                              8
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CHAPTER 1 ɀ Molten salts and ionic liquids for biopolymer solubilization: State of the art 

15 
 

become essential criteria.37 In 1998, Paul Anastas and John Warner have stated ÔÈÅ ȰÔ×ÅÌÖÅ 

ÐÒÉÎÃÉÐÌÅÓ ÏÆ ÇÒÅÅÎ ÃÈÅÍÉÓÔÒÙȱ ÁÓ ÇÕÉÄÅÌÉÎÅÓ ÆÏÒ ÓÕstainable chemistry and processes (Figure 

1.9).38 These rules guide the design of new chemical products and processes, holding all features 

of the process life-cycle from the raw materials to the efficiency and safety of the transformation, 

the toxicity and biodegradability of products and reagents. First, waste should be avoided. 

Second, the incorporation of starting materials in the final product of syntheses should be 

maximized (atom economy). Third, the used and generated products of chemical syntheses 

should have little or no toxicity to human health and the environment. Safer chemicals should be 

designed, and used auxiliary substances should be safe or avoided. Energy efficiency should be 

respected during chemical processes, thus syntheses should be carried out at ambient 

temperature and pressure if possible. The seventh principle recommends the use of renewable 

feedstock as raw material. The eighth rule deals with the reduction of derivatives during 

processes due to the minimization of auxiliaries and waste. Catalytic procedures are preferred, 

especially very selective ones. The tenth rule prescribes design of degradation of chemical 

products, so that they do not persist in the environment. Real-time analysis methods are avoided 

with the aim to control directly the formation of hazardous substances. The twelfth principle 

deals with processes working with a minimal potential for chemical accidents, including 

releases, explosions, and fires.  

 

Figure 1.9 The twelve principles of ñgreenò chemistry.
38

 

2ÅÇÁÒÄÉÎÇ ÔÈÅ ÍÁÉÎ ÇÕÉÄÅÌÉÎÅÓ ÆÏÒ ȰÇÒÅÅÎȱ ÃÈÅÍÉÓÔÒÙȟ ÁÌÔÅÒnative solvents and solubili zation 

processes for cellulose or other biopolymers are necessary to take benefit from renewable 

feedstock in a sustainable way. With the development of alternative processing ways, a new 

ÃÌÁÓÓ ÏÆ ȰÇÒÅÅÎȱ ÓÏÌÖÅÎÔÓȟ ÎÁÍÅÌÙ ionic liquids , was introduced to the field of cellulose 

dissolution.  
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1.2 Ionic liquids  

Since a while, a new class of solvents, called ionic liquids (ILs) , has emerged. These solvents are 

composed of ionic species and their melting temperature is below 100 °C by definition.2  

In 1914, the first room temperature IL was discovered by Walden, namely ethylammonium 

nitrate [EtNH 3][NO3] , with a melting temperature of 12 °C.39 However, more research on ILs 

only really started some decades later. In 1975, research work on room temperature liquid 

chloro-aluminate melts was published with the focus on electrochemical applications.40 In the 

1980s, alkyl -substituted imidazolium and pyridinium molten salts  were developed for their 

application as battery electrolytes.41 A bibliometric analysis with the database ScifinderÑ was 

carried out with the keyword ȰÉÏÎÉÃ ÌÉÑÕÉÄȱ which shows a great increase of scientific interest 

during the past years (Figure 1.10). In 1990, only 39 publications were found, ten years later º 

200, and further ten years later, in 2010, already º 5600. There is a continual growing interest in 

ILs, especially in room temperature ILs (RTILs)  because of their special properties and various 

applications.  

 

Figure 1.10 Number of publications dealing with ñionic liquidò as a function of the publication year 

(analyzed with the database ScifinderÑ). 

2ÅÇÁÒÄÉÎÇ ÔÈÅ ÈÕÇÅ ÎÕÍÂÅÒ ÏÆ ÐÕÂÌÉÃÁÔÉÏÎÓ ÏÎ ),Óȟ ÔÈÅ ×ÈÏÌÅ ÒÁÎÇÅ ÏÆ ),ȭÓ ÒÅÓÅÁÒÃÈ ÃÁÎÎÏÔ ÂÅ 

discussed at this point. Thus, only a brief overview about their structure, physicochemical 

properties, applications and ecological aspects is given.  
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1.2.1 Types and structure s of ionic liquids  

In general, two main classes of ILs have been defined: protic  and aprotic ILs . Protic ILs (PILs)  

are formed by proton transfer from a Brønsted acid to a Brønsted base.42 Aprotic ionic liquids 

(AILs) hold other substituents than a proton, such as alkyl groups at the position occupied by a 

labile proton in an analogous PIL. Because of the acid-base reaction of PILs, neutral acid or base 

species can be present in the PIL system. Therefore, a guideline was proposed according to 

which ILs should contain less than 1% of neutral species.43  

Generally, the formation of ILs depends on structural reasons. For example, a low degree of 

symmetry is preferred which prevents regular crystalline packing, thus the solid crystalline state 

becomes less favorable, leading to a low melting temperature.44 Therefore, common ILs contain 

typically organic bulky cations, such as imidazolium, pyridinium, quaternary ammonium, 

pyrrolidinium, piperidinium,  tetraalkylphosphonium or trialkylsulfonium . The effect of melting 

point depression can be further improved with the choice of an anion with a delocalized charge, 

resulting in decreased inter-ionic interactions.45 Some examples for typical IL anions are 

halogenides, nitrate, acetate, sulfate, thiocyanate, tetrafluoroborate, hexafluorophosphate, 

tosylate, bis(trifluoromethyl  sulfonyl)imide. Table 1.1 gives an overview of the most common IL 

cations and anions.  

Table 1.1 Some classical cations and anions for ILs. 

 

 

 

Depending on the choice of ions, ILs can be either hydrophobic or hydrophilic.46 With the widely 

used cation imidazolium, hydroph ilic ILs  can be obtained with halides , acetate, nitrate  or 

ethylsulfate  as anions, whereas hexafluorophosphate  or bis(trifluoromethylsulfonyl) imid e 

give hydrophobic  ones. But most of the ILs are hygroscopic, even hydrophobic ones. As they can 

consist of ÖÁÒÉÏÕÓ ÄÉÆÆÅÒÅÎÔ ÃÏÍÂÉÎÁÔÉÏÎÓ ÏÆ Á ÃÁÔÉÏÎ ×ÉÔÈ ÁÎ ÁÎÉÏÎȟ ),Ó ÁÒÅ ÁÌÓÏ ÃÁÌÌÅÄ Ȱdesigner 

solventsȱ ÏÒ Ȱtask-specificȱ ×ÉÔÈ ÒÅÇÁÒÄ ÔÏ ÔÈÅÉÒ ÔÕÎÁÂÌÅ ÐÒÏÐÅÒÔÉÅÓȢ47 Accordingly, their 

properties like thermal and electrochemical stability, melting point, viscosity, polarity, solvent 

ability or surface tension can be targeted by structural variation. 
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1.2.2 Physical and chemical properties  

The physical and chemical properties of ILs vary strongly depending on their cation and/or  

anion, as already mentioned. These properties are notably influenced by traces of impurities in 

ÔÈÅ ),Ȣ !ÎÏÔÈÅÒ ÉÍÐÏÒÔÁÎÔ ȰÉÍÐÕÒÉÔÙȱ ÉÎ ),Ó ÉÓ ×ÁÔÅÒȟ ÁÓ ÔÈÅÙ ÁÒÅ very hygroscopic, so their water 

content should always be measured. Thus, ILs must be as purified as possible and 

characterizations should be carried out under inert atmosphere. 

1.2.2.1 Thermal properties: stability, liquid range and melting temperature 

The liquid range of a compound is defined by its thermal properties, i.e. the melting 

temperature (Tm) or glass transition (Tg) as lower limits and the boiling temperature (Tb) or 

decomposition temperature (Tdec) as upper limits.48 Water, for example, has a liquid range of 

100 °C (0 to 100 °C) and dichloromethane 135 °C (-95 to +40 °C). ILs, however, can have large 

liquid ranges, due to their low melting or glass transition and their high thermal stability. 

The theoretical correlation between melting temperature and structure of ILs is discussed in 

several studies.2,48 But experimental examination of melting temperatures is often more difficult 

due to their recurrent super-cooling behavior. This phenomenon results typically in different 

phase transitions depending on the observation during a heating or a cooling event.49,50 

Generally, the crystal packing and thus the melting point of ILs is influenced by several factors, 

i.e. size, charge, charge distribution, intermolecular interactions and symmetry of the ions.48 A 

very strong force in ILs is the Coulomb attraction EC between ions, which is only short-ranged for 

ILs due to the size, charge distribution and flexible substituents (Eq. 1.1):  

 
Ὁὅ=

ὓὤ+ὤ

4“‐0ὶ
2

 Eq. 1.1 

where M is the Madelung constant, which represents the packing efficiency of ions in salts, Z+ 

and Z- are the ion charges and r is the inter-ion separation.48 The whole lattice energies of ionic 

salts depend on the product of the net ion charges, the ion-ion separation and the packing 

efficiency of the ions. Consequently, low melting salts are supposed to consist of single charged 

ions with a large size, hence the inter-ion separation is also large. Additionally, large ions 

facilitate charge delocalization which reduces overall charge density. 4ÈÅ ÅÆÆÅÃÔ ÏÆ ÉÏÎȭÓ ÓÉÚÅ ÏÎ 

melting temperatures can be illustrated by the comparison of simple sodium (Na+) and 1-ethyl-

3-methyl-imidazolium (EMIm) salts (Table 1.2). The melting point of the different sodium salts 

decreases from 801 to 185 °C by increasing the thermochemical radius from Cl- (1.7 Å) to BF4- 

(2.2 Å) to PF6- (2.4 Å) and finally to AlCl4- (2.8 Å). An extrapolation of these values shows that an 

anion with a radius of 3.4 ɀ 4 Å would be necessary to form a room temperature liquid sodium 

salt.48 ILs with organic cations, that are large compared to inorganic ones, have reduced melting 
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temperatures due to the increased ion size. This effect is shown in Table 1.2 for the salts with 

the large non-symmetric EMIm+ cation compared to the Na+ salts.  

Table 1.2 Comparison of melting points Tm and thermochemical radii r of different anions for their Na- 
and EMIm-salts; the ionic radii of the cations are 1.2 Å for Na

+
 and 2 x 2.7 Å for the non-spherical 

EMIm
+
.
48

 

Anion X - r  [Å]  Tm of NaX [°C] Tm of EMImX [°C] 

Cl- 1.7 801 87 

BF4- 2.2 384 6 

PF6- 2.4 >200 60 

AlCl4- 2.8 185 7 

 

Many, but not all, ILs show glass transition in addition or instead of crystal formation. Glass 

formation is the result of the very unfavorable packing efficiency of some ILs in the solid state. 

Accordingly, the glass transition temperature Tg of ILs occurs often at extremely low 

temperatures, principally  below -50 °C.51,52  

1.2.2.2 Vapor pressure 

ILs are famous for their negligible vapor pressure which results from their salt character. For a 

long time, this non-ÖÏÌÁÔÉÌÉÔÙ ×ÁÓ ÔÈÅ ÍÁÉÎ ÒÅÁÓÏÎ ÔÏ ÃÁÌÌ ),Ó ȰÇÒÅÅÎȱ ÓÏÌÖÅÎÔÓȢ From a processing 

point of view, this feature is rather disadvantageous for efficient product isolation due to the 

lacking possibility of separation of reaction mixtures by distillation.47 Nevertheless, some 

distillable ILs are known which show a boiling point before thermal decomposition, especially 

protic ILs.51,53 During a back-protonation of the anion, the original acid, thus the neutral species 

is reformed. Therefore, the condition for the distillation of a protic IL is a low proton-transfer 

energy. A few examples of distillable aprotic ILs have been reported, but the conditions are very 

rigorous: very low pressure and high temperature are necessary, while decomposition has to be 

avoided.54 

1.2.2.3 Viscosity and ionic conductivity 

In general, the dynamic (shear) viscosity h of a fluid is the measurement of its resistance to 

gradual deformation by shear stress ʐ ×ÈÉÃÈ ÁÒÉÓÅÓ ÆÒÏÍ ÔÈÅ ÆÌÕÉÄȭÓ ÉÎÔÅÒÎÁÌ ÆÒÉÃÔÉÏÎȢ The shear 

stress t is the force F acting on area A to effect a movement in the liquid element between two 

plates (Eq. 1.2). The velocity of the movement at a given force is controlled by the internal forces 

of the material. 

 
†=
Ὂ

ὃ
 
ὔὩύὸέὲ

ά2
= ὖὥ Eq. 1.2 
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By applying shear stress, a laminar shear flow is generated between the two plates. The 

uppermost layer moves at the maximum velocity nmax, the lowermost layer remains at rest. The 

shear rate is defined as follows (Eq. 1.3) 

 
‎=
Ὠ’

ὨὬ

’

Ὤ
 
ά
ίϳ

ά
= ί1  Eq. 1.3 

If the dynamic viscosity h of a fluid is independent of shear rate and shear stress its flow 

behavior is Newtonian (Eq. 1.4). 

 
–=
ίὬὩὥὶ ίὸὶὩίί †

ίὬὩὥὶ ὶὥὸὩ ‎
 
ὖὥ

ί1
= ὖὥɇί Eq. 1.4 

Two different behaviors of fluids are well-known: Newtonian and non-Newtonian.55 Newtonian 

fluids have a constant viscosity independent of the applied shear stress or shear rate. Non-

Newtonian fluids, however, do not have a constant viscosity, thus they show either thickening or 

thinning behavior with changing shear stress or shear rate. ILs show usually Newtonian fluid 

behavior.2  

Some examples for viscosities of common ILs are given in Table 1.3.  

Table 1.3 Dynamic viscositiesh [cP] at 25°C of common ILs.  

Cation Anion  h [cP],  25°C 

EMIm+ CH3CO2- 162 48 

EMIm+ BF4- 34 48 

EMIm+ (CF3SO2)2N- 34 48 

BMIm+ CH3CO2- 440 48 

BMIm+ BF4- 115 48 

BMIm+ (CF3SO2)2N- 52 48 

BPy+ BF4- 223 56 

BPy+ CF3SO3
- 86 56 

monoC3-N+ (CF3SO2)2N- 72 57 

monoC4-N+ (CF3SO2)2N- 132 57 

monoC6-N+ (CF3SO2)2N- 153 57 

P4448+ BF4- 1240 58 

P4448+ (CF3SO2)2N- 250 58 

P4448+ PF6- 1720 58 

 

Most ILs have a much higher viscosity than water (0.890 cP) or classical organic solvents. The 

typical dynamic viscosity h of ILs is found between 10 and 500 cP. The viscosity of ILs is 

basically influenced by the formation of hydrogen bonds and the strengths of their van der 
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Waals interactions. Both cations and anions play an important role in the IL viscosity. To obtain 

low viscosity, ILs should contain large fluorinated asymmetric anions with good charge 

delocalization and weakened hydrogen bonds. Thus, for ILs with the same cation, the viscosity 

increases in the order: bis(trifluoromethylsulfonyl)imide < tetrafluoroborate < 

hexafluorophosphate < chloride. The viscosity of ILs is also influenced by the choice of the 

cation. Larger cations with long-chained alkyl substituents give higher viscosities due to their 

stronger van der Waals interactions.48  

As ILs contain only ionic species, high conductivities ʆ are expected. However, ILs hold mediocre 

but not excellent conductivities around 1 SÖm-1.48 These values are comparable to good non-

aqueous solvents-electrolyte systems but they are significantly lower than those for 

concentrated aqueous electrolytes. The reduced conductivity can be explained by the formation 

of ion pairs or ion aggregations.  

Both viscosities h and conductivities ʆ of ILs are strongly influenced by temperature. The 

temperature dependence is often expressed by the empiric Vogel-Tamman-Fulcher equation 

(Eq. 1.5, Eq. 1.6) which shows the decrease of viscosity with increasing temperature.59 

 –= –0ɇexp
ὄ

Ὕ Ὕ0
 Eq. 1.5 

 ‖= ‖0ɇexp
ὄ

Ὕ Ὕ0
 Eq. 1.6 

The equations imply h0, ʆ0, B and T0 as represent fitting parameters depending on the studied 

system at temperature T in K. 

 

The relationship between viscosity and conductivity of ILs can be described with the Walden 

rule (Eq. 1.7)60 

 
ɤ–= ὧέὲίὸ. Eq. 1.7 

×ÈÅÒÅ ɤ ÉÓ ÔÈÅ ÍÏÌÁÒ ÃÏÎÄÕÃÔÉÖÉÔÙ ɉɤ Ѐ ʆ-/ʍ  with M as molecular weight and ʍ the mass 

density). The Walden rule relates the ionic mobility, which is represented by the molar 

ÃÏÎÄÕÃÔÉÖÉÔÙ ɤȟ ÔÏ ÔÈÅ ÆÌÕÉÄÉÔÙ ÏÆ ÔÈÅ ÍÅÄÉÕÍȢ For a liquid that can be described by independently 

moving ions, tÈÅ 7ÁÌÄÅÎ ÐÌÏÔ ɉÌÏÇ ɤ ÖÅÒÓÕÓ ÌÏÇɉρȾh)) corresponds closely to the ideal line 

(Figure 1.11).53 This ideal line can be represented using aqueous potassium chloride solutions 

at high dilutions. The first Walden plots for ILs have been described by Angell et al. in 200353 and 

later by MacFarlane et al. in 2007.61 Depending on the deviation from the ideal KCl line, ILs can 

be classified in the following subgroups: superionic liquids, good ILs, poor ILs and non-ionic 

liquids, as shown in Figure 1.11.53 
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Figure 1.11 Classification diagram for ILs, based on the classical Walden rule, and deviations 

thereof.
53 

1.2.2.4 Surface tension 

In general, surface tension measurements give information about the cohesive forces between 

liquid molecules present at the surface.62 For ideal liquids composed on spherical molecules (e.g. 

liquid argon or methane), surface tension s correlates well with the intermolecular interactions 

in the bulk. However, liquids composed of non-spherical molecules with polar and non-polar 

parts show strong orientation. Especially ILs, which are generally composed of strongly 

anisotropic ions referring to structure and charge, have quite different structure and molecular 

distribution at the surface and in the bulk. The intermolecular interaction potential energy and 

the liquid interfacial microstructure  are the main factors leading to the surface tension.63 The 

surface tension of a liquid is an important physicochemical property for its application. Usually, 

ILs have higher surface tensions than most common molecular solvents (e.g. ethanol: 22 mNÖm-1, 

acetone: 23 mNÖm-1, diethyl ether: 17 mNÖm-1), but lower surface tensions than water (72 mNÖm-

1).64,65 The choice of the cation and anion influences the surface tension for the reason that 

generally both ions are present at the surface.66,67 Cations with long alkyl-chains decrease the IL 

surface tension because of the increased amount of hydrocarbons situated at the surface. Larger 

anions, however, lead to high IL surface tension values. As the anion radius is increased, the 

cations are shoved apart, therefore the surface tension increases due to the reduction of the 

hydrocarbon amount present at the liquid surface.63 Consequently, the surface tension of ILs is 

ÓÔÒÏÎÇÌÙ ÄÅÐÅÎÄÅÎÔ ÏÎ ÔÈÅ ÌÅÎÇÔÈ ÁÎÄ ÔÈÅ ÐÁÃËÉÎÇ ÅÆÆÉÃÉÅÎÃÙ ÏÆ ÔÈÅ ÈÙÄÒÏÃÁÒÂÏÎÓ ÏÆ ÔÈÅ ),ȭÓ 

surface.68 The surface tension of pure ILs is also dependent on temperature. The surface tension 

decreases with increasing temperature as a result of the change of the internal cohesive energy 
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as the sum of molecular interactions, namely hydrogen bonding, electrostatic and van-der-Waals 

interactions.62 

ILs containing long alkyl-chains, thus hydrophobic tails, and a charged hydrophilic headgroup 

resemble conventional surfactants and can form aggregates.69 Because of their structure and 

intrinsic charge, they can self-assemble not only in pure form leading to thermotropic liquid 

crystal formation, but also in binary mixtures with water.70 Some studies have shown that the 

critical micelle concentration (cmc) of long-chain imidazolium ILs are lower than those of typical 

cationic surfactants, the alkyltrimethylammonium bromides. Therefore, the surface activity of 

long-chain imidazolium ILs seems superior, and could be explained by a favored packing and a 

higher hydrophobicity of the planar aromatic headgroup.69,71,72 

1.2.2.5 Polarity and solubility 

The polarity is one of the most important properties for solvents. Molecular solvents can be 

classified and compared due to their dielectric constant e, but this is not useful for ILs because of 

their charges. Thus, other scales were developed for ILs, like the assignation via solvatochromic 

or fluorescent dyes; well-known dyes are Nile red and ReichÁÒÄÔȭÓ ÄÙÅȢ73,74 In 1965, Reichardt 

defined solvent polarity as a complex salvation capability depending on all non-specific and 

specific intermolecular solute-solvent interactions.75 And interactions leading to definite 

chemical modifications of the ions or molecules of the solute are excluded.  An empirical polarity 

scale, called ET(30), has been developed using the molar transition energies of the standard 

ÂÅÔÁÉÎÅ ÄÙÅ σπȟ ÃÁÌÌÅÄ 2ÅÉÃÈÁÒÄÔȭÓ ÄÙÅ, measured in different solvents at ambient temperature 

and pressure (Eq. 1.8),  

 
ὉὝ(30)/ Ὧὧὥὰ άέὰ1 = Ὤ‡άὥὼὧὔὃ=

28951

‗άὥὼ/ ὲά
 Eq. 1.8 

where ‡άὥὼ is the wavenumber and ‗άὥὼ the wavelength of the maximum of the long 

wavelength solvatochromic intramolecular change transfer (CT) absorption band of the 

2ÅÉÃÈÁÒÄÔȭÓ ÄÙÅ, and h, c and NA ÁÒÅ 0ÌÁÎÃËȭÓ ÃÏÎÓÔÁÎÔȟ ÔÈÅ ÓÐÅÅÄ ÏÆ ÌÉÇÈÔ ÁÎÄ !ÖÏÇÁÄÒÏȭÓ 

constant.73 With increasing ET(30) values, the polarity of the solvent increases. The 

dimensionless scale ὉὝ
ὔwas introduced using water and tetramethylsilane (TMS) as reference 

solvents leading to the fixed scale with ὉὝ
ὔ(H2O) = 1.00 and ὉὝ

ὔ(TMS) = 0.00.76 Figure 1.12 

shows the polarity scale of some traditional organic solvents and common ILs. 
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Figure 1.12 Normalized solvent polarity scale ╔╣
╝ for several organic solvents compared to the most 

common groups of ILs.
73

 

The polarity of ILs can be modified task-specifically, thus the solvent properties can be adjusted 

by the choice of cation ɀ anion combination. The variation from hydrophobic to hydrophilic ILs 

is possible which enables the solubili zation of either non-polar or polar solutes.47 Depending on 

the chain length of the IL cation, the type of the anion shows, in case of longer chains, more or 

less impact on the total polarity. The polarity decreases with the effective charge density of the 

anion and its size.74 The solvent properties of imidazolium ILs, especially their solubility in 

water, are mostly influenced by the anion. ILs with hexafluorophosphate and 

bis(trifluoromethylsulfonyl) imide are hydrophobic, and therefore insoluble in water. Highly 

hydrophilic ILs are formed with anions like acetate or nitrate (Figure 1.13).77 

 

Figure 1.13 Effect of some common anions on ILs with the same cation (e.g. imidazolium) resulting in 

water-miscible or ïimmiscible ILs.
77

 

In this context, the octanol/water partition coefficient PO/W gives important information about 

partitioning of solvents, which is an important and fundamental property of a chemical.78 Only 

few studies on this property for ILs have been done. In general, the partition coefficient is 
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defined as the ratio of the equilibrium concentration of a dissolved substance in a biphasic 

system (e.g. octanol and water)79 

 
ὖὕ/ὡ =

ὧίέὰόὸὩ Ὥὲ έὧὸὥὲέὰ ὴὬὥίὩ

ὧ(ίέὰόὸὩ Ὥὲ ύὥὸὩὶ ὴὬὥίὩ)
 Eq. 1.9 

For ionic solutes, the intrinsic (true) partition coefficient is the ratio of the concentrations of the 

undissociated species in the two phases; therefore, the measurement is quite difficult. So, the 

apparent partition coefficient is generally used, which is involves the undissociated and 

dissociated species for the concentrations. This lack of clarity leads to PO/W values for ILs which 

vary due to the measurement in different studies.79 A study on imidazolium-based ILs showed 

that values change strongly with the variation of counter anions (0.003 to 11.1 at RT).80 

For the estimation of solubilization processes, the Hildebrand solubility parameter d can be 

used. It attempts to measure the energy required during solubili zation due to the significant 

change in the molar volume of the solute(s) which involves a change in the separations of the 

solvent species (Eq. 1.10).81 

 
2‏ =

ɝὟὠ
ὠά

ɝὌὠ ὙὝ

ὠά
 Eq. 1.10 

where Vm is the molar volume of the solvent, and DUV and DHV are the molar energy and enthalpy 

of vaporization. For a long time, ILs were thought to be completely non-volatile, thus 

measurements of Hildebrand parameters were impossible. But today, we know that evaporation 

is possible for some ILs.54 Thus, the enthalpies of vaporization have been determined for several 

ILs, and the d values were obtained.82 The d values for some imidazolium, pyrrolidinium and 

ammonium ILs were found in the range of 16.3 ɀ 26.5 (JÖcm-3)1/2 , which are comparable to those 

for short- to medium-chained alcohols. The Hildebrand parameter of ILs seems to depend on the 

nature of anion and cation. It decreases with increasing chain length of the cation. Compared to 

this method, d values could also be derived from surface tension measurements,83 from viscosity 

measurements,84 or chemical reactivity.85  

1.2.3 Ȱ'ÒÅÅÎȱ ÉÏÎÉÃ ÌÉÑÕÉÄÓ ɀ toxicity and biodegradability  

)Î ÇÅÎÅÒÁÌȟ ÔÈÅ ÄÅÓÉÇÎ ÏÆ ȰÇÒÅÅÎȱ ÃÏÍÐÏÕÎÄÓ ÉÓ ÓÕÐÐÏÒÔÅÄ ÂÙ Á ÆÕÌÌ ÒÉÓË ÍÁÎÁÇÅÍÅÎÔ ÓÔÕÄÙȢ86 A 

comparative risk evaluation of chemical substances has been devised in five risk indicators 

forming eco-toxicological risk-profiles for each substance. These risk indicators and their 

interrelations with the development cycle of chemical substances are illustrated in Figure 1.14: 

release, spatiotemporal range, bioaccumulation, biological activity, uncertainty.  



Ionic liquids 

26 
 

 

Figure 1.14 Graphical illustration of the risk management cycle and its correlation with the eco-

toxicological risk indicators.
86

 

When the research of ILs began the whole substance class was discussed in an undifferentiated 

×ÁÙ ÔÏ ÂÅ ȰÇÒÅÅÎȱ ÁÎÄ ÅÎÖÉÒÏÎÍÅÎÔÁÌÌÙ ÂÅÎÉÇÎȢ Those statements were justified with the 

negligible vapor pressure which results in reduced air emission, non-flammability, and non-

explosiveness.87 But these properties are not sufficient to classify all ILs as ȰÇÒÅÅÎȱȟ ÓÏ ÉÎ ÔÈÅ ÐÁÓÔ 

few years, the image of ILs has changed.  

!Ó Á ÆÉÒÓÔ ÓÔÅÐȟ ȰÇÒÅÅÎÎÅÓÓȱ ÏÆ ÔÈÅ ÓÙÎÔÈÅÓÉÓ ÏÆ ÁÎ ), ÓÈÏÕÌÄ ÂÅ ÅÖÁÌÕÁÔÅÄȢ 4ÈÅÒÅÆÏÒÅȟ Á ÓÙÎÔÈÅÓÉÓ 

ÔÒÅÅ ɉÁÓ Á ÆÁÍÉÌÙ ÔÒÅÅɊ ÓÈÏÕÌÄ ÂÅ ÐÒÅÐÁÒÅÄ ×ÉÔÈ ÔÈÅ ), ÁÔ ÔÈÅ ÂÏÔÔÏÍ ÁÎÄ ÉÔÓ ȰÐÁÒÅÎÔÓȱ ÁÂÏÖÅȟ ÁÓ 

shown in Figure 1.15 for [BMIm]BF4.88 With this method, all generations are demonstrated back 

to the original compounds that were extracted from the ground, air or sea. 

 

Figure 1.15 Synthesis tree for the IL [BMIm]BF4.
88

 

In general, one can establish rules for the structural composition of ILs to obtain more eco-

friendly solvents. Therefore, two different concepts have to be considered ɀ the toxicity  and the 

biodegradation .89 In general, a product is more toxic when its molecular structure is more 

hydrophobic.90 The (eco)toxicity seems to be predominantly determined by the structure of the 
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cation. 86,91ɀ93 Therefore, the general tendency for the toxicity of the cationic head group is as 

following:  

 

Additionally, the side chains R play a very important role for the toxicity of an IL. Compounds 

which contain shorter alkyl side chains (number of carbons < 4) are less hydrophobic, and 

therefore less toxic.90 Moreover, the introduction of polar functional groups (e.g. ether, hydroxyl, 

amine, amide) has a large reducing effect on ILs toxicity.92 Most of the common ILs anions are 

not significantly toxic, with the following exceptions: hydrophobic and fluorinated species, like 

trifluoroacetate, trifluoro[tris(pentafluoroethyl)]phosphate , bis(trifluoromethanesulfonyl )imide. 

Biodegradation is the second important faÃÔÏÒ ÆÏÒ ÇÉÖÉÎÇ ÅÖÉÄÅÎÃÅ ÏÆ ÔÈÅ ȰÇÒÅÅÎÎÅÓÓȱ ÏÆ ÐÒÏÄÕÃÔÓȢ 

This is the microbial breakdown of chemical compounds, in contrast to the chemical 

decomposition.92 Usually, the presence of certain sites, which allow the decomposition of a 

substance by microorganisms, is necessary.94ɀ98 There are important parameters including the 

potential sites of enzymatic hydrolysis (e.g. esters, amides), and oxygen in form of hydroxyl, 

aldehyde or carboxylic acid groups as well as unsubstituted linear alkyl chains and phenyl rings, 

which represent possible sites for attack by oxygenase. With respect to the cation, the 

pyridinium core exhibits in general a higher degree of biodegradation than the imidazolium 

derivatives. The imidazolium-ring and C-substituted derivatives are completely biological 

degradable, but N-substituted derivatives (N-alkylimidazole) are not.95 Furthermore, an 

increased biodegradability is found with elongated alkyl side chains (number of carbons І φɊȢ  

Regarding the anions for ILs, naturally sourced compounds are preferred, like sulfate, sulfonate, 

phosphate, nitrate, nitrite, and salts from organic acids (e.g. acetate, lactate, etc.). Anions with 

fluorinated groups are not biodegradable. /ÎÅ ÏÆ ÔÈÅ ÎÅ× ÔÒÅÎÄÓ ÉÎ ),ȭÓ ÃÈÅÍÉÓÔÒÙ ÉÓ ÔÈÅ ÒÅÓÅÁÒÃÈ 

of bio-sourced cations and anions, for instance from natural organic acids  (e.g. lactic acid, 

levulinic acid, salicylic acid),98,99 amino acids  (e.g. valine, proline, leucine),100ɀ102 non-nutritive 

sweeteners  (e.g. saccharinate and acesulfamate),103 or natural compounds like choline or 

betaine.104ɀ106 Figure 1.16 shows the most famous examples for bio-based and renewable ions 

which have been used for the design oÆ ÎÅ× ȰÇÒÅÅÎÅÒȱ ),ÓȢ 

pyridinium imidazolium quaternary ammonium 

>                          >      
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Figure 1.16 Examples for bio-based IL cations and anions. 

1.2.4 Applications  

Due to the unlimited number of IL combinations and their exceptional physicochemical 

properties, their potential for diverse applications in research and industry is indubitable. 

Generally, about 600 conventional solvents are used in industry, compared to at least 106 

possible simple ILs.77 Table 1.4 gives a short overview of the most important properties of 

organic solvents compared to ILs. 

Table 1.4 Comparison of organic solvents and ionic liquids.
77

 

Property  Organic solvents  Ionic liquids  

Number of solvents > 1000 > 1 000 000 

Applicability  single function multifunction  

Catalytic ability  rare common and tunable 

Vapor pressure Clausius-Clapeyron-equation negligible 

Flammability usually flammable usually non-flammable 

Solvation weakly solvating strongly solvating 

Polarity conventional polarity concepts polarity concept questionable 

Tunablity limited range ÕÎÌÉÍÉÔÅÄ ɉȰÄÅÓÉÇÎÅÒȱ ÓÏÌÖÅÎÔÓɊ 

Cost usually cheap expensive 

Recyclability green imperative economic imperative 

Viscosity /cP 0.2 - 100 20 ɀ 40 000  
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An overview of the most important (potential)  ILs applications is given in Figure 1.17. ILs can 

replace conventional solvents in organic synthesis or catalysis,107 and they can also be used for 

extraction processes.108,109 Another important field of ILs applicability concerns 

electrochemistry,110 including ILs as electrolytes in batteries,111 electroplating processes,112 or 

solar cells.113 Due to their advantage in formulation technology and in colloid science, ILs find 

further applications as lubricants,114 additives in paintings,115 or templates in nano-

technology.116 The use of ILs for biopolymer processing is of great interest, like the dissolution of 

cellulose (detailed in section 1.2.5),117 lignin,118 suberin,119,120 or chitin.121 ILs are also applied in 

extraction processes of proteins.122  

 

Figure 1.17 Applications of ionic liquids: different fields and some examples.
77

 

Up to now, the most popular and well established example for an industrial process involving an 

IL is the BASILTM (biphasic acid scavenging utilizing ionic l iquids) process, which was 

introduced by BASF AG in 2002.123 This process deals with the production of 

alkoxyphenylphosphines which are generic photoinitiator precursors. 

1.2.5 Ionic liquids as cellulose solvents 

Apart from the tradition al cellulose solvents (section 1.1.3), ILs were found to have a high 

potential for the solubilization of biopolymers (e.g. cellulose, hemicelluloses, lignin).117,124ɀ127  

A bibliometric analysis with the database ScifinderÑ was carried out with the combination of 

ÔÈÅ ËÅÙ×ÏÒÄÓ ȰÉÏÎÉÃ ÌÉÑÕÉÄȱ Ϲ ȰÂÉÏÍÁÓÓȱ ÁÎÄ ȰÉÏÎÉÃ ÌÉÑÕÉÄȱ Ϲ ȰÃÅÌÌÕÌÏÓÅȱ ɉFigure 1.18) showing a 

great increase of scientific interest during the past years. In 2000, only one publication was 
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found for both keyword combinations. &ÏÒ ȰÉÏÎÉÃ ÌÉÑÕÉÄȱ Ϲ ȰÂÉÏÍÁÓÓȱȟ ten years later, in 2010, we 

find º 130 publications, and 2013, already º 210 (Figure 1.18.a). &ÏÒ ȰÉÏÎÉÃ ÌÉÑÕÉÄȱ Ϲ ȰÃÅÌÌÕÌÏÓÅȱȟ 

some more publications have been found,  º 315 publications in 2010, and in 2013, already º 

430 (Figure 1.18.b). This analysis shows that there is a continual growing interest in ILs for 

biomass and / or cellulose treating and transformation. 

 

Figure 1.18 Number of publications dealing with a) ñionic liquidò and ñbiomassò, b) ñionic liquidò 

and ñcelluloseò as a function of the publication year (analyzed with the database ScifinderÑ) 

Table 1.5 Overview for the solubility of cellulose with different degrees of polymerization (DP) in ILs. 

Ionic liquid  Solubility  (wt%)  DP T (°C) 

[BMIm]Cl 25 1000 110 (MW)117 

[BMIm]Cl 10 1000 100 117 

[BMIm]SCN 5-7 1000 110 (MW)117 

[BMIm]BF4 0 1000 110 (MW)117 

[BMIm]PF6 0 1000 110 (MW)117 

[AMIm]Cl 14.5 650 80 127 

[AMMIm]Br  4 593 80 128 

[AMIm]For 22 250 85 129 

[EMIm]Cl 6 593 80 128 

[EMIm]Ace 20 795 80 130 

[BMPy]Cl 39 286 105 131 

[Bu4P]For 6 225 110 132 

[Bu4N]For 1.5 225 110 132 

[Me(OEt)2EtIm]Ace 12 225 110 132 

[Me(OEt)2Et3N]Ace 10 225 110 132 

[(MeOEt)2NH2]Ace 0 225 110 132 
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Table 1.5 gives an overview for the most famous examples of cellulose dissolution in ILs. One 

can observe that the solubilization process is strongly influenced by several factors, like the 

degree of polymerization (DP) of cellulose, the temperature T and microwave heating (MW). 

1.2.5.1 Structural aspects and mechanism for cellulose dissolution 

In literature, most of the studies deal with 1,3-alkyl-imidazolium ILs with different alkyl chain 

lengths and different counter anions. For instance, a screening of 1-butyl-3-methylimidazolium 

ILs with a range of anions showed that small H-bond accepting anions (like Cl-) are the most 

efficient ones.117 Furthermore, ILs with longer-chain substituted cations, like 1-hexyl-3-

methylomidazolium or 1-octyl-3-methylimidazolium were found to be less efficient for 

dissolving cellulose. This fact was accounted for by the reduced effective anion concentration 

within these longer chain ILs. Some of the most important ILs cations and anions for cellulose 

solubilization are shown in Table 1.6.133 The cation of the IL does not play the predominant role, 

whereas the choice of the anion is all-important. Common IL anions with a strong potential to 

dissolve cellulose have a basic character, such as chloride, carboxylates (e.g. acetate, formate) 

and dialkylphosphates.126 

Table 1.6 IL cations (1,3-dialkyl-imidazolium, 1,3-dialkyl-pyridinium) and anions (dialkylphosphate, 

thiocyanate, formate, acetate, chloride, bromide) with the potential for cellulose dissolution.
133

 

 

imidazolium 

 

pyridinium 

R1 = Me 

R2 = Et, Bu 

R3 = Me 

R4 = Bu 

R5 = Me, Et  

 

dialkylphosphate 

 

thiocyanate 

 

formate 

 

acetate 

Cl
-
 

chloride 

Br
-
 

bromide 

 

In addition, an IL solvent for cellulose dissolution should not only have high dissolution capacity, 

but also low melting point, low viscosity, high stability, and low or even no toxicity. In order to 

dissolve cellulose, the IL has to disrupt a great number of inter- and intramolecular hydrogen 

bonds; therefore, a high concentration and activity of the anion in the IL plays the key role for 

this process.117 Studies show that the solubility of cellulose decreases with increasing size of the 

cations, such as the length of alkyl groups substituted on the cation. Investigations of the 

dissolution of cellulose with ILs in connection with the structural properties of the solvents, a 

dissolution mechanism is proposed (Figure 1.19).26,134  Above a critical temperature, the ion 

pairs of the IL dissociate to individual cations and anions. So, the free anions (electron-donor 

center) associate with the cellulose hydroxyl protons, and the free cations (electron-acceptor 
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center) complex with the cellulose hydroxyl oxygens, which disrupts hydrogen bonding in 

cellulose and results in the dissolution of the polymer.  

 

Figure 1.19 Possible mechanism of cellulose dissolution with chloride ILs.
134

 

Other investigations showed that some ILs are not able to dissolve cellulose (Table 1.7).26 

Especially ILs containing non-aromatic ammonium- and phosphonium-based cations have poor 

dissolution power, thus they can only dissolve cellulose with a low degree of polymerization, or 

form only fine dispersions of undissolved cellulose. The anions, which are not successful for 

dissolving cellulose, seem to be too voluminous and symmetric for the interaction with the 

hydroxyl-groups between the glucose-chains of the cellulose polymer.  

Table 1.7 IL cations (pyrrolidinium, piperidinium) and anions (bis(trifluoromethanesulfonyl)amide Tf2N, 

tosylate, tetrafluoroborate, hexafluorophosphate) without cellulose dissolving abilities.
26

 

  

R1 = Bu 

R2 = Me 

pyrrolidinium piperidinium 

    

Tf2N tosylate tetrafluoroborate hexafluorophosphate 

 

In contrast to the poorly dissolving cations (Table 1.7), dissolving cations (Table 1.6) seem to 

consist of planar, nitrogen-containing rings with the ability to delocalize their positive charge 

×ÉÔÈÉÎ ÔÈÅÉÒ ÁÒÏÍÁÔÉÃ ʌ-system. The non-aromatic ring structure of the non-dissolving 

compounds results in a tetrahedral-like nitrogenium heteroatom (sp3-hybridized center) 

without the possibility to delocalize the positive charge. A wide structural variety of cellulose-

dissolving anions is determined, covering trigonal planar (formate, acetate), tetrahedral 

(dialkylphosphate), linear (thiocyanate), and spherical (chloride, bromide) structures. Non-

dissolving anions are primarily hexagonal (tetrafluoroborate, hexafluorophosphate) or 

tetrahedral with bulky substituents (Tf2N, tosylate). Differences are also found with regard to 

their H-bond ability: the non-dissolving anions display poor to negligible H-bond donor- or 

acceptor-characteristics. In contrast, the cellulose-dissolving anions are moderate to excellent H-
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bond acceptors, and this ability is partially reflected in their dissolution power: thiocyanate < 

bromide < dialkylphosphate Ѓ ÃÈÌÏÒÉÄÅ Ђ ÁÃÅÔÁÔÅ Ђ ÆÏÒÍÁÔÅȢ Table 1.8 summarizes the structural 

properties for ILs ions with good or poor dissolution power for cellulose.  

Table 1.8 Overview of the structural properties of IL cations and anions with regard to their dissolution 

power for cellulose. 

GOOD SOLUBILITY POOR SOLUBILITY 

imidazolium, pyridinium  pyrrolidinium, piperidinium  

¶ planar, N-containing ring with the ability to 

delocalize the positive charge within their 

aromatic pɀsystem (sp2 N-heteroatom) 

¶ H-bond ability because of the aromatic 

character (ring protons for H-bonding) 

¶ polarity of the cation: heteroatoms induce 

polar character 

¶ non-aromatic ring tetrahedral-like N-

heteroatom without ability to delocalize the 

positive charge (Ä at sp3-center) 

¶ no H-bond ability for tetrahedral non-

dissolving cations 

acetate, formate, dialkylphosphate, 

thiocyanate, chloride, bromide  

tetrafluoroborate, hexafluorophosphate, 

bis(trifluoromethanesulfonyl)imide, tosylate  

¶ trigonal planar,  tetrahedral, linear, spherical 

¶ moderate to excellent H-bond acceptors 

(basicity): SCN- < Br- < dialkylphosphate < 

formate º OAc- < Cl- 

¶ poor to negligible H-bond donor or acceptor 

characteristics 

¶ too bulky and symmetric (no interaction with 

cellulose H-bond network) 

 

Another important structural factor for the dissolution of cellulose is the dipolar character of the 

solvent. The configuration of a four-, five- or six-membered ring-structure seems favorable 

(Figure 1.20). To form a six-membered cyclic state, a dipolar character with favorably n = 2 

bridging atoms is necessary. Fewer bridging atoms result in five-membered (n = 1) or four-

membered (n = 0) arrangements.26,135 
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Figure 1.20 Scheme for possible interactions of a cellulose hydroxyl group with a solvent dipole: the 

amount of bridging molecules n determines the size of the resulting cyclic state.
26

 

Based on these considerations, Pinkert et al. have discussed the structural design for ILs for 

dissolving cellulose.26 Generally, salts with low melting temperatures must include certain 

structural criteria for decreasing the attractive Coulombic forces between their cations and 

anions (section 1.2.2), thus at least one ion cannot be very small anymore. Requiring that one 

ion (usually the cation) should be of larger size, can result in a hindered dissolution power for 

cellulose, because of its reduced ability to penetrate the cellulosic H-bond network and to adjust 

its dipole in a favorable position. The important advantage of ILs compared to traditional 

cellulose solvents is their ability to delocalize the charge of their more bulky ion and improve 

their ability to adapt the geometrical arrangement of their dipoles for a favorable H-bond 

interaction with cellulose. The presence of two good H-bond acceptors (e.g. oxygen) in 

intermediate proximity on one side of the molecule, and the non-favorable substituents on the 

reverse side can explain why those ions are still found in cellulose-dissolving solvents. One 

should come to a compromise between ion size and the ability to present its H-bond at a 

favorable location to form thermodynamically stable H-bonds with cellulose. In a further step, 

Pinkert et al. proposed further ions which are expected to be efficient (Table 1.9) for cellulose 

dissolution.26 

Table 1.9 Proposed IL cations (oxazolium, oxaphospholium) and anions (phosphate, 

dimethylcarbamate, nitrate, nitrite) for enhanced cellulose dissolution.
26

 

 

oxazolium 

 

oxaphospholium 

 

phosphate 

 

dimethylcarbamate 

 

nitrate 

 

nitrite 

 

-+
n

4-ring

+ -

n = 2

+ -

+ -

n = 1

n = 0

5-ring

6-ring



CHAPTER 1 ɀ Molten salts and ionic liquids for biopolymer solubilization: State of the art 

35 
 

Two different cases for well -known 

cellulose solvents are identified: (a) 

structure with two heteroatoms that are 

more electronegative than the 

connecting C-atoms (e.g. imidazolium 

cations), or (b) structure with two 

heteroatoms with a very large difference 

in electronegativity (e.g. NMMO). If the 

difference in electronegativity of the heteroatoms is larger, the resulting dipole of the molecule 

is larger (Figure 1.21). Consequently, oxazolium and oxaphospholium are conceivable as IL 

cations. Suitable anions are good H-bond acceptors, preferably small in size, and without any 

hydrophobic substituents. The presence of several H-bond acceptor sites can be favorable; 

possibilities include fluoride, chloride, formate, acetate, phosphate derivatives, peroxide, 

superoxide, hydroxide, nitrate or nitrite. Moreover, the mesomeric effect of the N-atom in the 

structure of dicarbamate offers the possibility of two H-bond acceptor sites. The phosphate 

anion can offer multiple sites that qualify as H-bond acceptors; the triple negative charge 

enables the anion to be paired with three cations.   

1.2.5.2 Conversion of cellulose to platform chemicals in ionic liquids 

As already mentioned in section 1.1.2, the transformation of biopolymers to platform chemicals 

is an important possibility to use renewable feedstock as alternative to petro-chemicals. Tao et 

al. showed a simple and effective route for the production of 5-hydroxymethyl furfural (HMF), 

furfura l and levulinic acid from microcrystalline cellulose (MCC) with the catalyst CoSO4 in the IL 

1-(4-sulfonic acid) butyl-3-methylimidazolium hydrogen sulfate (Figure 1.22).136 This cellulose 

hydrolysis process at 150 °C led to 84% conversion of MCC after 5 h. Yields of HMF and furfural 

were up to 24% and 17%, respectively, and a small amount of levulinic aid (8%) and reducing 

sugars (4%) were generated. 

 

Figure 1.22 Catalytic process for the transformation of microcrystalline cellulose (MCC) to 5-

hydroxymethyl furfural (HMF), furfural, and levulinic acid in an IL.
136

 

 

Figure 1.21 Dipolar character in aromatics 
introduced through heteroatoms; electronegativities 
increase from phosphor to oxygen.
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A similar route for the conversion of 

cellulose to HMF in a single-step-reaction 

was shown using a pair of metal chlorides 

(CuCl2 and CrCl2) as catalyst and  the IL 

[EMIm]Cl at 80-120 °C.137 For this type of processing, catalytic ILs have been synthesized and 

applied on cellulose transformation, e.g. heteropolyacid (HPA) ILs [MImPSH]nH3-nPW12O40 ( 

Figure 1.23).138  

In this context, Villandier et al. published a one-pot conversion route for the conversion of 

cellulose to biodegradable surfactants with an acid catalyst in IL media.139,140 As shown in Figure 

1.24, by working in IL media with Amberlyst 15Dry as acid catalyst and coupling the rate of 

cellulose hydrolysis and the rate of glycosidation of the monosaccharides formed with C4- to C8-

alcohols, 82% mass yield of octyl-ɻȟɼ-glycoside and octyl-ɻȟɼ-xyloside was obtained. 

 

Figure 1.24 One step conversion of cellulose into alkyl-Ŭ,ɓ-glycoside surfactants.
139

 

  

 

Figure 1.23 Structure of [MImPSH]H2PW12O40.
138
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1.3 Deep eutectic solvents  

Deep eutectic solvents (DESs) based on biosourced compounds represent a new class of 

alternative solvents. The analysis of published literature by means with the database ScifinderÑ 

gave only a limited number of results due to the recent development of such compounds. In 

2004, we identify only 11 publications with the keyword "deep eutectic solvents ", whereas in 

2012, the limit of 100 hits was passed, and in 2013, we can find already 150 ones. This shows 

that the research on DES is quite recent but already knows a growing interest.  

1.3.1 Theoretical backgroun d and structure  

Deep eutecti c solvents (DESs) are composed of salts which form an eutectic with a melting 

point much lower than either of the individual compounds.141 The phase diagram of an eutectic 

mixture of two solids A and B (Figure 1.25) shows different regions: below a certain 

temperature (isothermal line c - d), both solids co-exist. Above this temperature, the mixture is 

either liquid or a liquid-solid-mixture, which depends on the composition of the mixture. The 

eutectic point e is the intersection of the liquid-solid lines of A and B at a certain ratio and 

temperature, which is the common freezing temperature defining the DES. 

 

Figure 1.25 Phase diagram for an eutectic mixture of solid A and solid B with Tm: melting temperature 
of pure solid; c ï d: isothermal line, e: eutectic point. 

Generally, DESs are formed between quaternary ammonium salts and a hydrogen bond donor 

(HBD), like carboxylic acids, amides, amines or alcohols.141 The formation of DES takes place 

because of the stronger interactions of the quaternary ammonium counter anion (e.g. chloride) 

with the HBD than with the quaternary ammonium cation. Thus, non-Coulomb interactions are 

stronger in this case than Coulomb interactions. 
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The eutectic mixture of choline chloride with urea was the first metal-free DES example, and it 

results in a liquid with a freezing point of 12 °C. The charge delocalization during mixing these 

compounds is achieved through rearrangement of the structure by changing the hydrogen 

bonding. 

The term DES was coined for eutectics of mixtures of two components, but unlike the most 

molecular eutectic mixtures, the interaction between the ammonium salt and the HBD results in 

a very large depression of freezing point (up to 200 °C).142 Recently, DES has also been called 

Ȱlow transition temperature mixture ȱ (LTTM) .143 Figure 1.26 gives an overview of the 

possible structures for HBDs and hydrogen bond acceptors (HBAs) which can be combined for 

the formation of DES or LTTM. 

 

Figure 1.26 Molecular structures of hydrogen bond donors (HBDs) and hydrogen bond acceptors 

(HBAs) that can be combined to form a DES or a LTTM.
144

  

Unlike apparently similar, DESs are different from ILs for two main reasons: 1) DESs are not 

wholly composed of ionic species and 2) DESs can be formed from ionic, but also from non-ionic 

species.3 The comparison of DESs (derived from choline chloride) to classical ILs shows many 
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advantages: low price, chemical inertness with water, simple preparation (mixing of two 

compounds), mostly biodegradable, biocompatible and non-toxic.  

1.3.2 Physical and chemical properties  

As ILs, DESs are designable due to the huge possibility of combinations of HBDs and HBAs 

(Figure 1.26). Consequently, their physical and chemical properties can be tuned depending on 

the choice of compounds used for the DES formation.3 

The liquid nature of the salt mixtures is ascribed to a reduction of Coulomb forces which 

decrease with a large volume and asymmetric charge distribution of the molecular ions.145 As 

already mentioned, DESs are formed by mixing two solids which generate, at a certain molar 

ratio, a new liquid phase by self-association due to hydrogen bonding. The out-coming mixture is 

characterized by a lower freezing point Tf than that of the individual salts. All reported DES have 

freezing points below 150 °C.3  

Table 1.10 Some examples for DES with choline chloride (ChCl; Tm = 303 °C) and different HBDs. 

Hydrogen bond donor (HBD) ChCl : HBD (molar ratio)  Tm(HBD) /°C Tf /°C 

Urea 1 : 2 134 12 146 

Thiourea 1 : 2 175 69 146 

Acetamide 1 : 2 80 51 146 

Benzamide 1 : 2 129 92 146 

Ethylene glycol 1 : 2 -12.9 -66 147 

Glycerol 1 : 2 17.8 -40 148 

Imidazole 3 : 7 89 56 149 

Adipic acid 1 : 1 153 85 141 

Citric acid 1 : 1 149 69 141 

Malonic acid 1 : 1 135 10 141 

Oxalic acid 1 : 1 190 34 141 

Succinic acid 1 : 1 185 71 141 

Phenylacetic acid 1 : 1 77 25 141 

Levulinic acid 1 : 2 32 lq at RT 150 

Itaconic acid 1 : 1 166 57 150 

L-(+)-Tartaric acid 1 : 0.5 171 47 150 

Xylitol 1 : 1 96 lq at RT 150 

D-Sorbitol 1 : 1 99 lq at RT 150 

D-Isosorbide 1 : 2 62 lq at RT 150 
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Table 1.10 summarizes the properties (molar ratio of the mixture and its freezing point Tf) of 

some DES formed between choline chloride  (ChCl) and various HBDs, such as urea , polyols  

(e.g. glycerol), carboxylic acids  (e.g. citric acid, levulinic acid, itaconic acid), sugar-derived 

polyols  (e.g. xylitol, D-sorbitol, D-isosorbide). 

Recently, not only binary but also ternary low-melting systems were reported in literature.151 

Mixtures of ChCl with urea, and glucose or sorbitol as sugar showed melting temperatures with 

melting points below RT. Thus, sugars could be made liquid at RT without caramelization.  

In general, the physicochemical properties of DESs, such as viscosity, conductivity, and surface 

tension, are similar to ambient temperature ILs and can be explained with the hole-theory.152,153 

The reason for the high viscosity of RTILs and DESs lies in the ÒÅÌÁÔÉÖÅÌÙ ÌÁÒÇÅ ÒÁÄÉÉ ɉЂ σ-4 Å) of 

the solvent species (ions) compared to the average radius of the ÖÏÉÄÓ ɉЂ ς BɊ. The viscosity of a 

fluid is correlated to the free volume and the probability to find holes of appropriate dimensions 

for the solvent molecules or ions to move into.153 The free volume of a liquid can be increased by 

decreasing the surface tension, and the conductivity of an ionic fluid can be increased by using 

smaller ions. Thus, less viscous liquids with higher conductivities can be obtained using small 

quaternary ammonium cations (e.g. ethylammonium) and fluorinated hydrogen-bond donors 

(e.g. trifluoroacetamide).  

The polarity, which is an important solvent property, can be evaluated as its polarity scale 

ET(30), as explained in section 1.2.2.5. Up to now, only few data on solvent properties of DESs 

are reported. Abbot et al. studied the solvent polarity parameters of various ChCl-glycerol 

mixtures (ET(30) between 57.17 to 58.49 kcalÖmol-1) resulting in a linear increase of ET(30) with 

the ChCl concentration.154 

1.3.3 !ÓÐÅÃÔÓ ÏÆ ȰÇÒÅÅÎȱ ÃÈÅÍÉÓÔÒÙ ÆÏÒ DESs 

The preparation of DESs is simple and 100% atom economic, occurs without any solvent, and no 

waste is produced.3 4ÈÕÓȟ ÐÒÏÄÕÃÉÎÇ $%3Ó ÆÏÌÌÏ×Ó ÔÈÅ ÐÒÉÎÃÉÐÌÅÓ ÏÆ ȰÇÒÅÅÎȱ ÃÈÅÍÉÓÔÒÙ ɉsection 

1.1.3).  

In addition, most of the starting materials for metal-free DES are bio-sourced, natural and 

renewable products which comprise no risk for human or environment. A recent study reports 

various natural DES, called NADES, wholly formed from natural products, e.g. organic acids, 

sugars and amino acids.155 All the resulting DE mixtures are not volatile and not flammable and 

furthermore, they are biocompatible, biodegradable and non-toxic.145 Moreover, the potential 

for recycling of DES after an application process is promising.3 In the context of eco-friendly 

processing, DESs could replace classical organic solvents, which include various risks. Some 
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more developments and future perspectives are conceivable, such as biocatalysis, carbon 

dioxide capture or biomedical applications.156 

1.3.4 Applications  

Despite the novelty of this research field, DESs have already found various (potential) 

applications in different  areas such as material preparation, electrochemistry, synthesis, 

separation processes, bio applications and catalysis.144 In Figure 1.27, the distribution of 

publications dealing with DESs in the main sectors of application is represented. 

 

Figure 1.27 Relative distribution of publications on DESs due to their (potential) application field.
144

  

The first applications of DES were in electrochemistry , especially in the field of metal 

electrodeposition .157 An appropriate solvent for metal electrodeposition or electrochemical 

reactions needs to fit the obligatory redox-potential window. ILs were used in this field to avoid 

the limitations of using aqueous solutions as solvents.158 DESs have several advantages, like 

water-tolerance, biodegradability and being cheap, thus they were successfully applied to metal 

and alloy electrodeposition,159 electropolishing,152 and preparation of electrolytes.144  

The application of DESs for material preparation  is also of huge interest. They have been used 

as solvents and/or dispersion media for the preparation of nanoparticles which allows the 

control of the size, shape, and surface structure of dispersed nanoparticles.160 Furthermore, new 

open-framework structures, like metal phosphates, metal-organic frameworks, and new organic-

inorganic structures highlighting polyoxometalate-based hybrid materials, were successfully 

produced in DESs.144 

A variety of DESs, mainly ChCl-urea mixtures, have already been applied to organic synthesis , 

e.g. bromination,161 Perkin reaction,162 Knoevenagel condensation,163 reduction of epoxides and 

carbonyl compounds.164 A diversity of C-C coupling reactions in ȰÓ×ÅÅÔȱ ÌÏ× ÍÅÌÔÉÎÇ ÍÉØÔÕÒÅÓ 

based on sugars or sugar alcohols combined with urea as reaction media have been reported, 

namely Diels-Alder,165 Suzuki coupling,166 Heck reaction and Sonogashira reaction.167 DESs have 
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also found application in the field of catalysis.3 Especially some examples for base-catalyzed, 

acid-catalyzed, transition-metal catalyzed, and biocatalysis processes were studied. 

A further field of DES application is their use in separation and dissolution processes .3 The 

solubility of carbon dioxide CO2 in a ChCl-urea mixture has been reported.168 This procedure, 

which could be used for CO2 capturing, depends on three different factors: pressure, 

temperature, and the molar ratio of the ChCl-urea mixture. Another example for solubili zation 

processing in DES is the dissolution of metal oxides. DESs are able to donate or accept electrons 

or protons to form hydrogen bonds which explains their excellent dissolution properties.3 

Different metal oxides, e.g. ZnO, CuO, Fe3O4, have been dissolved in ChCl-DES with different 

carboxylic acids, such as malonic, propionic and phenylpropionic acid.142 Another imposing 

example for the application of DES in separation processes is the purification of biodiesel . 

Because of their high polarity, DESs have been used for the separation of residual glycerol, a side 

product after transesterification of vegetable oils, from raw biodiesel.147 Due to the ability of 

various quaternary ammonium salts to form eutectic mixtures with glycerol, this was extracted 

from the biodiesel phase. 

Francisco et al. have studied LTTMs as solvents for biopolymers, e.g. lignin, cellulose and 

starch.143 As starting materials, natural HBAs (ChCl, betaine, alanine, glycine, histidine and 

proline) and natural HBDs (nicotinic acid, oxalic acid, lactic acid and malic acid) have been 

combined. Some of the mixtures were able to dissolve lignin (up to 15 wt% with malic acid-

proline 1:3) and starch (up to 7.6 wt% with malic acid-glycine 1:3), but not cellulose. 

3ÕÍÍÉÎÇ ÕÐȟ $%3Ó ÁÎÄ ,44-Ó ÁÒÅ Á ÎÅ× ÃÌÁÓÓ ÏÆ ȰÇÒÅÅÎȱ, designable solvents with a great 

potential for many different applications due to their tunable properties. 
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1.4 Conclusions 

In the field of biopolymers as renewable resources, especially ligno-cellulosic biomass, cellulose 

is the most produced natural feedstock . Thus, the processing and solubilization for cellulose 

are important steps to gain access for its further use as alternative resource. Furthermore, 

cellulose can be transformed to numerous different platform chemicals, such as 5-

hydroxymethylfurfural or levulinic acid as the most important ones. However, the research on 

an ideal solvent for this complex structured polymer rests a huge challenge for academics and 

industrials. An ideal solvent should comply with the following requests: high dissolution 

capacity, cheap, low viscous, stable, non-toxic, ecologically friendly and easy to recycle. 

 

In the course of this research, ionic liquids  (ILs) have been widely studied as solvent for 

biopolymers, especially cellulose, showing a high dissolution power. For the solubilization of 

cellulose, short-chain imiazolium cations combined with small basic anions, such as chloride and 

acetate, are described as very efficient.  

ILs represent a quite new class of alternative solvents with special physicochemical properties 

which can be tuned due to the choice of cations and anions. Therefore, ILs find many different 

applications, e.g. in the field of electrochemistry, as solvents and catalysts, biological uses, 

analytics, engineering and formulation, physical chemistry.  

'ÅÎÅÒÁÌÌÙȟ ),Ó ÁÒÅ ÃÏÎÓÉÄÅÒÅÄ ÁÓ ȰÇÒÅÅÎȱ ÓÏÌÖÅÎÔÓ ÄÕÅ ÔÏ ÔÈÅÉÒ ÎÅÇÌÉÇÉÂÌÅ ÖÁÐÏÒ ÐÒÅÓÓÕÒÅ ÁÎÄ ÔÈÅÉÒ 

high potential for recyclability. However, real benign solvents should fulfill some more 

properties and principles, especially biodegradability, non-toxicity  and easy synthesis from 

biogenic material. The research on eco-friendly ILs, which are ideally based on renewable 

materials, is still a great challenge.  

 

Deep eutectic solvents  (DESs) are another class of low-melting salts which represent a new 

ÃÌÁÓÓ ÏÆ ȰÇÒÅÅÎȱ ÓÏÌÖÅÎÔÓȢ 4ÈÅÙ ÃÁÎ ÂÅ ÏÂÔÁÉÎÅÄ ÆÒÏÍ ÎÁÔÕÒÁÌ ÒÁ× ÍÁÔÅÒÉÁÌÓ ɉi.e. choline chloride 

and urea) by a simple and efficient way of preparation. As ILs, DESs have a high potential for 

various applications, such as electrochemistry, material preparation and synthesis, separation 

processes, bioapplications and catalysis. 

 

In this project, we focus on the dissolution of cellulose with novel solvents, mainly low-melting 

salt mixtures, such as ILs or DESs. In the context of this study, the ÐÒÉÎÃÉÐÌÅÓ ÏÆ ȰÇÒÅÅÎȱ ÃÈÅÍÉÓÔÒÙ 

play a major role, and the use of natural resourced species is applied.  
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CHAPTER 2 ï Short-chain quaternary 

ammonium ionic liquids (QACILs) with 

biosourced carboxylate counter anions 
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Véronique Nardello-Rataj, François Jérôme et al.  

Transition of cellulose crystalline structure in biodegradable mixtures of renewably-sourced levulinate alkyl 

ammonium ionic liquids, ɔ-valerolactone and water  
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2.1 In troduction  

In the design of ILs, both the cationic and anionic counterparts must be carefully taken into 

account because they both play an important role in the IL properties and, accordingly, in its 

potential applications. As far as cellulose solubilization in ILs is concerned a great field of ILs 

application, numerous cations have been investigated. A survey of the literature combining 

ͼÃÅÌÌÕÌÏÓÅͼ ÁÎÄ ȰÉÏÎÉÃ ÌÉÑÕÉÄȱ ÁÓ ËÅÙ×ÏÒÄÓ ÈÉÇÈÌÉÇÈÔÓ ÔÈÅ ÈÉÇÈ ÏÃÃÕÒÒÅÎÃÅ ÏÆ imidazolium -based 

ILs with more than 400 related publications, as illustrated in Figure 2.1 (the bibliometric 

analysis was carried out with the ScifinderÑ database and it includes all documents such as 

scientific journals, patents, etc.). The second mostly used IL cation is the pyridinium with about 

230 publications, followed by quaternary ammonium  (º 75 publications) and phosphonium  

(º 45 publications). With about 20 publications, pyrrolidinium , piperidini um and 

morpholinium  are not really much studied as IL cations for cellulose treatment.  

 

Figure 2.1 Number of publications dealing with ñionic liquidò for ñcelluloseò highlighting their cationic 

counterpart (analyzed with the ScifinderÑ database). 

4ÈÅ ÇÒÏÕÐ Ȱ/ØÉÄÁÔÉÏÎ Ǫ &ÏÒÍÕÌÁÔÉÏÎȱ ÈÁÓ Á ÌÏÎÇ ÅØÐÅÒÉÅÎÃÅ ÉÎ ÁÌËÙÌ ÑÕÁÔÅÒÎÁÒÙ ÁÍÍÏÎÉÕÍ ÆÏÒ 

several years ago, especially in their behavior as catalytic surfactants for the elaboration of 

microemulsions. As an example, the self-aggregation behavior of dimethyldioctylammonium 

salts in water has been thoroughly studied as a function of various counter anions, as depicted in 

Figure 2.2.169  
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Figure 2.2 Self-aggregation behavior of dimethyldioctylammonium [DiC8] in water as a function of the 
counter anion [X].

169
 

During the numerous investigations, researchers have noticed that some of them were liquid at 

room temperature. In line with such findings, the group has decided to go deeper in the search of 

ILs based on alkyl quaternary ammonium salts. Furthermore, quaternary ammonium is the 

simplest cation allowing a tuning of the number and length of alkyl chains in order to assess the 

impact of the IL chemical structure on its physicochemical properties and capacity for cellulose 

solubilization. Therefore, short chain quaternary ammonium salts were first used in the present 

work as a model to investigate a series of organic cationic counter parts with further attempts to 

rationalize the rules making that their combination leads to an IL. Other advantages of 

quaternary ammonium cations is that they are less toxic than imidazolium and pyridinium 

which have also been much more investigated.92 Besides, they are expected to be more 

biodegradable than ILs with heteroaromatic counterparts at cations, e.g. imidazolium and 

pyridinium. 170 

Regarding the anions commonly encountered for the cellulose solubilization application, up to 

now, mainly chloride , bromide  and acetate have been used.34 One of our aims was to develop 

novel biocompatible ILs for the cellulose solubilization. Indeed, a remaining challenge in the 

search for novel Ils is a 100% biosourced origin and within this context, biosourced IL anions, 

such as natural carboxylates , appear as good candidates from an ecological point of view. Thus, 

ÔÏ ÇÅÔ ÃÌÏÓÅÒ ÔÏ ÔÈÅ Ȱ'ÒÁÁÌȱȟ ÔÈÅ ÑÕÁÔÅÒÎÁÒÙ ÁÍÍÏÎÉÕÍ ÂÅÁÒÉÎÇ ÖÁÒÉÏÕÓ ÓÈÏÒÔ ÁÌËÙÌ ÃÈÁÉÎÓ ×ÅÒÅ 

combined with various biosourced carboxylate anions, which are much more common than their 

cationic counterpart. In the literature, several quaternary ammonium carboxylates have already 

been described, such as the diethyldimethylammonium  carboxylates  (acetate, formate, 
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propionate, butyrate, maleate, succinate) or cyclohexyl-based ammonium in combination with 

formate and acetate.171,172 

In this work, we performed a systematic investigation of 15 organic anions: formate , acetate, 

lactate , glycolate , levulinate , sorbate , salicylate , mandelate , succinate , itaconate , maleate , 

fumarate , malate , tartrate  and citrate  as natural-sourced anions, as shown in the following 

(Figure 2.3). Besides their biosourcing, they have also been retained both for their easy 

accessibility and relatively low price.173 

 

Figure 2.3 Overview for the used natural-sourced carboxylate anions and their natural sources. 

In nature, formic acid (For ; pka 3.77) is found in the venom of ants. Acetic acid (Ace; pka 

4.76) is the main component of vinegar (4 ɀ 8%) apart from water. The primary natural sources 

for lactic acid (Lac ; pka 3.86) are milk products, e.g. yogurt, cheese. Glycolic acid (Gly ; pka 

3.83) is found in some sugar-crops. Levulinic acid (Lev ; pka 4.64) is derived from degradation 

of cellulose. Sorbic acid (Sor ; pka 4.76) was first isolated from rowanberry oil by distillation. 

Unripe fruits and vegetables are natural sources for salicylic acid (Sal ; pka 2.97), in particular 

Natural-

sourced

carboxylate 

anions

vinegar

isomer

 
 

 

 

mandelate



Introduction 

50 
 

blackberries, blueberries, etc. Mandelic acid (Mand ; pka 3.41) was discovered in an extract of 

bitter almonds. Succinic acid (Suc; pka1 4.16, pka2 5.61), which is historically known as spirit 

of amber, was originally obtained from amber. Itaconic acid (Ita ; pka1 3.84, pka2 5.55) is 

produced by distillation of citric acid (Cit ; pka1 3.13, pka2 4.76, pka3 6.39), which is mainly 

found in citrus fruits. Malei c acid (Male; pka1 1.83, pka2 6.59) is the trans-isomer of fumaric 

acid (Fum; pk a1 3.03, pka2 4.44) , which is found in nature in fumitory, bolete mushrooms or 

Iceland moss. Malic acid (Mala ; pka1 3.40, pka2 5.20) was first isolated from apple juice. 

Tartaric acid (Tar ; pka1 2.89, pka2 4.40) occurs naturally in many plants, mainly in grapes, 

bananas and tamarinds. 

Two main approaches were undertaken: one physicochemical approach during which all the 

synthesized ILs have been fully characterized by several descriptors and parameters, and one 

practical approach aiming at assessing the maximum percentage of cellulose solubilized in each 

IL, searching in fine for a correlation between physicochemistry and solubilization. As a 

progressive evolution of the woÒË ÁÎÄ ÔÏ ÒÅÁÃÈ ȰÔÈÅ 'ÒÁÁÌȱȟ ÔÈÅ ÔÈÉÒÄ ÃÈÁÐÔÅÒ ×ÉÌÌ ÂÅ ÄÅÖÏÔÅÄ ÔÏ 

biosourced cations choline , betaine  and carnitine  combined with the most relevant biosourced 

anions. The screening and investigation of many different carboxylate anions expanded the 

model for this work and helped us to understand the structural effects on the physicochemical 

properties and cellulose solubilization capacity. In other words, before finding a new biosourced 

and biocompatible IL able to dissolve a high percentage of cellulose, our approach was to 

understand which structural parameters drive this property. 

Short-chain two- and three-tailed quaternary ammonium cations have been combined with 

various natural carboxylate anions to give ILs of the type [(CnH2n+1)2N(CH3)2]X or 

[(CnH2n+1)3N(CH3)]X (n = 3, 4, 6; X = carboxylate anion), abbreviated as QACILs. The 

physicochemical characterization of these compounds as novel potential ILs, i.e. thermal phase 

transitions, thermal stability, viscosity, surface activity and hydrotropic behavior, have been 

investigated, and their ability for dissolving cellulose was studied. As an additional aspect, 

Hansen solubility parameters of the ILs have also been investigated with the aim to support the 

ÒÅÓÕÌÔ ÆÏÒ ÃÅÌÌÕÌÏÓÅ ÄÉÓÓÏÌÕÔÉÏÎȢ 4Ï ÁÓÓÅÓÓ ÔÈÅÉÒ ÕÓÅ ÁÓ ÐÏÔÅÎÔÉÁÌ ȰÇÒÅÅÎȱ ÓÏÌÖÅÎÔÓȟ their 

biodegradability has also been studied. 
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2.2 Synthesis of QACILs 

The QACILs were synthesized according to two reaction steps. During the first step, the 

quaternary ammonium halide salt was prepared starting from the corresponding amine. The 

second step consisted in an anion exchange providing directly the pure ILs with a carboxylate 

anion as a counterpart.  

2.2.1 Preparation of qua ternary ammonium halide salts  

The two- or three-tailed quaternary ammonium compounds [(CnH2n+1)2N(CH3)2]X or 

[(CnH2n+1)3N(CH3)]X, abbreviated as [DiCn]  or [TriC n]  respectively (n = 3, 4, 6; X = Br, I), were 

synthesized via a nucleophilic substitution, namely an alkylation of N,N,N-alkyldimethylamines 

or N,N,N- dialkylmethylamines with 1-haloalkanes (Eq. 2.1) with yields around 90-99 %. 

 

 
Eq. 2.1 

2.2.2 Preparation of quaternary ammonium carboxylates via anion  exchange    

By varying the nature of the organic anion and the number and chain length of the ammonium 

46 compounds were synthesized. The first step of the synthesis was followed by an anion 

metathesis to obtain the quaternary ammonium carboxylates (Eq. 2.2). Therefore, the salt with a 

halide anion [(CnH2n+1)2N(CH3)2]X or [(CnH2n+1)3N(CH3)]X was transformed to a hydroxide salt 

over an exchange resin (Amberlite® IRA-400(Cl) followed by neutralization with the 

corresponding biosourced carboxylic acid with yields around 90 %.174  

 

R1 = R2 = CH3 or CnH2n+1 with n = 3, 4 or 6; R3 = H or CH3 
Eq. 2.2 

Water was then removed by lyophilization of the synthesized ILs using a freeze dryer for at least 

72 h. Residual water content was determined with a coulometric Karl-Fischer titration. The 

QACILs are very hygroscopic. Moreover, some of them contain water in their structure, as 

crystallization water. Thus, the quaternary ammonium compounds can contain water between 

0.7 for e.g. [DiC4]Br until 12.8 wt% for e.g. [DiC4]2Ita (details are given in the experimental 

section), even after freeze drying for several days. This is an important point since residual 
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water can modify the physicochemical properties of the compounds, especially its behavior as an 

IL. This is a recurrent problem for these compounds which have many times been pointed out in 

the literature. However, it is noteworthy that this is not straightforward at all to synthesize ILs 

ÆÒÅÅ ÏÆ ÒÅÓÉÄÕÁÌ ×ÁÔÅÒȢ )Ô ÉÓ ÎÅÖÅÒÔÈÅÌÅÓÓ ÉÍÐÏÒÔÁÎÔ ÔÏ ÄÅÔÅÒÍÉÎÅ ÔÈÉÓ Ȱ×ÁÔÅÒ ÉÍÐÕÒÉÔÙȱ ÁÎÄ ÔÏ ÂÅ 

aware of it. Thus, before determining their physicochemical properties, the QACILs have been 

dried as much as possible and stored under an atmosphere of argon. The purity of the 

synthesized products was confirmed by 1H- and 13-C-NMR. The anion exchange was followed by 

pH-control with a pH-meter, and the good agreement between integrations of the cation and of 

the anion in the 1H-NMR spectrum of the final products was a proof of the total anion exchange. 

The chemical structures of the quaternary ammonium cations and carboxylate anions as well as 

their abbreviations are given in Table 2.1. The 1H- and 13C-NMR data of the 46 synthesized 

QACILs are detailed in the experimental section  of this chapter. 

Table 2.1 Cations and anions investigated for the preparation of the 46 QACILs. 

Cations 

 

[DiC3] 

 

[TriC 3] 

 

[DiC4] 

 

[TriC 4] 

 

[DiC6] 

Anions  

 
 

Formate 

For 

 
Acetate 

Ace 

 
Lactate 

Lac 

Glycolate 

Gly 

Levulinate 

Lev 

Sorbate 

Sor 

Salicylate 

Sal 

Mandelate 

Mand 

Succinate 

Suc 

Itaconate 

Ita  

Maleate 

Male 

Fumarate 

Fum 

Malate 

Mala 

Tartrate 

Tar  

Citrate 

Cit 
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2.3 Physicochemical properties  of QACILs 

The investigation of physicochemical properties is an essential step to understand the 

characteristics of a compound with regard to its application potential. Figure 2.4 summarizes 

some of the most important properties required for pure ILs, which have already been explained 

in detail in the first chapter, section 1.1.2, e.g. degradation temperature, melting temperature, 

glass transition, viscosity and surface tension. 

 

Figure 2.4 Schematic overview of the most important properties required for ILs. 

Based on this, the most important physicochemical properties of the QACILs previously 

prepared have been studied. Thermal analyses  have been carried out with the aim to 

determine the decomposition temperatures  and thermal phase transitions , such as glass 

transition  and melting temperature . Viscosities  were measured at different temperatures. 

Additionally, surface tensions  of the pure QACILs have also been determined. Finally, because 

of their chemical structure, their ability to act as hydrotropes  was also examined by measuring 

their critical aggregation concentration to assess their possible self-aggregation and their 

capacity to solubilize a hydrophobic solute in water. 

2.3.1 Thermal analyses 

2.3.1.1 Thermal stability 

Thermogravimetric analysis (TGA)  was used to determine the thermal degradation 

temperatures, abbreviated as Tdeg, and therefore the thermal stability of the QACILs. The 

degradation ranges (temperature range of the peak of the derivative weight loss curve) for the 

< 100ÁC,

often very low (to -80 ÁC)
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different compounds are given in Table 2.2 (TGA curves are shown in the experimental 

section). For all compounds, decomposition started at temperatures from 135 to 230 °C in 

agreement with data found in the literature for similar compounds (e.g. [DiC4]Br : 225 °C; 

[DiC6]Br : 215 °C).175 Generally, the halogenated ILs are stable until higher temperatures 

compared to their carboxylate analogues. In particular, the acetate IL series shows an early loss 

of weight (Figure 2.5.a) which could be explained by a degradation mechanism involving 

dealkylation of the cation by nucleophilic attack from the anion to form the corresponding 

amine, as already proposed in the literature.176,177 Such phenomenon mainly appears in the 

presence of rather nucleophilic anions like acetate.178 The comparison of TGA curves of the 

acetate-based ILs highlights some similarity, irrespective of the cations.  

Figure 2.5.b, however, shows huge differences of TGA curves due to different anions with the 

same cation [DiC4]. As already mentioned, halogenide ILs ([DiC4]Br ) are thermally more stable 

than carboxylate ones. The salicylate-based IL is more stable than the ILs with simple 

carboxylates which could be fact of the aromatic part in the structure. The QACIL [DiC4]Gly 

exhibits an early weight loss (starting at ca 60 °C) which seems to be similar to the 

decomposition phenomenon of acetate ILs. [DiC4]2Suc is the less stable QACIL in this serie. The 

lower thermal stability of this divalent-anion-based IL is probably due to the weaker cation-

anion Coulombic interaction freeing up the anions to act as stronger nucleophiles.176 Generally, 

the thermostability data and the comparison of the TGA curves indicate that this property is 

mainly dependent on the anion of ILs series. 
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Figure 2.5 Comparison of TGA-curves (continuous line: weight %; dashed line: derivative weight % / 
°C): (a) of acetate ILs with different cations: [DiC3], [TriC3], [DiC4], [TriC4], and (b) [DiC4] ILs with 

different anions: Br, Gly, Sal, Suc. 

2.3.1.2 Thermal transitions 

Thermal phase transitions were determined by differential scanning calorimetry (DSC), 

providing the glass transition  (Tg, as the midpoint of a small endothermic heat capacity change 

from the amorphous glass state to a liquid state), the cold crystallization  (Tc, as onset of an 

exothermic peak on heating from a supercooled liquid state to a crystalline solid state), the 

melting temperature  (Tm, as onset of an endothermic peak on heating) and the freezing 

temperatures  (Tf, as onset of an exothermic peak on cooling).179,180 In Table 2.2, the glass 

transition temperatures Tg and the melting temperatures Tm of the QACILs are listed.  
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Table 2.2 Thermal properties of QACILs: degradation ranges Tdeg, glass transition temperatures Tg 
and melting temperatures Tm. 

Compound Tdeg (°C) Tg (°C) Tm (°C) DSC-behavior  a 

[DiC3]Cl 178-273 - 145 I 

[DiC3]I  187-275 - 180 (175.6175) I 

[DiC3]Ace 140-228 - - IV 

[DiC3]Lac 156-263 - - IV 

[DiC3]Lev 143-254 -13.0 - II 

[DiC3]2Ita  150-260 -55.3 - II 

[TriC 3]Cl 222-275 - 127.2 I 

[TriC 3]Br  232-274 - 137.9 I 

[TriC 3]Ace 140-260 -64.0 - II 

[TriC 3]Lac 150-256 -68.4 - II 

[TriC 3]Lev 140-250 -66.8; -11.9 - II 

[TriC 3]2Ita  136-252 -47.4; -12.2 - II 

[DiC4]Cl 177-272 - 126 I 

[DiC4]Br  183-293 - 130.1 I 

[DiC4]For  157-255 - - IV 

[DiC4]Ace 138-248 - - IV 

[DiC4]Lac 162-262 - 14.6 III  

[DiC4]Gly 155-272 -62.4 - II 

[DiC4]Lev 140-258 - - IV 

[DiC4]Sor 144-245 -64.3 51.9 III  

[DiC4]Sal 186-273 -59.5 45.2 III  

[DiC4]Mand  173-281 -52.0 - II 

[DiC4]2Suc 146-276 -54.7; -7.2 - II 

[DiC4]2Ita  142-260 -53.4; 5.4 - II 

[DiC4]2Male 140-250 -56.6 - II 

[DiC4]2Fum 153-262 -53.5; 3.1 - II 

[DiC4]2Mala 157-256 -46.4 - II 

[DiC4]2Tar  170-260 -36.9 - II 

[DiC4]3Cit 135-250 -41.8; -1.1 - II 

[TriC 4]Cl 156-244 - 114 (110181)  I 

[TriC 4]Br  172-267 - 123 (120182)  I 

[TriC 4]Ace 132-247 -55.7 - II 

[TriC 4]Lac 152-252 -13.5 67.3 I 
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[TriC 4]Gly 153-270 -13.7 - II 

[TriC 4]Lev 139-245 -64.9 - II 

[TriC 4]2Ita  144-260 -39.5 - II 

[DiC6]Br  179-298 - 55 (53.9175)  I 

[DiC6]Ace 140-249 - - IV 

[DiC6]Lac 166-253 -34.0 - II 

[DiC6]Gly 161-265 -68.1 - II 

[DiC6]Lev 143-247 - - IV 

[DiC6]Sal 179-269 - 66.7 III 

[DiC6]Mand  183-269 -59.2 - II 

[DiC6]2Ita  144-263 -59.2; 1.7 - II 

[DiC6]2Tar  167-251 -0.4 - II 

[DiC6]3Cit 129-239 -51.9 37.9 III  

a Group I : classical crystallization of salts; Group II : only glass transition; Group III : 

with cold crystallization; Group IV: no transition.  

Four different thermal behaviors can be identified during the cooling and heating scans for the 

QACILs (Figure 2.6). The first behavior (group I, Figure 2.6.a) is characterized by a melting 

point upon heating and a freezing point upon cooling. This behavior, which is typical of classic 

crystallization processes of salts is specific of halogenated compounds, such as 

dialkyldimethylammonium bromides and iodides.175 [TriC 4]Lac is the only carboxylate 

compound exhibiting such a behavior. This unexpected behavior remains unexplained. 

Suspecting an ideal arrangement between the anion and the cation of this IL, caused on their 

structural and electronic properties, the crystallization arises with a classic melting transition 

peak and a freezing transition peak in the DSC thermogram. The second behavior (group II, 

Figure 2.6.b) shows only a glass transition without melting or freezing, and almost all of the RT-

liquid QACILs reveal this behavior pattern. Further compounds of this class, such as [DiC4]2Suc, 

[DiC4]2Fum, [DiC4]3Cit, are gels, pastes or waxes at RT. Because of the reduced packing 

efficiency, the formation of an amorphous glass takes place instead of an ordered crystalline 

state.178 So-called overshoot peaks, which are detected in many thermograms with a typical heat 

flow jump at one side of the peak (Figure 2.7), come up from a structural relaxation.183 The 

thermograms of [DiC3]2Ita, [TriC 3]Ace, [TriC 3]2Ita, [DiC4]Mand, [DiC4]2Male, [TriC 4]Ace and 

[TriC 4]Lev  contain overshoot peaks for the glass transition. The third type shows cold 

crystallization between the glass transition and the melting points on heating (group III, Figure 

2.6.c) which was found for [DiC4]Sor and [DiC4]Sal, and also for [DiC4]Lac with a cold 

crystallization between two melting transitions. The last behavior holds DSC thermograms 
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without any phase transition (group IV, Figure 2.6.d). [DiC3]Ace, [DiC3]Lac, [DiC4]Ace and 

[DiC4]Lev are liquid at RT, and in the range from -80 until 50 °C, no transition peak was found 

with DSC measurements. The DSC curves for the other compounds are given in the 

experimental section . 

 

Figure 2.6 DSC curves of (a) [TriC3]Cl, with a solid-solid transition Ts-s and a melting transition Tm on 
heating, and a freezing point Tf and a solid-solid transition Ts-s on cooling, (b) [DiC4]2Tar, with a glass 
transition Tg on heating, (c) [DiC4]Sor, with a cold crystallization Tc and two melting transitions Tmc and 
Tm on heating, and a freezing transition Tf on cooling, and (d) [DiC4]Lev, without a phase transition. 
The exothermic events are pointing up in the DSC curves; the upper curve represents the cooling scan 
and the lower curve the heating scan. 

 

Figure 2.7 Glass transition with an overshoot peak on DSC heating scan for [DiC3]2Ita with Tonset = -
58.40 °C, Tg = -55.35 °C (midpoint), and Tend = -54.58 °C. 
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2.3.2 Viscosity of QACILs 

The dynamic viscosity ʂ of ILs depends on different factors, such as the molecular symmetry, 

the ion size and the ion interactions, and on the whole, it is mainly governed by van der Waals 

interactions and H-bonding.184 Minimal viscosities are obtained with the use of small ion weights 

which show a high mobility.52 Alkyl chain lengthening or fluorination, for instance, make an IL 

more viscous due to increased van der Waals interactions. Alkyl chain ramification (from butyl 

to isobutyl for instance) has the same effect due to minimized rotation freedom. Increasing the 

number of H-bonding of cations and anions leads to an increase of IL viscosity.52 Viscosity is 

probably one of the most important physical properties considering the application of ILs 

because of its strong effect on the rate of mass transport.64,185  

 

Figure 2.8 Dynamic viscosities h of QACILs at 25 and 80 °C (values are given in the experimental 
section); [DiC4]Sor, [TriC4]Lac and [DiC4]Sal are solid at RT. 

The dynamic viscosity h of the QACILs was measured with a Kinexus rotational rheometer with 

cone plate geometry (CP 20/2°), equipped with a Peltier temperature-controlled plate (see 

experimental section ). All the measured viscosity data of QACILs at 25, 40, 60 and 80 °C are 

given in the experimental section . We mainly focused on ILs based on propyl- and butyl-chain 

quaternary ammonium cations because they showed promising results for the application as 

cellulose solvents. Figure 2.8 reports the dynamic viscosities of QACILs at 25 and 80 °C. At RT, 
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the measured viscosity values are found in the wide range of 0.17-19.2 PaÖs. In the series of the 

[DiC4] cation, the viscosity decreases in the following order: Cit > Suc > Tar > Male > Ita > Fum 

> Gly > For > Mand > Lac > Ace > Lev. The viscosity is higher for tri- and divalent anions than 

for ILs with a 1:1 cation-to-anion ratio. This phenomenon is essentially attributed to the lack of 

conformational degrees of freedom, involving stronger intermolecular interactions than for the 

1:1 ion pairs which are more flexible, and give therefore a less viscous IL.  

The temperature dependence of viscosity was investigated over a temperature range of 25 to 80 

°C for the different QACILs (see experimental section ). The examined viscosities decreases with 

increasing temperature due to the higher mobility of ions at elevated temperatures, as 

expected.7 However, a great difference in the decreasing rate of viscosity between the ILs was 

found. In general, the viscosity of the more viscous compounds decreases more rapidly with 

increasing temperature. As shown in Figure 2.9, the viscosity of [DiC4]Lev  could be decreased 

4.8 times from 0.174 PaÖs to 0.036 PaÖs, 8.5 times from 0.442 PaÖs to 0.052 PaÖs for [DiC4]Mand, 

31.2 times from 6.525 PaÖs to 0.209 PaÖs for [DiC4]2Tar  and 54.7 times from 16.790 PaÖs to 0.307 

PaÖs for [DiC4]2Suc.  

 

Figure 2.9 Temperature dependence of dynamic viscosities h of QACILs. 

2.3.3 Surface tension of pure QACILs 

Surface tension s is a contractive propensity of the surface of a liquid that permits it to resist an 

external force. It is defined as the ratio of required energy for the transport of a molecule from 

the bulk to the surface of a liquid, leading to the increase of the liquid surface area, which is 

represented by surface free energy per unit surface area in thermodynamics.186 So, this property 

of pure liquids is interesting for the determination of cohesive forces among liquid molecules 
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present at the surface.62 Especially ILs, which are generally composed of strongly anisotropic 

ions referring to structure and charge, have quite different structure and molecular distribution 

at the surface and in the bulk.62 The intermolecular interaction potential energy and the liquid 

interfacial microstructure are the main factors leading to the surface tension.63 Water, for 

instance, has a high surface tension (72.7 mNÖm-1) because of its high molecular attraction. As a 

visible result, a liquid with high surface tension forms spherical droplets because a sphere offers 

the smallest area for a definite volume. Liquids with low surface tension, however, have the 

tendency to form films. Generally, ILs have higher surface tensions than most common 

molecular solvents (e.g. ethanol: 22.0 mNÖm-1, acetone: 23.5 mNÖm-1, diethyl ether: 16.6 mNÖm-1), 

but lower ones than water (72 mNÖm-1 at 25 °C).64,65 

Surface tensions of QACILs (with propyl - and butyl-chains on the cation) have been determined 

at 25 and 80 °C. As expected, the values are found in the range of 30 to 47 mNÖm-1 at 25 °C, thus 

higher than organic solvents and lower than water. The lowest values were found for 

[DiC4]2Mala (29.9 mNÖm-1), [DiC4]2Tar  (30.5 mNÖm-1), [TriC 4]Ace (33.9 mNÖm-1), and [DiC4]Ace 

(34.7 mNÖm-1). The QACILs with the highest surface tensions were [DiC3]2Ita  (46.8 mNÖm-1), 

[TriC 3]Lac (42.8 mNÖm-1), [TriC 3]2Ita  (42.6 mNÖm-1), [DiC4]2Fum (42.3 mNÖm-1), and [DiC4]Gly 

(41.6 mNÖm-1). Generally, the increase of the size of molecules or ions leads to a decrease of 

surface tensions related to the lowered intermolecular interaction.187 However, ILs are complex 

compounds where Coulombic forces, hydrogen bondings and van der Waals forces all are 

present in the interactions between the ions. Thus, it is not evident to edict simple rules for ILs 

surface tensions. In our case, we found that Ita  combined with [DiC3]  and [TriC 3] , [TriC 3]Lac, 

[DiC4]2Fum and [DiC4]Gly had the highest surface tensions, which means that there are strong 

interactions between these ions which could be attributed to a favored arrangement of their size 

and charge distributions. Ita  and Fum are divalent anions which contain C=C double bonds 

which can play an important role in the surface tension. Lac and Gly contain hydroxyl groups 

affecting the hydrogen bond interactions in the ILs leading to elevated surface tensions.  

Taking a closer look at the change of the surface tension s with the variation of IL cations, a 

certain influence can be highlighted. The difference of surface tension with anion variation is 

much higher for [DiC3]  > [TriC 3]  > [DiC4]  > [TriC 4] , as shown in Figure 2.10. Obviously, the 

more the cation is hydrophobic, the less the variation of anion affects the ILs surface tension. 
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Figure 2.10 Surface tension s of QACILs based on various cations, [DiC3], [TriC3], [DiC4], [TriC4], and 
anions (Ace, Lac, Lev, Ita) at 25 °C; for [TriC4]Lac: no data point because it is solid at RT. 

Regarding the temperature dependence, the surface tension s at the liquid/air interface 

decreases generally with increasing temperatures as a result of the change of the internal 

cohesive energy (the sum of molecular interactions, like hydrogen bonding, electrostatic and van 

der Waals interactions).62 The amount of the slope of the temperature dependence of the surface 

tension s of a pure liquid is the surface entropy Ss which is the degree of surface disorder 

relating to the bulk liquid (Eq. 2.3).188  

 
Ὓ„=

d„

dὝ
 Eq. 2.3 

As the surface entropy is reported to be primarily ruled by the anion nature,189 we took a closer 

look at the cation [DiC4] series with different anions (Figure 2.11). As a result, the surface 

tension decreases with the following sequence: Fum > Mand > Ita > Lac > Lev > Ace at 25 °C, 

whereas at 80 °C the order changes for Ace, Ita and Lev. The surface entropy Ss has been 

calculated for each [DiC4] IL , and the values are given in Table 2.3. The QACILs [DiC4]Ace, 

[DiC4]Lac, [DiC4]Mand  and [DiC4]2Fum show low entropy values, which indicates a high degree 

of surface ordering.190 However, two QACILs, namely [DiC4]Lev  and [DiC4]2Ita , stand out with 

very high values around 15 JÖm-2ÖK-1. Such high values have already been reported in the 

literature, but no real structural reason was addressed.62  

Table 2.3 Surface entropy Ss of QACILs. 

QACIL [DiC4]Ace [DiC4]Lac [DiC4]Lev [DiC4]Mand  [DiC4]2Ita  [DiC4]2Fum 

Ss (JÖm-2ÖK-1) x 10-5 4.10 3.96 15.31 4.74 15.57 3.69 
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Figure 2.11 Temperature dependence of the surface tensions s of QACILs with [DiC4] cation and 
various anions. 

2.3.4 Hydrotropic behavior of QACILs 

2.3.4.1 Minimal aggregation concentration (MAC) 

The study of surface tensions of binary mixtures with water are very useful for the evaluation of 

self-assembly properties of amphiphilic cations or anions, and their combination, i.e. of ILs.191  

 

Figure 2.12 Surface tension s as a function of surfactant concentration c of a surfactant with ideal 
self-assembly behavior showing micelle formation from the critical micelle concentration (CMC).
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As shown in Figure 2.12, surface tension changes significantly as a function of the concentration 

of surface active compounds. At the minimal aggregation concentration (MAC) or critical micelle 

concentration (CMC), the surface of the solution is completely saturated and the formation of 

aggregates or micelles initiates.192 The surface tension changes strongly due to the massive 

ÃÈÁÎÇÅ ÏÆ ÔÈÅ ÌÉÑÕÉÄȭÓ ÓÕÒÆÁÃÅȢ !ÂÏÖÅ ÔÈÅ #-# ÏÒ MAC, the surface tension remains constant and 

a plateau is reached, as shown in Figure 2.12. The term MAC is used for different kind of bulk 

complexation or aggregations, however the term CMC is only used for surfactants which form 

defined structures called micelles.193 In this study, we use the term MAC (minimal aggregation 

concentration) because the formation of defined micelles is not assumed.194,195 

The surface tensions of aqueous solutions containing increasing concentrations of QACILs have 

been measured. Some significant results are shown in Figure 2.13 a) for [DiC4] and b)  for [DiC6] 

cations in combination with different anions (e.g. Br, Lev, Sal, Tar), and the MAC for all 

compounds is given in Table 2.4. The maximal concentration for aqueous surface tension 

measurements was fixed at 2 molÖL-1 for practical reasons. In the case of [DiC6]Sal, the 

measurement was limited by the low water solubility of the IL. Regarding the series with [DiC4] 

cations, some ILs have high MAC values (Ó 1 molÖL-1), namely Br, Ace, Lac, Gly and Lev. Thus, the 

combination of short-chain quaternary ammonium with small hydrophilic anions results in a 

structure composition which has not a typical amphiphilic character, and the formation of 

aggregates does only take place at elevated concentrations. However, aggregates of [DiC4] 

combined with aromatic, di- or trivalent anions (e.g. Sal, Mand, Ita, Tar and Cit) occured above a 

certain concentration, which was defined as MAC (Table 2.4). The MAC at lower than 1 molÖL-1 

for [DiC4] shows the following order: Br > Ace > Lev > Gly > Lac > Mand > Tar > Ita > Cit > Sal.  

Table 2.4 Minimal aggregation concentrations (MACs) with corresponding surface tensions (sMAC) of 
QACILs. 

[DiC4] Br  Ace Lac Gly Lev Sal Mand Ita  Tar  Cit 

MAC (molÖL-1) 1.97 1.93 1.02 1.32 1.38 0.13 0.64 0.21 0.34 0.14 

sMAC (mNÖm-1) 48.1 44.7 43.2 46.3 39.9 40.4 41.2 41.6 42.0 34.0 

[DiC6] Br  Ace Lac Gly Lev Sal Mand Ita  Tar  Cit 

MAC (molÖL-1) 0.20 0.23 0.24 0.27 0.24 0.04 0.19 0.17 0.08 0.04 

sMAC (mNÖm-1) 33.5 32.5 32.7 38.2 34.0 27.0 33.4 33.5 31.7 32.9 

Regarding the surface tension graphs for aqueous solutions of [DiC6] ILs with the same counter 

anions (Figure 2.13.b), the typical curve of surface-active compounds was perceived. Thus, all 

of the compounds aggregate (Table 2.4). The MACs for [DiC6] compounds are in the following 

order: Gly > Lev  Lac > Ace > Br > Mand > Ita > Tar > Cit > Sal. Remarkably, this series is 
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significantly different from the corresponding [DiC4] series. The MACs for the [DiC6] cation 

combined with small hydrophilic anions, such as Ace, Lac, Gly and Lev are much higher (of about 

0.2 molÖL-1) than the MACs obtained with the aromatic, di- or trivalent anions, like Sal, Mand, Ita, 

Tar, Cit, Sal (Table 2.4) due to their elevated hydrophobic part, which results also in a lower 

aqueous solubility. These QACILs exhibit thus a hydrotropic behavior. 

 

 

Figure 2.13 Surface tension s as a function of QACIL concentration in aqueous solutions at RT: a) 
[DiC4] cation and b) [DiC6] cation combined with different anions. 
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2.3.4.2 Hydrotropic solubilization capacity  

In 1916, Neuberg described hydrotropes as water-soluble compounds that greatly enhance the 

aqueous solubility of organic composites.196 Original hydrotropes had an anionic hydrophilic 

group linked to a hydrophobic aromatic ring, such as sodium benzoate and salicylate. Later on, 

the definition was extended to cationic (e.g. p-aminobenzoic acid hydrochloride, procaine 

hydrochloride) and nonionic (e.g. resorcinol, pyrogallol) organic compounds.197 Today, the class 

of hydrotropes has been enlarged to a wide range of compounds, namely from simple organic 

molecules, e.g. ethanol and glycols, to various amphiphilic compounds with a quite small polar 

part and a bulky non-polar group, such as sodium benzene sulfonate, sodium cumene sulfonate 

or caffeine.198 Even if hydrotropes are a class of amphiphilic molecules, they cannot form well 

organized structures, such as micelles, in water but they are able to increase the aqueous 

solubility of organic hydrophobic molecules.199 Compared to surfactants, hydrotropes have a less 

pronounced hydrophobic character and therefore exhibit higher water solubility. At high 

concentrations, they do not form liquid crystals, as typical surfactants. Whereas the mechanism 

of hydrotropic solubilization by aromatic hydrotropes has been ascribed to the self-association 

of the compounds via the plane-to-plane stacking of hydrophobic part of molecules, it is not 

entirely explained for other types of hydrotropes without a bulky aromatic part in their 

structures. Hydrotropes form aggregates at higher concentrations, but they differ from 

surfactant micelles, as already mentioned.200 They could rather be regarded as dimers or trimers 

or movable structures connected via weak interactions like hydrogen bonding.201 Due to their 

properties as solubilizing agents, hydrotropes are of great interest for industrial applications, 

particularly for the formulation of cleaning products, for drugs solubilization, and for painting 

and coating industries.202 

For some of the prepared QACILs, their hydrotropic behavior has been investigated. Sodium 

xylenesulfonate (SXS), which is a well-known hydrotrope, was used as reference in this study 

(Figure 2.14.a).203 The hydrotropic behavior of QACILs has been evaluated by means of the 

solubilization of a hydrophobic dye in aqueous solutions. Therefore, Disperse Red 13 (Figure 

2.14.b) has been used as a model organic molecule, which can imitate active pharmaceutical 

ingredients or perfumes. Its concentration in aqueous IL solutions was measured by UV-visible 

spectroscopy at l = 503 nm, corresponding to a maximum absorption. In Figure 2.14.c, the UV-

visible spectra of Disperse Red 13 in acetone and in ethanol are shown. The concentration of 

Disperse Red 13 in aqueous QACIL solutions was determined by means of a calibration curve in 

ethanol (shown in the experimental section ). 
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Figure 2.14 Structure of (a) the common hydrotrope sodium xylenesulfonate (SXS) and (b) the 
hydrophobic dye Disperse Red 13, and (c) UV-Vis spectrum of Disperse Red 13. 

The results of the solubilization of Disperse Red 13 as a function of QACILs concentration are 

shown in Figure 2.15.  Cations are represented with different forms of markers: ü = Na, p = 

[TriC3],  ̧= [DiC4], Ƅ = [TriC4], ß = [DiC6], and anions with different colors: XS = red, Sal = green, 

Lev = violet, Ita = light-blue.  

 

Figure 2.15 Solubilization of Disperse Red 13 measured by UV/visible spectroscopy at l = 503 nm, in 
aqueous solutions of QACILs and SXS used as a reference. 
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First of all, the comparison of the anions (represented by different colors in Figure 2.15) 

highlights great differences in the hydrotropic behavior of ILs. For the studied QACILs, the 

following trend for anions combined with the same cation can be noticed: Sal > Ita > Lev. 

Unfortunately, the measure could not be performed with [DiC6]Sal owing to its poor water 

solubility (< 0.03 molÖL-1). On the other hand, [DiC4]Sal acts as a very efficient hydrotrope 

compared to the well-known SXS. It is noteworthy that sodium salicylate itself also gives good 

results, which is already reported as hydrotrope in literature.204 Hydrotropes containing an 

aromatic ring were reported to be very efficient due to their association via ring stacking into 

ellipsoidal structures.198 In general, hydrotropes form three-dimensional aggregates with  

localized hydrophobic regions which are responsible for the increased aqueous solubility of 

hydrophobic compounds. 

Ita is more efficient than Lev for all tested cations. In particular, [DiC6]2Ita  shows the highest 

efficiency, compared to [DiC6]Lev but also compared to SXS. This phenomenon could be 

explained by the structure of Ita-ILs which are composed of two cations and one anion, due to 

the divalent nature of the anion. Thus, ILs based on 2:1 ion pairs contains a higher carbon-

content which increases the hydrophobic part of the structure. As a result, they are efficient for 

the solubilization of organic compounds in an aqueous milieu. 

Finally, within a same anion series, notably Lev and Ita, the same tendency of hydrotrope 

efficiency can be found for both anions: [DiC6] > [TriC 4] > [TriC 3] > [DiC4] . This trend shows 

that the ILs are more efficient if their cation is more hydrophobic. Consequently, increasing alkyl 

chain length or increasing number of alkyl chains up to a specific limit leads to enhanced 

effectiveness as hydrotrope. The same general trend has already been described for the MACs of 

QACILs which has been determined by aqueous surface tension measurements. 
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2.4 Biodegradation of QACILs  

The biodegradability of compounds expresses the ability of microorganisms to degrade 

molecules. Biodegradation studies are a powerful method to assess the fade in environment of 

organic contaminants of anthropogenic origin. According to appropriate legislation of novel 

compounds, the environmental risk assessment is required, called REACH (registration, 

evaluation, authorization and restriction of chemicals). In pursuance of the OECD (organization 

for economic cooperation and development), a compound is defined as biodegradable if 60% of 

the substances has been degraded, so converted to CO2, after a period of 28 days. 

Biodegradation tests were performed following the OECD 301F standard, which requires the 

biological oxygen consumption (BOC) and the theoretical oxygen demand (ThOD).205 The 

ThOD (in mg of oxygen per mg of product) corresponds to the amount of oxygen necessary to 

oxidize the compound into its final oxidation products. Sodium acetate was used as a 

reference. With the average number of each element in the structure and the average molar 

weight (MW) of the compound, the ThOD can be calculated according to Eq. 2.4 when no 

nitrification occurs. 

 ὝὬὕὈ=
2ὅ+ 0.5 Ὄ ὅὰ 3ὔ + 3Ὓ+ 2.5ὖ+ 0.5ὔὥ ὕ

ὓὡ
 Eq. 2.4 

The biological oxygen consumption (BOC) was determined by means of an IBUK 

respirometer, which identifies the oxygen consumption all along the degradation process. 

Experiments were conducted at 20 °C over a period of 28 days in a medium containing 

various mineral substances (sodium and potassium phosphates, ammonium, calcium and 

iron chlorides, magnesium sulfate) and bacteria collected from a local wastewater treatment 

plant. The starting pH was 7.4. The percentage of biodegradation or biodegradability (% B) 

values were obtained according to the following equation (Eq. 2.5): 

 
%ὄ=

ὄὕὅ

ὝὬὕὈ
ɇ100 Eq. 2.5 

The biodegradation test OECD 301F standard was carried out for ILs based on the [DiC4] cation 

with different anions by means of comparing the influence of the anion on the biodegradability 

of the QACILs. In the experimental part , the detailed graphs over the whole period are shown 

for chloride, acetate, levulinate, lactate, sorbate, mandelate, itaconate, succinate, tartrate and 

citrate as counter-anions, and sodium acetate as reference. In Table 2.5, the results are 

summarized for the two most important moments, namely after 10 and 28 days. 
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Table 2.5 Biodegradation (after 10 and 28 days) of QACILs and the mass fraction (wt%) of the anion; 

biodegradation values > 60% are marked in green. 

Compound  
% Biodegradation  wt% of 

anion  10 days 28 days 

[DiC4]Ace  65 77 27 

[DiC4]Lac  41 72 36 

[DiC4]Lev  21 66 42 

[DiC4]Sor  16 54 41 

[DiC4]Mand  27 78 49 

[DiC4]2Suc  65 69 27 

[DiC4]2Ita  36 45 29 

[DiC4]3Cit  65 69 28 

 

After 28 days, most of the tested ILs have passed the biodegradation limit of 60% apart from 

[DiC4]Sor (54%), [DiC4]2Ita (45%) and [DiC4]Cl with only 5% biodegradation. The poor 

biodegradability of ILs based on Cl anion has already been reported in previous studies on 

[BMIm]Cl. However, the presence of a renewably-sourced anion greatly enhanced the 

biodegradation of [DiC4] ILs. The biodegradation after 28 days of the studied ILs can be classified 

as follows: [DiC4Ɏ-ÁÎÄ І ɍ$É#4]Ace > [DiC4]Lac > [DiC4]3Cit = [DiC4]2Suc > [DiC4]Lev > 

[DiC4]Sor > [DiC4]2Ita .            

Interestingly, the anion is not the only part of the IL which enters into the biodegradation 

process. In particular, we have noticed that the anion also exerts an influence on the 

biodegradation of the quaternary ammonium cation. Indeed, if one may consider only the 

renewably-sourced anion is biodegraded, the biodegradability would have followed the wt% 

proporti on of the anion in the IL (Table 2.5). For most of the investigated ILs in this study, the 

biodegradation exceeds the wt% of the anions, implying that the cation is concomitantly 

biodegraded. In particular, this is clearly highlighted by the good biodegradation of [DiC4]Ace, 

keeping in mind that the reference material of the test is sodium acetate. In literature, very few 

studies or data are available on the biodegradation of organic acid-derived quaternary 

ammonium compounds. The short set of data available attests that the biodegradation of 

ammonium cation also obviously depends on the cation structure, such as the number of methyl 

groups or the length alkyl groups,206 but also on the absence of the toxicity generated by the 

biodegradation of the anions.  
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Furthermore, the studied QACILs are assumed to be less toxic than classical ILs based on 

pyridinium or imidazolium cations with the same side chain length. For a same alkyl chain 

length and a same counter anion, toxicity of ILs shows the following trend with cation type of 

ammonium < pyridinium < imidazolium < triazolium < tetrazolium.90,207 This tendency is based 

on the fact that toxicity increases with the number of nitrogen atoms in an aromatic cation ring. 

In general, the lipophilicity of chemical substances is considered to be the mediator of non-

specific toxic effects induced by membrane interactions.93 As the toxicity increases with 

increasing lipophilicity, shorter alkyl chain lengths on the cation of ILs are favored. In the 

literature, a clear difference has been pointed out between shorter alkyl substituted chains (C1 ɀ 

C4) and C8 ɀ C18 substituted chains which show respectively low and high toxicity.90 

The anion of ILs, however, is supposed to have a negligible influence on the ILs toxicity.93 Apart 

from fluorinated anions, such as bis(trifluoromethanesulfone)imide, tetrafluoroborate, or 

hexafluorophosphate, the typical anions do not exhibit any intrinsic effect. 

Consequently, we expect lowered toxicity for the studied short-chain QACILs due to their lower 

lipophilicity (short alkyl chains and additionally without an aromatic group) and the reduced 

number of nitrogen atoms in their structure.92,93,207  
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2.5 QACILs as solvents for cellulose solubilization  

As already discussed in the first chapter, the solubilization of cellulose, which is the major 

carbohydrate produced by plant photosynthesis, and its further conversion to chemical products 

ÉÓ ÍÏÒÅ ÁÎÄ ÍÏÒÅ ÉÍÐÏÒÔÁÎÔ ÆÏÒ ȰÇÒÅÅÎȱ ÃÈÅÍÉÓÔÒÙ ÂÁÓÅÄ ÏÎ ÒÅÎÅ×ÁÂÌÅ ÆÅÅÄÓÔÏÃË ɉChapter 1 ɀ 

section 1.1.2).13,34,117,208ς212 Cellulose is compoÓÅÄ ÏÆ Á ÐÏÌÙÍÅÒÉÃ ÓÔÒÕÃÔÕÒÅ ÏÆ ɼ-glycosidic linked 

glucose units resulting in a rigid crystallinity which plays an important role as a material benefit 

for cell walls (Figure 2.16).12  

 

Figure 2.16 Cellulose scaffolding [http://bio1151.nicerweb.com/Locked/media/ch05/cellulose.html]. 

Because of this highly structured organization with strong interactions, hydrolysis of cellulose is 

hindered and its dissolution is complex. For many decades, the research for ideal cellulose 

solvents (high dissolution capacity, cheap, low viscous, stable, non-toxic, and ecologically 

friendly, easy to recycle) is a great competition in science and industry.126,134,171,213,214 As already 

explained in Chapter 1 ɀ section 1.2.5, ILs play an important role as cellulose solvents (Figure 

2.17). 

 

Figure 2.17 Schema for cellulose solubilization with ILs and its further transformation. 

The application of QACILs for cellulose solubiilzation was carried out in the framework of a 

common project with the working group Laboratoire de catalyse en chimie organique of the 

biomass solubilization of cellulose with ILs
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University of Poitiers, the results have been published in the journal Green Chemistry, and we 

have designed the inside front cover of the issue may 2014 (volume 16, number 5; see title page 

of Chapter 2).215 The cellulose dissolution experiments have been done by the third year PhD 

student Florent Boissou under the supervision of Dr. François Jérôme.  

2.5.1 Solubilization of cellulose in QACILs 

All cellulose dissolution experiments were performed using microcrystalline cellulose (MCC)  

of the type AVICEL PH 200. AVICEL PH 200 has a glucose content higher than 99% along with a 

degree of polymerization (DP) of 200, a particle size of ρυπ ʈÍ Ánd a water content of 5 wt%. In 

a typical experiment, a solution of IL containing 2 wt% of MCC was heated at 90ɀ115 °C. When 

MCC was dissolved, an extra amount of MCC was progressively added until the limit of solubility 

was reached. Considering that the total removal of water from ILs is a costly and energy 

consuming step, we decided here to not extensively dry ILs prior to dissolving cellulose and to 

evaluate their performances as collected after synthesis. Results on solubility measurements are 

summarized in Table 2.6.  

Among all tested renewably-sourced anions, it appears that Lev is the most promising one 

allowing up to 10 wt% of MCC to be dissolved within only 2 h of stirring at 90 °C.  

In a first approximation independently of the cation, the efficiency of anions for cellulose 

dissolution can be classified as follows: 

Lev > Ita, Ace > Lac > Sor, Suc, Cit > Gly, Mand, Male, Fum, Tar 

It was observed that anions with a higher pKa value of their corresponding acid (4.5 to 5) are 

more efficient due to their elevated basicity. As a general trend, it appears that anions bearing a 

hydroxyl group such as Tar, Cit, Mand, Gly and Lac are not favorable for the dissolution of 

cellulose. The reason for this phenomenon is probably the interaction between the anion and the 

ÃÅÌÌÕÌÏÓÅ ÈÙÄÒÏØÙÌ ÇÒÏÕÐ ×ÈÉÃÈ ÈÉÎÄÅÒÓ ÔÈÅ ÁÎÉÏÎȭÓ ÒÅÁÃÔÉÏÎ ÃÁÐÁÃÉÔÙȢ 4ÈÅ ÐÒÅÓÅÎÃÅ ÁÎÄ 

substitution of a carbonɀcarbon double bond on the structure of anions also exerted an influence 

on the cellulose dissolution. Whereas anions with di-substituted C=C bonds, such as Male and 

Fum, are incapable of dissolving cellulose, 10 wt% of cellulose can be dissolved in the presence 

of Ita which exhibits a terminal C=C bond. For all eligible anions, it is noteworthy that the 

difference in dissolution ability was obviously observed according to the nature of the cation, 

confirming that the cation also participates in the dissolution mechanism. Except Lev which was 

able to dissolve rather large amounts of cellulose whatever the cation, the [DiC4] cation afforded 

the best result in terms of both dissolution ability and dissolution rate for all tested anions. The 

[DiC6] cation, however, which is only able to dissolve a small amount of cellulose (3 wt%) as IL in 
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combination with Lev or Ita, seems to be the worst of the quaternary ammonium cations. This 

phenomenon is mainly influenced by the reason of size to the longer chain alkyl ammonium. 

Table 2.6 Solubilization of cellulose Scell with the rate in QACILs and the water content Xwater.
a
 

Anion  pKa  Cation Xwater  (wt%)  Scell (wt%) b Rate of Scell (gÖh-1) 

Lev 4.64 

[TriC3] 3.5 10 5 

[TriC3] 15.5 10 5 

[DiC4] 2.5 10 2 

[DiC4] 14 10 2 

[DiC3] 2.6 10 2 

[TriC4] 6.7 5 1.7 

[DiC6] 2.1 3 0.1 

Ita  
3.84; 

5.55 

[DiC4] 12.8 10 1.4 

[DiC3] 5.9 6 0.9 

[DiC6] 4.2 3 0.6 

[TriC3] 8.3 0 0 

[TriC4] 6.6 0 0 

Ace 4.76 

[DiC4] 10.8 9.5 2.4 

[DiC4] 16.8 9.5 1.3 

[TriC4] 6.5 2.6 0.4 

[DiC3] 10 0 0 

[TriC3] 7.7 0 0 

[DiC6] 5.3 0 0 

Lac 3.86 

[DiC4] 2.8 3.3 1.7 

[TriC3] 2.6 0 0 

[DiC6] 1.9 0 0 

Sor 4.76 [DiC4] 5.5 2 0.7 

Suc 4.16; 5.61 [DiC4] 5.3 2 0.2 

Cit 
3.13; 4.76; 

6.39 

[DiC4] 7.3 2 0.1 

[DiC6] 3.2 0 0 

Gly 3.83 
[DiC4] 5 0 0 

[TriC4] 1.6 0 0 

Mand 3.41 [DiC4] 1.1 0 0 

Male 1.83; 6.59 [DiC4] 11.5 0 0 

Fum 3.03; 4.44 [DiC4] 9.8 0 0 

Tar  2.89; 4.40 [DiC4] 4.1 0 0 

a conditions : T = 90-115 °C, magnetic stirring; b ± 0.2 wt%  

The QACILs with the highest cellulose solubilization (9.5 and 10 wt%, Table 2.6) have been 

compared to classical well-known ILs given in the literature (Figure 2.18).210 Only results 
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obtained under the same experimental conditions have been taken in consideration, using the 

one type of cellulose (AVICEL) at the temperature of around 100 °C. [DiC3]Lev , [TriC 3]Lev , 

[DiC4]Lev , [DiC4]2Ita , [DiC4]Ace are better than [EMIm]Ace  and [BMIm]For (8 wt%) but 

inferior to [BMIm]Ace  (12 wt%) and [BMIm]Cl  (20 wt%) which still remains the best reported 

ILs for cellulose solubilization. Nevertheless, imidazolium ILs are not ideal for cellulose 

ÔÒÅÁÔÍÅÎÔ ÄÕÅ ÔÏ ÔÈÅÉÒ ÌÁÃË ÏÆ ȰÇÒÅÅÎÎÅÓÓȱ ÁÎÄ ÈÉÇÈ ÃÏÓÔÓȢ  

 

Figure 2.18 Cellulose (AVICEL) solubilities Scell at around 100 °C of the best QACILs compared to 

classical ILs reported in the literature.
210

 

2.5.2 Water -content and water ɀtolerance of QACILs and effect on cellulose 

solubilization  

As mentioned above, water contained in commonly used imidazolium-derived ILs has an 

inhibiting effect on cellulose dissolution, thus requiring an extensive and energy-consuming 

drying of ILs before dissolution experiment. In this context, the water content of QACILs and its 

effect on the cellulose dissolution have been investigated (Table 2.6). The water content of each 

ILs was determined by means of coulometric Karl Fischer titrations (details in the experimental 

section). Most of the ILs contain water within a range of 1.1ɀ12.8 wt%. Although [TriC 3]Lev  (the 

best IL in terms of dissolution ability and rate) has a lower water content (3.5 wt%) than the 

average of tested ILs, there is no clear relationship between the water content of ILs and their 

ability to dissolve cellulose. For instance, [Di C4]2Ita and [DiC4]Ace exhibited a high water 

content of 12.8 and 10.8 wt%, respectively, and are capable of dissolving 10 and 9.5 wt% of 

cellulose whereas with a similar water content [DiC4]2Male and [DiC4]2Fum are not able to 

dissolve cellulose (Table 2.6). These results suggest that the dissolution of cellulose is more 

dependent on the molecular structure of the QACILs than on the water content of ILs.  
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Considering that the water-tolerance of the best ILs, i.e. [TriC 3]Lev  and [DiC4]Ace, is a 

remarkable advantage over imidazolium-derived ILs, we then checked their ability to dissolve 

cellulose when the water content was increased (Figure 2.19, Table 2.6). Remarkably, we were 

pleased to see that [TriC 3]Lev  and [DiC4]Ace were still able to dissolve a similar amount of 

cellulose (10 wt% and 9.5 wt%, respectively) at a water content of 15.5 wt% and 16.8 wt%, 

respectively. Interestingly, in the case of [TriC 3]Lev , the dissolution rate of cellulose was not 

affected by the presence of water whereas this was the case with [DiC4]Ace for which an 

increase of the water content from 10.8 wt% to 16.8 wt% dramatically reduced the cellulose 

dissolution rate from 2.4 g h-1 to 1.3 gÖh-1 (Table 2.6). Note that in both cases, cellulose was not 

dissolved anymore when the water content was higher than 18 wt%, which represents here the 

maximum tolerance of these ILs to water. When [BMIm]Cl  was used as a reference IL, we found 

that a water content higher than 4 wt% totally inhibited the dissolution process, showing the 

remarkable efficiency of [TriC 3]Lev and [DiC4]Ace in the dissolution of cellulose. Note that a 

similar conclusion can be drawn with [DiC4]Lev  that can dissolve up to 10 wt% of cellulose at a 

water content of 14 wt% (similar dissolution rate = 2 gÖh-1, Table 2.6). The temperature 

obviously plays also a pivotal role in the ability of ILs to dissolve cellulose. Similarly to common 

ILs such as [BMIm]Cl (solid up to 70 °C) or [BMIm]Ace  (RTIL), below 70 °C no dissolution 

occurred. The dissolution process started at 70 °C and was complete only at a temperature 

within the range of 90ɀ110 °C. At this stage one may conclude that the [TriC 3]Lev  IL appears to 

be a promising IL for the dissolution of cellulose. In particular, the tolerance of [TriC 3]Lev  to 

water is a noticeable advantage over imidazolium-derived ILs for use on a large scale. 

 

Figure 2.19 Water tolerance of tested ILs for cellulose solubilization (at 90 °C). 
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2.5.3 Relationship between cellulose solubility and QACILs physicochemical 

properties  

To better understand the difference of solubilization ability observed between the 

alkylammonium ILs, we focused on the viscosity (ʂ) and surface tension (s) of ILs.  

Viscosity is an important physical property considering the application of ILs because of its 

strong effect on the rate of mass transport.64,185 Because dissolution experiments were 

performed at 80ɀ110 °C, the variation of the viscosity versus temperature was investigated over 

a temperature range of 25 to 80 °C for the different ILs. As expected, the viscosities decreased 

with an increase of the temperature, as already discussed in section 2.3.2. However, at 80 °C, 

one should notice that most of the ILs exhibit viscosities in a similar range (0.030ɀ0.099 PaÖs). 

Only [DiC4]2Suc, [DiC4]2Tar and [DiC4]3Cit exhibited a slightly higher viscosity at 80 °C (0.2ɀ0.3 

PaÖs). Hence, one may conclude that viscosity of ILs is not a good descriptor to explain the 

greatest ability of levulinate-derived ILs to dissolve cellulose. 

Next, we focused on the surface tension which provides information on the cohesive forces 

between liquid molecules at the surface.62 All of the investigated ILs show this expected 

behavior: the reduction of the surface tension values at high temperature is noticeable and the 

temperature effect on average is the same for the different ILs (section 2.3.3.1). Although 

surface tension of ILs is by far not the only parameter governing the dissolution of cellulose in 

ILs, we experimentally observed a relationship between the ability of ILs to dissolve cellulose 

and their surface tensions measured at 80 °C. As a general trend, the solubilization of cellulose in 

ILs is higher for ILs exhibiting the lowest surface tension ([DiC3]2Ita is the only exception). In 

particular, whatever the cation ([DiC4], [DiC3] or [TriC3]), we noticed that ILs exhibiting a surface 

tension lower than 34 mNÖmӇ1 dissolved the highest amount of cellulose, e.g. 10 wt% (Figure 

2.20.a). The same trend was also observed on the dissolution rate of cellulose, i.e. the lower the 

surface tension, the higher the solubilization rate (Figure 2.20.b). In a first approximation, one 

may hypothesize that ILs with a low surface tension (main feature of levulinate-derived ILs) 

have a low cohesive energy and are thus more prone to interact with the hydrogen bond 

network of cellulose. 
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Figure 2.20 Relationship between the surface tension s of ILs at 80 °C and (a) their cellulose 
solubilization ability and (b) their cellulose solubilization rate. 

2.5.4 Comparison of levulinate and chloride as IL counter anions  

In order to situate the Lev anion in the field of cellulose solubilization referring to the classical Cl 

anion, we compared the solubilization ability of [DiC4]Lev  and [TriC 3]Lev  with that of [DiC4]Cl 

and [TriC 4]Cl. Comparison was also carried out with the well-known [BMIm]Cl  often used as a 

reference in the current literature. Results for the comparison of cellulose solubilization in ILs 

with Lev or Cl anions are summarized in Table 2.7.  

[TriC 4]Cl and [BMIm]Cl are capable to dissolve similar amounts of cellulose (10 wt%) like 

[TriC 3]Lev  and [DiC4]Lev , while the solubility of cellulose in [DiC4]Cl is much lower (3.5 wt%). 

The difference of dissolution rate was however clearly observed between chloride and 

levulinate-derived alkyl ammonium ILs (only [BMIm]Cl  has similar solubilization performances 

as [TriC 3]Lev). 
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Table 2.7 Cellulose solubilization in ILs with Lev or Cl anion. 

Entry  ILs T (°C) Scell (wt% ) Rate of Scell (gÖh-1) 

1 [TriC3]Lev 90 10 5 

2 [DiC4]Lev 90 10 2 

3 [TriC4]Cl 110 10 0.6 

4 [DiC4]Cl 115 3.5 1.6 

5 [BMIm]Cl 90 10 4 

In particular, dissolution of cellulose in levulinate-derived alkyl ammonium ILs is faster than in 

chloride-derived alkyl ammonium ILs. For instance, the dissolution of cellulose is 8 times faster 

in [TriC 3]Lev  than in [TriC 4]Cl (Table 2.7, entries 1, 3). This result might be here ascribed to 

the high viscosity of chloride-derived alkyl ammonium ILs (solid at room temperature) as 

compared to [TriC 3]Lev  and [DiC4]Lev  (RTILs), making the stirring of the solution rather 

difficult. For instance, using [TriC 4]Cl, we noticed that a gel was rapidly formed after the 

increasing addition of cellulose, which obviously impacts not only the dissolution rate but also 

the cellulose dissolution ability of [TriC 3]Cl. This effect is even more pronounced with [DiC4]Cl. 

Whereas [DiC4]Cl dissolves cellulose at a higher rate than [TriC 3]Cl, only 3.5 wt% of cellulose 

can be dissolved in such IL. Here again, the system is limited by the formation of a highly viscous 

gel during the dissolution process that prevents the stirring of the mixture and thus the 

dissolution of a larger amount of cellulose. To circumvent this problem, co-solvents could be 

added to the system. 

2.5.5 Effect of g-ÖÁÌÅÒÏÌÁÃÔÏÎÅ ÁÓ Á ȰÇÒÅÅÎȱ ÃÏ-solvent 

The solubilization of cellulose in ILs may often be hindered by some limitations. Therefore, co-

solvents can be used to minimize two of the major problems: (a) high viscosity of the ILs and the 

corresponding cellulose solutions and (b) limited miscibility of ILs with hydrophobic reagents 

for further cellulose processing and derivatization.216 Solutions of cellulose in ILs have 

exceptionally high viscosities that rapidly increase with increasing concentration and decreasing 

temperature.217  

The first necessity for a co-solvent is its miscibility with the pure IL.216 Many different co-

solvents for cellulose solubilization in ILs have already been described in the literature for the 

most common imidazolium ILs.216 Hereby, the effect of various protic and aprotic co-solvents 

has been tested. As protic solvents tend to form hydrogen bonds with the IL anion, especially 

with basic ones, they form strong interactions with the IL leading to a disruption of cellulose / IL 
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interaction. In contrast, aprotic solvents lack this ability to form hydrogen bonds. Especially 

strongly dipolar, relatively basic aprotic solvents were found to be good co-solvents, such as 

dimethylsulfoxide (DMSO). 218 Mixtures of [BMIm]Cl  or [EMIm]Ace  with DMSO, for instance, 

were described as associated IL-rich clusters that are surrounded by DMSO and still possess the 

ability to coordinate with the hydroxyl groups of cellulose by interactions with the IL anion 

(Figure 2.21).216,219 A detailed study of mass transport properties and additional molecular 

simulation for DMSO as co-solvent showed the same result: the co-solvent facilitates the mass 

transport leading to a lower viscosity without affecting the specific interactions between cations 

and anions or between the IL and cellulose.220 

 

Figure 2.21 Model for the solubilization of cellulose in a binary IL-co-solvent (DMSO) system.
219

 

Although DMSO can be used as a non-protic polar organic solvent to make the system more fluid, 

we focused our attention on the use of an aprotic solvent, g-

valerolactone (GVL)  which is sustainable and bio-based 

(Figure 2.22), a sustainable chemical derived from levulinic 

acid.221 As GVL can be derived from cellulose, it is particularly 

ÒÅÌÅÖÁÎÔ ÄÕÅ ÔÏ ÔÈÅ ȰÇÒÅÅÎÎÅÓÓȱ ÏÆ ÔÈÉÓ ÓÏÌÖÅÎÔ ÓÙÓÔÅÍȢ 4ÈÅ ÒÅÓÕÌÔÓ ÆÏÒ ÔÈÅ ÅÆÆÅÃÔ ÏÆ GVL as co-

solvent for the solubilization of cellulose in ILs with Lev or Cl anions are presented in Table 2.8. 

Table 2.8 The effect of gïvalerolactone (GVL) as co-solvent for cellulose solubilization in ILs with Lev 
or Cl anions. 

ILs T (°C) Scell (wt% ) Rate of Scell (gÖh-1) 

[DiC4]Cl / GVL 100 10 3.3 

[TriC3]Lev / GVL 90 20 5 

GVL 100 0 0 
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Figure 2.22 Structure of GVL. 



CHAPTER 2 ɀ QACILs with biosourced carboxylate counter anions  

81 
 

Interestingly, addition of GVL to [DiC4]Cl helped not only in increasing the fluidity of the 

medium but also in increasing the cellulose dissolution ability of [DiC4]Cl. In particular, in a 

mixture [DiC4]ClɀGVL (15/1 i.e. 18 wt% of GVL), 10 wt% of cellulose with a dissolution rate of 

3.3 gÖh-1 was observed vs. 3.5 wt% at a rate of 1.6 gÖh-1 without the  assistance of GVL (Table 2.8). 

Promoting the effect of GVL on the dissolution of cellulose was then checked using [TriC 3]Lev . 

Remarkably, using GVL as a co-solvent (20 wt%) allowed also the solubilization ability of 

[Tri C3]Lev  to be improved from 10 to 20 wt% while the dissolution rate remained constant (5 

gÖh-1) (Table 2.8). It is worth noting that this is a very high dissolution capacity compared to 

reported ILs, demonstrating the efficiency of the proposed system.  

After dissolution of cellulose in ILs, it was regenerated from the IL by precipitation with addition 

of anti-solvents which are typically ethanol, water or acetone. The regenerated cellulose was 

studied at the University of Poitiers (XRD analyses, 13C CP/MAS NMR, FT-IR), leading to the 

result of transformation of the cellulose crystalline structure from I to II , which is of high 

interest for industrial applications (Figure 2.23).215 

 

Figure 2.23 XRD patterns of MCC (cellulose I), regenerated cellulose from [TriC3]Lev (cellulose II) and 

ball-milled cellulose (ñamorphousò cellulose).
215

 

Recycling experiments have been carried out for the ILs [TriC 3]Lev  and [TriC 4]Cl. Cellulose 

dissolution experiments in [TriC 4]Cl in the second cycle have failed which could be explained by 

Á ËÉÎÄ ÏÆ ȰÐÏÉÓÏÎÉÎÇ ÅÆÆÅÃÔȱ ÏÆ ÔÈÅ ÒÅÓÔÓ ÏÆ ÅÔÈÁÎÏÌȟ ×ÈÉÃÈ ×ÁÓ ÕÓÅÄ ÁÓ ÁÎÔÉ-solvent. [TriC 3]Lev , 

however, has been successfully recycled at least 4 times without intermediate purification. For 

this IL, water was used as anti-solvent because [TriC 3]Lev  is highly water tolerant. 
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2.6 Hansen solubility parameters  

2.6.1 Theoretical background  

Joel Henry Hildebrand developed the solubility parameter d as a numerical estimate of the 

degree of interaction between materials, which is used as indication of solubility.222 The 

Hildebrand solubility parameter d is the square root of the cohesive energy density, which is the 

enthalpy of vaporization DHV of a compound divided by its molar volume Vm in the condensed 

phase (Eq. 2.6).  

 

=‏
ЎὌὺ ὙὝ

ὠά
 Eq. 2.6 

Charles M. Hansen has enhanced this concept for the determination of solubility parameters, 

based ÏÎ ÔÈÅ ÉÄÅÁ ȰÌÉËÅ ÄÉÓÓÏÌÖÅÓ ÌÉËÅȱ ÄÕÒÉÎÇ ÈÉÓ 0È$ ÔÈÅÓÉÓ ÉÎ ρωφχ.223 The so-called Hansen 

solubility parameters (HSPs) can be used for the prediction of solubilization behavior of 

solvents for a solute.224 The basis for these HSPs is that the total energy of vaporization of a 

liquid consists of several individual parts. These arise from (atomic) dispersion forces, 

(molecular) permanent dipole-permanent dipole forces, and (molecular) hydrogen bonding 

(electron exchange). The total cohesive energy E can be measured by evaporating the liquid, 

thus breaking all the cohesive forces, and the total cohesive energy is considered as being 

identical to the energy of vaporization.225 The cohesive energy E of a solvent is composed of 

three components: energy of dispersion ED, polarity EP and hydrogen bonding EH (Eq. 2.7): 

 Ὁ= ὉὈ+ Ὁὖ+ ὉὌ Eq. 2.7 

To scale cohesive energies in a way that molecules are more comparable with each oher, it is 

better to use cohesive energy density, which is connected with the cohesive energy via the molar 

volume Vm (Eq. 2.8): 

 Ὁ
ὠά

=
ὉὈ
ὠά

+
Ὁὖ
ὠά

+
ὉὌ
ὠά

 Eq. 2.8 

The cohesive energy density is more conveniently handled in terms of the solubility parameter d, 

where d2 = E/ Vm. So, the classic formula for HSPs is given by the total parameter d (Eq. 2.9): 

 
2‏ = Ὀ‏

2 + ὖ‏
2 + Ὄ‏

2  Eq. 2.9 

All compounds, e.g. materials, solvents, polymers, etc., can be characterized be three parameters, 

the HSPs, measured in MPa0.5:  

­ dD: the energy from dispersion forces between molecules (van der Waals) 

­ dP: the energy from dipolar intermolecular forces (polarity)  
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­ dH: the energy from hydrogen bonding. 

These three parameters can be treated as co-ordinates for a point in three dimensions. The HSP 

distance between two molecules, conventionally called Ra, is the measure of how alike they are. 

The smaller Ra, the more likely they are to be compatible. Materials with similar HSPs have high 

affinity for each other. The extent of the similarity in a given situation determines the extent of 

the interaction. The HSP distance Ra is described as follows in Eq. 2.10:  

 
Ὑὥ2 = Ὀ1‏)4 Ὀ2)2‏ + ὖ1‏) ὖ2)2‏ + Ὄ1‏)  Ὄ2)2 Eq. 2.10‏

The factor of 4 in front of the ɿD has aroused disagreement for decades, but plausible theoretical 

reasons and overwhelming experimental evidence show that it is valid. Conveniently, HSPs can 

be represented three-dimensionally, giving the so-called Hansen sphere (Figure 2.24). To 

determine if the parameters of two molecules (usually a solvent and a solute / polymer) are 

corresponding, a parameter called interaction radius ( R0) is used. Its value determines the 

radius of the sphere in Hansen space with d as its center.  

 

Figure 2.24 Three-dimensional representation of HSPs (Hansen sphere) of a compound in different 
solvents. 

From measurements of "good" and "bad" solvents (test with a series of standard solvents), the 

sphere of radius R0 can be defined. The good solvents are found inside the sphere (blue points in 

Figure 2.24), the bad ones are outside (red squares in Figure 2.24). It is obvious that solubility, 

or high affinity, requires that Ra be less than R0. The combination of Ra and R0 is defined as the 

relative energy difference RED which gives information about the placement in solubility space 

(Eq. 2.11): 

 
ὙὉὈ= Ὑὥ/Ὑ0 Eq. 2.11 

For RED = 0  ­ no energy difference. 

dD dH

dP
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For RED < 1  ­ high affinity; the molecules are alike, and dissolution takes place. 

For RED = 1 ­ the system is partially miscible. 

For RED > 1 ­ no dissolution takes place. 

2.6.2 Solubility p arameters for the  QACILs [DiC4]Lev and [DiC4]2Ita  

Up to now, HSPs for ILs are rarely found in the literature . However, the determination of HSP for 

ILs could be very interesting and helpful for the estimation of dissolving behavior, especially 

with regard to their huge variety of applications.225ɀ227 It has only been possible to assign HSPs 

to the four ILs listed in Table 2.9 from the data in literature.  

Table 2.9 Estimated HSPs for ILs.
225

 

IL dD (MPa0.5) dP (MPa0.5) dH (MPa0.5) d (MPa0.5) 

[BMIm]Cl 19.1 20.7 20.7 35.0 

[BMIm]PF6 21.0 17.2 10.9 29.3 

[BMIm]BF4 23.0 19.0 10.0 31.5 

[OMIm]PF6 20.0 16.5 10.0 27.8 

 

The HSPs have been determined for the QACILs [DiC4]Lev and [DiC4]2Ita . Therefore, around 50 

standard solvents (see experimental section ) were used to prepare mixtures of these ILs in all 

these solvents at the same concentration, namely 10 wt% as defined standard. After stirring of 

24 h at RT and keeping the mixtures at a standstill for 1 h, the dissolution state was visually 

evaluated: miscible, partially miscible, not miscible. [DiC4]Lev  (10 wt%) , for instance, was 

miscible with all of the tested solvents, which are not shown in Table 2.10. The QACIL was only 

partially miscible with ɼ-pinene and 1-bomohexane, and not miscible with the ten solvents 

indicated in Table 2.10. 

Table 2.10 Solvents in which 10 wt% of [DiC4]Lev is partially or not miscible. 

Partially miscible  ɼ-pinene, 1-bromohexane 

Not miscible  
methyl oleate, geraniol, 1-chlorobutane, dipropylamine, tetralin, toluene, 

cyclohexane, p-xylene, isopropyl laurate, carbon disulfide 

 

Based on this estimation, the parameters of QACILs were calculated and the Hansen sphere was 

drawn with the software HSPiP Edition 40.05 (Figure 2.25).225 The following HSPs [MPa0.5] 

were thus obtained: 
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[DiC4]Lev:  dD = 17.1, dP = 13.4, dH = 22.6, d = 31.3; R0 = 19.9; 

[DiC4]2Ita : dD = 25.0, dP = 12.5, dH = 15.1, d = 31.8; R0 = 19.9. 

 

Figure 2.25 Hansen solubility sphere of the QACIL [DiC4]Lev, determined with the software HSPiP 

Edition 40.05. 

The main reason for the study of HSP is the information about the dissolution power of a solvent 

(or IL) for a certain compound (solute). The HSPs of microcrystalline cellulose (MCC)  have 

already been published in the literature, and the following HSPs [MPa0.5] have been found: dD = 

19.4, dP = 12.7, dH = 31.3, and the total HSP d of MCC is 39.3.228 Using the HSPs of the QACILs 

([DiC4]Lev , [DiC4]2Ita ) and MCC (Table 2.11), the HSP distance Ra was calculated as Ra = 9.9 

for [DiC4]Lev , and as Ra = 19.7 for [DiC4]2Ita . Thus, the relative energy difference RED was 

calculated for [DiC4]Lev and cellulose as RED = Ra/ R0 = 0.5, and for [DiC4]2Ita  and cellulose as 

RED = Ra/ R0 = 0.99. The result for [DiC4]Lev  (RED < 1) shows that it  has a high affinity for MCC, 

and solubilization should take place. The result for [DiC4]2Ita  (RED = 1) means that MCC should 

be partially soluble. As reported above in section 2.5, [DiC4]Lev  and [DiC4]2Ita  are two of the 

best QACILs for cellulose solubilization (10 wt%) what is more or less supported by the HSP 

method. However, the difference in prediction shows that this method might give an 

approximate idea but it cannot replace experimental results. 

Table 2.11 Comparison of the HSPs of the ILs [DiC4]Lev and [DiC4]2Ita with microcrystalline cellulose 

(MCC). 

Compound dD (MPa0.5) dP (MPa0.5) dH (MPa0.5) d (MPa0.5) 

[DiC4]Lev 17.1 13.4 22.6 31.3 

[DiC4]2Ita 25.0 12.5 15.1 31.8 

MCC 19.4 12.7 31.3 39.3 
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Summing up, the determination of HSP parameters could be a helpful tool to predict the 

solubility behavior of cellulose in ILs. However, this method was initially developed for organic 

solvents, thus its application to ILs should be used carefully and with a critical point of view. In 

the case of the QACILs [DiC4]Lev  and [DiC4]2Ita , the HSP method correlated well with the 

experimental results, even if the influence of temperature, for instance, was not taken into 

consideration.  
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2.7 Conclusions 

In this work, we have synthesized 46 short-chain two- and three-tailed QACILs with various 

natural resourced carboxylates as counter anions: formate, acetate, lactate, glycolate, 

levulinate, sorbate, salicylate, mandelate, succinate, itaconate, maleate, fumarate, malate, 

tartrate and citrate . Quaternary ammonium is the simplest cation allowing a variation of the 

number and length of alkyl chains in order to assess the impact of the chemical structure on the 

physicochemical properties and power for cellulose solubilization. 

The physicochemical properties of QACILs have been studied, and thermal phase transitions (by 

DSC), thermal stability (by TGA), viscosity, surface activity and hydrotropic behavior have been 

investigated. The thermal properties, viscosities and surface tensions of pure ILs have been 

identified as characteristic for ILs. Longer chain QACILs, namely based on [DiC6] cations, are 

amphiphilic, and are therefore surface active in aqueous solutions. For some of the QACILs, we 

have tested their hydrotropic behavior which shows promising results. In particular itaconate 

ILs exhibit a very good solubilization capacity towards a hydrophobic dye. [DiC6]2Ita  is even 

more efficient as a hydrotrope than the common sodium xylene sulfonate. 

Quaternary ammonium have not only been used as cations because of their structure, but also 

because they are less toxic than imidazolium and pyridinium compounds. The use of bio-sourced 

ÃÁÒÂÏØÙÌÁÔÅ ÁÎÉÏÎÓ ×ÁÓ ÁÎ ÁÄÄÉÔÉÏÎÁÌ ÓÕÐÐÏÒÔÉÖÅ ÁÓÐÅÃÔ ÔÏ ÏÂÔÁÉÎ ),Ó ÏÆ ÈÉÇÈ ȰÇÒÅÅÎÎÅÓÓȱȢ 7Å 

have studied the biodegradability of QACILs ×ÉÔÈ ÒÅÇÁÒÄ ÔÏ ÔÈÅÉÒ ÅÖÁÌÕÁÔÉÏÎ ÁÓ ȰÇÒÅÅÎȱ ÓÏÌÖÅÎÔÓȢ 

Most of the tested ILs, except [DiC4]Sor and [DiC4]2Ita , have passed the limit of 60 wt% after a 

period of 28 days, thus they are classified as biodegradable:  

[DiC4Ɏ-ÁÎÄ І ɍ$É#4]Ace > [DiC4]Lac > [DiC4]3Cit º [DiC4]2Suc > [DiC4]Lev 

The QACILs have finally been applied to the solubilization of cellulose. The impact of the 

structure of the cation and anion on the dissolution has been studied, resulting in short-chain 

levulinate ILs as the best cellulose solvents (up to 10 wt%), as shown in Table 2.12. Moreover, a 

system of [TriC 3]Lev  combined with 20 wt% g-valerolactone  was able to dissolve 20 wt% of 

cellulose. Furthermore, the tested ILs have a high tolerance of water which is one of the main 

drawbacks that common ILs are currently facing for use on a large scale.   
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Table 2.12 Overview for the structural influence of QACILs on cellulose solubilization. 

 

As an additional aspect of characterization, we established the Hansen solubility parameters of 

[DiC4]Lev and [DiC4]2Ita  with the aim to support the results for cellulose dissolution. In this 

case, the experimental result (10 wt% cellulose solubilization) has been corroborated by the 

calculation of the relative energy difference of [DiC4]Lev or [DiC4]2Ita   and cellulose providing 

an interesting tool for the prediction of cellulose solubilization in ILs. 

 

  

Cation structure: [ DiCn
+], [TriC n

+] Effect on cellulose solubilization

alkyl chain length: n= 3 Ÿ 4 ᵁU

n = 4 Ÿ 6 ᵂᵂᵂ

number of alkyl chains: diŸtri ᵂᵂᵂ

Ĕbest cationstructure:

Anion structure: R -COO- Effect on cellulose solubilization

R contains-OH ᵂᵂᵂ

R containsone C=C or C=O ᵁᵁᵁ

Ĕbest anion structures: 

Ĕbest QACILs: [DiC4]Lev

[DiC4]2Ita

[DiC3]Lev

[TriC3]Lev

Lev Ita

[DiC4]Ace
[DiC3]2Ita

[TriC4]Lev

5 6 7 8 9 10 wt % cell .
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Experimental Section  

1.) Preparation  of quaternary ammonium halides and carboxylates  

 

1.1) Synthesis and anion exchange 

The quaternary ammonium compounds [(CnH2n+1)2N(CH3)2]X or [(CnH2n+1)3N(CH3)]X, 

abbreviated as [DiCn] or [TriCn] (n = 3, 4, 6; X = Br, I), were synthesized via nucleophilic 

substitution, namely an alkylation of N,N,N-alkyldimethylamines or N,N,N- dialkylmethylamines 

with 1-haloalkanes, followed by an anion exchange over an exchange resin (Figure 2.26). 

 

Figure 2.26 Synthesis route for quaternary ammonium carboxylate compounds; R = CnH2n+1 with n = 

3, 4 or 6, and R1 = R or CH3. 

Dimethylalkylamine or methyldialkylamine (1 equiv.) and 1-bromoalkane (1.5 equiv.) were 

mixed with acetonitrile  at RT. The reaction is carried out for min. 12 h under reflux; the end of 

the reaction was detected by 1H-NMR. After the evaporation of the solvent, the raw product 

[(CnH2n+1)2N(CH3)2]X or [(CnH2n+1)3N(CH3)]X was obtained.  

This product was purified by extractions (3 to 4 times) in hexane (50 ml) followed by 

dichloromethane (50 ml). The extraction in hexane is for the elimination of traces of unreacted 

bromoalkane. The aqueous phase contains the amine, which was not reacting, and also the 

dimethyldioalkylammonium bromide. The procedure with dichloromethane takes out the 

ammonium bromide of this organic phase and the amine rests in the aqueous phase. All the 

organic phases were collected and evaporated to give lightly yellow oil. This oil was 

lyophili zated to remove traces of water. 

For the ion exchange, 100 mL of the resin Amberlite IRA-400(Cl) were put in 300 ml water 

milipore during 10 minutes for swelling and put into a glass column (2 cm diameter). The resin 

has to be wet all the time. 500 ml of a sodium solution (10%) is slowly poured (2 ml per minute) 

in the resin. Then it is washed with water (millipore ) until a neutral pH is obtained and the exit 

of the column.  

6.0 g of [(CnH2n+1)2N(CH3)2]X or [(CnH2n+1)3N(CH3)]X are dissolved in 100 ml water (millipore ), 

the solution is added drop by drop to the resin and collected in a flask under argon-gas. After 

that, the resin is washed with water until a neutral pH is obtained at the exit of the column (Ђ 

250 ml water, drop by drop). 5 ml of the solution of the ammonium hydroxide are mixed with 

some drops bromothymol blue and it is titrated with HCl (0.02 M, which was before exactly 

adjusted by titration with NaOH) to determine the concentration of the product.  
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The aqueous solution of [(CnH2n+1)2N(CH3)2]OH or [(CnH2n+1)3N(CH3)]OH (1 equiv.) is put in a 

flask and the corresponding acid (1 equiv.; with the counter-ion which is desired) and mixed 

under stirring  (RT, ca 24 h). The water is evaporated and the obtained product is lyophilizated. 

The final product (hygroscopic) is conserved in a desiccator (P2O5, vacuum). 

 

1.2) NMR-analysis 

1H- and 13C-NMR spectra were recorded in the indicated solvents on a Bruker Avance 300 

spectrometer. CDCl3 and CD3OD (99.95% isotopic purity) were obtained from Euriso-top. 

#ÈÅÍÉÃÁÌ ÓÈÉÆÔÓ ɉɿɊ ÁÒÅ ÒÅÐÏÒÔÅÄ ÉÎ ÐÁÒÔÓ ÐÅÒ ÍÉÌÌÉÏÎ ɉÐÐÍɊ ÁÎÄ Íeasured relative to the HOD 

signal or the deuterated solvent chemical shift. The following abbreviations are used to explain 

the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sext = sextet, m 

= multiplet.  

Pure produc ts:   

Dimethyldipropylammonium iodide , [DiC3] I: [C8H20N+][I -], M=257.16 g/mol (yield: 98 %)  

1H-NMR (CD3OD): ɿ(ppm): 1.04 (t, J=7.4 Hz, 6H), 1.74-1.89 (m, 4H), 3.12 (s, 6H), 3.27-3.36 (m, 

4H)  

13C-NMR (CD3OD): ɿ(ppm): 9.6 (CH3), 15.8 (CH2), 50.2 (CH3), 65.6 (CH2) 

 

Dimethyldipropylammonium chloride , [DiC3]Cl: [C8H20N+][Cl-], M=165.70 g/mol (yield: 97 

%) 

1H-NMR (CDCl3): ɿ(ppm): 1.01 (t, J=7.3 Hz, 6H), 1.66-1.85 (m, 4H), 3.36 (s, 6H), 3.40-3.49 (m, 4H)  

13C-NMR (CDCl3): ɿ(ppm): 10.8 (CH3), 16.3 (CH2), 51.3 (CH3), 65.2 (CH2) 

 

Dimethyldipropylammonium acetate , [DiC3]Ace: [C8H20N+][C3H2O2-], M=189.29 g/mol (yield: 

95 %) 

1H-NMR (CD3OD): ɿ(ppm): 1.04 (t, J=7.2 Hz, 6H), 1.72-1.88 (m, 4H), 1.91 (s, 3H), 3.09 (s, 6H), 

3.23-3.31 (m, 4H)  

13C-NMR (CD3OD): ɿ(ppm): 9.7 (CH3), 15.7 (CH2), 22.9 (CH3),  50.1 (CH3), 65.5 (CH2), 178.5 (C) 

 

Dimethyldipropylammonium lactate , [DiC3]Lac: [C8H20N+][C3H5O3
-], M=219.32 g/mol (yield: 

93 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.96 (t, J=7.4 Hz, 6H), 1.26 (d, J=6.9 Hz, 3H), 1.62-1.78 (m, 4H), 3.17 (s, 

6H), 3.21-3.29 (m, 4H), 3.84 (q, J=6.7 Hz, 1H)  

13C-NMR (CDCl3): ɿ(ppm): 10.8 (CH3), 16.3 (CH2), 21.6 (CH3), 51.2 (CH3), 65.4 (CH2), 68.3 (CH), 

179.6 (C) 
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Dimethyldipropylammonium levulinate,  [DiC3]Lev: [C8H20N+][C5H7O3
-], M=245.36 g/mol 

(yield: 95 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.95 (t, J=7.4 Hz, 6H), 1.61-1.78 (m, 4H), 2.10 (s, 3H), 2.33 (t, J=6.7 Hz, 

2H), 2.61 (t, J=6.7 Hz, 2H), 3.15 (s, 6H), 3.19-3.28 (m, 4H)  

13C-NMR (CDCl3): ɿ(ppm): 10.8 (CH3), 16.1 (CH2), 30.1 (CH3), 31.7 (CH2), 40.1 (CH2), 51.2 (CH3), 

65.1 (CH2), 177.4 (C), 210.0 (C)  

 

Di-(dimethyldipropylammonium) itaconate , [DiC3]2Ita : [C8H20N+]2[C5H4O4
ςϺ], 

M=388.59g/mol (yield: 91 %) 

1H-NMR (CDCl3): ɿ(ppm): 1.04 (t, J=7.3 Hz, 12H), 1.69-1.84 (m, 8H), 3.25 (s, 12H), 3.29 (s, 2H), 

3.30-3.38 (m, 8H), 5.33 (s, 1H), 5.91 (s, 1H)  

13C-NMR (CD3OD): ɿ(ppm): 9.7 (CH3), 15.7 (CH2), 42.6 (CH2), 50.1 (CH3), 65.5 (CH2), 119.6 (CH2), 

143.1 (C), 174.2 (C), 178.5 (C) 

 

Methyltripropylammonium bromide , [TriC 3]Br : [C10H24N+][Br -], M=238.21 g/mol (yield: 98 

%) 

1H-NMR (CDCl3): ɿ(ppm): 1.04 (t, J=7.2 Hz, 9H), 1.70-1.88 (m, 6H), 3.34 (s, 3H), 3.41-3.49 (m, 6H)  

13C-NMR (CDCl3): ɿ(ppm): 10.8 (CH3), 16.1 (CH2), 48.9 (CH3), 63.1 (CH2) 

 

Methyltripropylammonium chloride , [TriC 3]Cl: [C10H24N+][Cl-], M=193.76 g/mol (yield: 96 %) 

1H-NMR (CDCl3): ɿ(ppm): 1.02 (t, J=7.2 Hz, 9H), 1.67-1.83 (m, 6H), 3.30 (s, 3H), 3.35-3.44 (m, 6H)  

13C-NMR (CDCl3): ɿ(ppm): 10.7 (CH3), 16.0 (CH2), 48.8 (CH3), 63.0 (CH2) 

 

Methyltripropylammonium acetate , [TriC 3]Ace: [C10H24N+][C3H2O2-], M=217.35 g/mol (yield: 

92 %) 

1H-NMR (CD3OD): ɿ(ppm): 0.89 (t, J=7.4 Hz, 9H), 1.52-1.68 (m, 6H), 1.75 (s, 3H), 3.07 (s, 3H), 

3.11-3.19 (m, 6H)  

13C-NMR (CD3OD): ɿ(ppm): 10.7 (CH3), 15.8 (CH2), 24.8 (CH3),  48.8 (CH3), 62.9 (CH2), 177.1 (C) 

 

Methyltripropylammonium lactate , [TriC 3]Lac: [C10H24N+][C3H5O3
-], M=247.37 g/mol (yield: 

93 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.96 (t, J=7.3 Hz, 9H), 1.26 (d, J=6.9 Hz, 3H), 1.59-1.76 (m, 6H), 3.12 (s, 

3H), 3.17-3.25 (m, 6H), 3.84 (q, J=6.7 Hz, 1H)  

13C-NMR (CDCl3): ɿ(ppm): 10.7 (CH3), 15.9 (CH2), 21.6 (CH3), 48.8 (CH3), 63.1 (CH2), 68.1 (CH), 

179.8 (C) 
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Methyltripropylammonium levulinate,  [TriC 3]Lev: [C10H24N+][C5H7O3
-], M=273.41 g/mol 

(yield: 94 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.93 (t, J=7.4 Hz, 9H), 1.57-1.73 (m, 6H), 2.07 (s, 3H), 2.31 (t, J=6.9 Hz, 

2H), 2.59 (t, J=6.9 Hz, 2H), 3.09 (s, 3H), 3.15-3.23 (m, 6H)  

13C-NMR (CDCl3): ɿ(ppm): 10.7 (CH3), 15.9 (CH2), 30.2 (CH3), 32.1 (CH2), 40.4 (CH2), 48.9 (CH3), 

62.9 (CH2), 177.1 (C), 210.0 (C) 

 

Di-(methyltripropylammonium) itaconate , [TriC 3]2Ita : [C10H24N+]2[C5H4O4
ςϺ], 

M=444.69g/mol (yield: 90 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.99 (t, J=7.3 Hz, 18H), 1.62-1.78 (m, 12H), 3.17 (s, 18H), 3.19-3.27 (m, 

12H + 2H), 5.19 (s, 1H), 5.80 (s, 1H)  

13C-NMR (CDCl3): ɿ(ppm): 10.7 (CH3), 15.9 (CH2), 43.4 (CH2), 49.1 (CH3), 62.9 (CH2), 119.4 (CH2), 

145.0 (C), 173.5 (C), 177.1 (C) 

 

Dibutyldimethylammoniu m bromide , [DiC4]Br : [C10H24N+][Br -], M=238.21 g/mol (yield: 99 

%) 

1H-NMR (CD3OD): ɿ(ppm): 1.03 (t, J=7.4 Hz, 6H), 1.44 (sexta, J=7.5 Hz, 4H), 1.69-1.84 (m, 4H), 

3.13 (s, 6H), 3.31-3.40 (m, 4H)  

13C-NMR (CD3OD): ɿ(ppm): 12.9 (CH3), 19.4 (CH2), 24.2 (CH2), 50.4 (CH3), 64.0 (CH2) 

 

Dibutyldimethylammonium chloride , [DiC4]Cl: [C10H24N+][Cl-], M=193.76 g/mol (yield: 94 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.98 (t, J=7.4 Hz, 6H), 1.42 (sexta, J=7.4 Hz, 4H), 1.61-1.75 (m, 4H), 3.39 

(s, 6H), 3.47-3.56 (m, 4H)  

13C-NMR (CDCl3): ɿ(ppm): 13.8 (CH3), 19.6 (CH2), 24.7 (CH2), 51.4 (CH3), 63.7 (CH2) 

 

Dibutyldimethylammonium formate , [DiC4]For: [C10H24N+][CHO2-], M=203.32 g/mol (yield: 

92 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.83 (t, J=7.4 Hz, 6H), 1.26 (sexta, J=7.5 Hz, 4H), 1.46-1.60 (m, 4H), 3.13 

(s, 6H), 3.21-3.29 (m, 4H), 8.65 (s, 1H)  

13C-NMR (CDCl3): ɿ(ppm): 13.7 (CH3), 19.5 (CH2), 24.4 (CH2), 50.8 (CH3), 63.4 (CH2), 168.0 (CH) 

 

Dibutyldimethylammonium acetate , [DiC4]Ace: [C10H24N+][C3H2O2
-], M=217.35 g/mol (yield: 

93 %) 

1H-NMR (CD3OD): ɿ(ppm): 0.96 (t, J=7.4 Hz, 6H), 1.38 (sexta, J=7.5 Hz, 4H), 1.56-1.70 (m, 4H), 

1.85 (s, 3H), 3.21 (s, 6H), 3.26-3.35 (m, 4H)  
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13C-NMR (CD3OD): ɿ(ppm): 13.7 (CH3), 19.7 (CH2), 24.6 (CH2), 25.2 (CH3),  51.1 (CH3), 63.3 (CH2), 

177.3 (C) 

 

Dibutyldimethylammonium lactate , [DiC3]Lac: [C10H24N+][C3H5O3-], M=247.37 g/mol (yield: 

97 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.96 (t, J=7.3 Hz, 6H), 1.30 (d, J=6.7 Hz, 3H), 1.39 (sexta, J=7.5 Hz, 4H), 

1.57-1.70 (m, 4H), 3.25 (s, 6H), 3.31-3.409 (m, 4H), 3.88 (q, J=6.8 Hz, 1H)  

13C-NMR (CDCl3): ɿ(ppm): 13.7 (CH3), 19.8 (CH2), 21.8 (CH3), 24.4 (CH2), 51.2 (CH3), 63.7 (CH2), 

68.1 (CH), 179.5 (C) 

 

Dibutyldimethylammonium glycolate , [DiC3]Gly: [C10H24N+][C2H3O3-], M=233.35 g/mol (yield: 

97 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.90 (t, J=7.4 Hz, 6H), 1.32 (sexta, J=7.4 Hz, 4H), 1.51-1.65 (m, 4H), 3.13 

(s, 6H), 3.22-3.30 (m, 4H), 3.68 (s, 2H)  

13C-NMR (CDCl3): ɿ(ppm): 13.7 (CH3), 19.5 (CH2), 24.4 (CH3), 50.9 (CH3), 62.3 (CH2), 63.7 (CH2), 

176.6 (C) 

 

Dibutyldimethylammonium levulinate,  [DiC4]Lev: [C10H24N+][C5H7O3-], M=273.41 g/mol 

(yield: 93 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.95 (t, J=7.3 Hz, 6H), 1.37 (sexta, J=7.4 Hz, 4H), 1.57-1.71 (m, 4H), 2.11 

(s, 3H), 2.36 (t, J=6.7 Hz, 2H), 2.63 (t, J=6.7 Hz, 2H), 3.19 (s, 6H), 3.25-3.33 (m, 4H)  

13C-NMR (CDCl3): ɿ(ppm): 13.8 (CH3), 19.1 (CH2), 24.6 (CH2), 30.4 (CH3), 32.1 (CH2), 40.4 (CH2), 

51.4 (CH3), 63.6 (CH2), 177.5 (C), 210.4 (C) 

 

Dibutyldimethylammonium sorbate,  [DiC4]Sor: [C10H24N+][C6H7O2
-], M=269.42 g/mol (yield: 

95 %) 

1H-NMR (CD3OD): ɿ(ppm): 1.05 (t, J=7.4 Hz, 6H), 1.44 (sexta, J=7.4 Hz, 4H), 1.68-1.79 (m, 4H), 

1.82 (d, J=6.5 Hz, 3H), 3.07 (s, 3H), 3.26-3.34 (m, 4H), 5.82 (d, J=15.3 Hz, 6H), 6.00 (dq, J=15.1 Hz, 

J=6.7 Hz,1H), 6.20 (dd, J=15.1 Hz, J=10.8 Hz,1H), 7.00 (dd, J=15.4 Hz, J=10.5 Hz,1H)  

13C-NMR (CD3OD): ɿ(ppm): 13.9 (CH3), 18.5 (CH3), 20.7 (CH2), 25.4 (CH2), 40.1 (CH2), 51.1 (CH3), 

65.2 (CH2), 127.6 (CH), 131.9 (CH), 135.9 (CH), 141.4 (CH), 175.9 (C) 

 

Dibutyldimethylammonium salicylate,  [DiC4]Sal: [C10H24N+][C7H5O3
-], M=295.42 g/mol 

(yield: 96 %) 
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1H-NMR (CDCl3): ɿ(ppm): 0.92 (t, J=7.3 Hz, 6H), 1.30-1.50 (m, 4H), 1.63 (sexta, J=7.4 Hz, 4H), 3.15 

(s, 6H), 3.21-3.29 (m, 4H), 6.75 (t, J=7.5 Hz,1H), 6.83 (d, J=8.0 Hz,1H), 7.26 (m,1H), 6.83 (dd, J=6.0 

Hz, J=1.8 Hz,1H)  

13C-NMR (CDCl3): ɿ(ppm): 13.7 (CH3), 19.5 (CH2), 24.4 (CH2), 50.9 (CH3), 64.0 (CH2), 116.4 (CH2), 

117.6 (CH2), 119.0 (CH), 130.7 (CH2), 132.7 (CH2), 162.4 (C), 173.7 (C), 210.0 (C) 

 

Dibutyldimethy lammonium mandelate,  [DiC4]Mand : [C10H24N+][C8H7O3
-], M=309.44 g/mol 

(yield: 90 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.89 (t, J=7.3 Hz, 6H), 1.23 (sexta, J=7.4 Hz, 4H),1.32-1.46 (m, 4H), 2.76 

(s, 3H), 2.90-2.98 (m, 4H), 4.79 (s, 1H), 7.11-7.29 (m, 3H), 7.46 (d, J=7.3 Hz, 2H)  

13C-NMR (CDCl3): ɿ(ppm): 13.7 (CH3), 19.5 (CH2), 24.1 (CH2), 50.9 (CH3), 63.4 (CH2), 74.5 (CH), 

126.87 (2xCH), 128.0 (3xCH), 143.2 (C), 176.3 (C) 

 

Di-(dibutyldimethylammonium) succinate , [DiC4]2Suc: [C10H24N+]2[C4H4O4ςϺ], M=432.689 

g/mol (yield: 92 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.88 (t, J=7.3 Hz, 12H), 1.31 (sexta, J=7.4 Hz, 8H), 1.49-1.64 (m, 8H), 

2.29 (s, 4H), 3.15 (s, 12H), 3.20-3.28 (m, 8H)  

13C-NMR (CDCl3): ɿ(ppm): 13.7 (CH3), 19.5 (CH2), 24.4 (CH2), 35.5 (CH2), 51.2 (CH3), 63.1 (CH2), 

119.6 (CH2),179.2 (C) 

 

Di-(dibutyldimethylammonium) itaconate , [DiC4]2Ita : [C10H24N+]2[C5H4O4ςϺ], M=444.69g/mol 

(yield: 95 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.92 (t, J=7.3 Hz, 12H), 1.33 (sexta, J=7.5 Hz, 8H),1.52-1.66 (m, 8H), 

3.11 (s, 2H), 3.14 (s, 12H), 3.19-3.27 (m, 8H), 5.11 (s, 1H), 5.73 (s, 1H)  

13C-NMR (CDCl3): ɿ(ppm): 13.7 (CH3), 19.8 (CH3), 24.4 (CH2), 43.6 (CH2), 51.5 (CH3), 63.4 (CH2), 

119.6 (CH2), 144.9 (C), 173.4 (C), 176.9 (C) 

 

Di-(d ibutyldimethylammonium) maleate , [DiC4]2Male: [C10H24N+]2[C4H2O4
ςϺ], M=430.66 

g/mol (yield: 97 %) 

1H-NMR (CD3OD): ɿ(ppm): 1.04 (t, J=7.3 Hz, 12H), 1.43 (sexta, J=7.4 Hz, 8H),1.68-1.82 (m, 8H), 

3.29-3.35 (m, 8H), 5.97 (s, 2H)  

13C-NMR (CD3OD): ɿ(ppm): 13.9 (CH3), 20.7 (CH2), 25.5 (CH2), 51.3 (CH3), 65.0 (CH2), 132.4 (CH), 

175.3 (C) 

 

Di-(dibutyldimethylammonium) fumarate , [DiC4]2Fum: [C10H24N+]2[C4H2O4ςϺ], M=430.66 

g/mol (yield: 98 %) 
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1H-NMR (CD3OD): ɿ(ppm): 1.04 (t, J=7.3 Hz, 12H), 1.43 (sexta, J=7.4 Hz, 8H), 1.68-1.81 (m, 8H), 

3.08 (s, 12H), 3.26-3.35 (m, 8H), 6.67 (s, 2H)  

13C-NMR (CD3OD): ɿ(ppm): 14.0 (CH3), 20.7 (CH2), 25.5 (CH2), 51.2 (CH3), 65.2 (CH2), 137.1 (CH), 

174.0 (C) 

 

Di-(dibutyldimethylammonium) malate , [DiC4]2Mala: [C10H24N+]2[C4H4O5
ςϺ], M=448.68 g/mol 

(yield: 92 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.96 (t, J=7.3 Hz, 12H), 1.38 (sexta, J=7.4 Hz, 8H), 1.58-1.72 (m, 8H), 

2.34 (dd, J=15.0 Hz, J=7.9 Hz, 1H), 2.66 (dd, J=15.1 Hz, J=4.9 Hz, 1H), 3.20 (s, 12H), 3.25-3.35 (m, 

8H), 4.16 (dd, J=7.9 Hz, J=4.9 Hz, 1H)  

13C-NMR (CDCl3): ɿ(ppm): 13.7 (CH3), 19.8 (CH2), 24.7 (CH2), 43.9 (CH), 51.6 (CH3), 63.4 (CH2), 

70.0 (CH2), 177.1 (C), 179.0 (C) 

 

Di-(dibutyldimethylammonium) tartrate , [DiC4]2Tar : [C10H24N+]2[C4H4O6ςϺ], M=464.68 g/mol 

(yield: 93 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.95 (t, J=7.3 Hz, 12H), 1.38 (sexta, J=7.4 Hz, 8H), 1.55-169 (m, 8H), 

3.20 (s, 12H), 3.25-3.34 (m, 8H), 4.19 (s, 2H)  

13C-NMR (CD3OD): ɿ(ppm): 14.0 (CH3), 19.9 (CH2), 24.7 (CH2), 51.9 (CH3), 63.6 (CH2), 73.7 (CH), 

177.2 (C) 

 

Tri -(dibutyldimethylammonium) citrate , [DiC4]3Cit: [C10H24N+]2[C6H5O7ςϺ], M=664.01 g/mol 

(yield: 98 %)   

1H-NMR (CDCl3): ɿ(ppm): 0.93 (t, J=7.3 Hz, 18H), 1.36 (sexta, J=7.5 Hz, 12H), 1.55-1.68 (m, 12H), 

2.61 (dd, J=14.6 Hz, J=2.4 Hz, 4H), 3.25 (s, 18H), 3.26-3.35 (m, 12H)  

13C-NMR (CDCl3): ɿ(ppm): 13.9 (CH3), 19.5 (CH2), 24.7 (CH2), 46.7 (CH2), 51.6 (CH3), 63.3 (CH2), 

74.3 (C), 176.7 (C), 180.1 (C) 

 

Tributylmethylammonium bromide , [TriC 4]Br : [C13H30N+][Br -], M=280.29 g/mol, commercial  

1H-NMR (CDCl3): ɿ(ppm): 1.02 (t, J=7.3 Hz, 9H), 1.47 (sexta, J=7.5 Hz, 6H), 1.62-1.76 (m, 6H), 3.37 

(s, 3H), 3.45-3.54 (m, 6H)  

13C-NMR (CDCl3): ɿ(ppm): 13.8 (CH3), 19.7 (CH2), 24.4 (CH2), 48.9 (CH3), 61.4 (CH2) 

 

Tributylmethylammonium chloride , [TriC 4]Cl: [C13H30N+][Cl-], M=235.84 g/mol (yield: 98 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.93 (t, J=7.3 Hz, 9H), 1.37 (sexta, J=7.4 Hz, 6H), 1.54-1.69 (m, 6H), 3.23 

(s, 3H), 3.33-3.42 (m, 6H)  

13C-NMR (CDCl3): ɿ(ppm): 13.7 (CH3), 19.7 (CH2), 24.3 (CH2), 48.9 (CH3), 61.4 (CH2) 
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Tributylmethylammonium acetate , [TriC 4]Ace: [C13H30N+][C3H2O2-], M=259.43 g/mol (yield: 

90 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.94 (t, J=7.3 Hz, 9H), 1.36 (sexta, J=7.5 Hz, 6H), 1.53-1.67 (m, 6H), 1.84 

(s, 3H), 3.15 (s, 3H), 3.21-3.29 (m, 6H)  

13C-NMR (CDCl3): ɿ(ppm): 14.0 (CH3), 19.9 (CH2), 24.5 (CH2), 25.6 (CH3), 48.6 (CH3), 61.2 (CH2), 

177.1 (C) 

 

Tributylmethylammonium lactate , [TriC 4]Lac: [C13H30N+][C3H5O3-], M=289.45 g/mol (yield: 

93 %) 

1H-NMR (CDCl3): ɿ(ppm): 1.00 (t, J=7.3 Hz, 9H), 1.35 (d, J=6.8 Hz, 3H), 1.43 (sexta, J=7.5 Hz, 6H), 

1.59-1.72 (m, 6H), 3.26 (s, 3H), 3.35-3.43 (m, 6H), 3.94 (q, J=6.8 Hz, 1H)  

13C-NMR (CDCl3): ɿ(ppm): 13.8 (CH3), 19.7 (CH2), 21.8 (CH3), 24.4 (CH2), 48.8 (CH3), 61.3 (CH2), 

68.3 (CH), 179.7 (C) 

 

Tributylmethylammonium glycolate , [TriC 3]Gly: [C13H30N+][C2H3O3-], M=275.43 g/mol (yield: 

93 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.93 (t, J=7.3 Hz, 9H), 1.36 (sexta, J=7.4 Hz, 6H), 1.53-1.66 (m, 6H), 3.11 

(s, 3H), 3.20-3.29 (m, 6H), 3.76 (s, 2H)  

13C-NMR (CDCl3): ɿ(ppm): 13.8 (CH3), 19.8 (CH2), 24.3 (CH3), 48.9 (CH3), 61.3 (CH2), 62.5 (CH2), 

176.9 (C) 

 

Tributylmethylammonium levulinate,  [TriC 4]Lev: [C13H30N+][C5H7O3-], M=315.49 g/mol 

(yield: 97 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.89 (t, J=7.3 Hz, 9H), 1.32 (sexta, J=7.4 Hz, 6H), 1.49-1.63 (m, 6H), 2.05 

(s, 3H), 2.30 (t, J=6.8 Hz, 2H), 2.58 (t, J=6.8 Hz, 2H), 3.09 (s, 3H), 3.18-3.26 (m, 6H)  

13C-NMR (CDCl3): ɿ(ppm): 14.0 (CH3), 19.8 (CH2), 24.2 (CH2), 29.9 (CH3), 32.1 (CH2), 40.6 (CH2), 

48.9 (CH3), 61.2 (CH2), 177.1 (C), 210.0 (C) 

 

Di-(tributylmethylammonium) itaconate , [TriC 4]2Ita : [C13H30N+]2[C5H4O4
ςϺ], M=528.85 g/mol 

(yield: 92 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.97 (t, J=7.3 Hz, 18H), 1.40 (sexta, J=7.4 Hz, 12H),1.56-1.71 (m, 12H), 

3.21 (s, 6H), 3.25-3.34 (m, 12H), 5.20 (s, 1H), 5.82 (s, 1H)  

13C-NMR (CDCl3): ɿ(ppm): 13.7 (CH3), 19.8 (CH3), 24.2 (CH2), 43.6 (CH2), 49.15 (CH3), 61.2 (CH2), 

119.2 (CH2), 145.0 (C), 173.5 (C), 176.8 (C) 
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Dihexyldimethylammonium bromide , [DiC6]Br : [C14H32N+][BrϺ], M=294.32 g/mol (yield: 98 

%) 

1H-NMR (CDCl3): ɿ(ppm): 0.80 (t, J=7.1 Hz, 6H), 1.12-1.39 (m, 12H),1.53-1.71 (m, 4H), 3.30 (s, 

6H), 3.39-3.52 (m, 4H)  

13C-NMR (CDCl3): ɿ(ppm): 13.9 (CH3), 22.3 (CH3), 22.7 (CH2), 25.8 (CH2), 31.2 (CH2), 51.1 (CH3), 

63.9 (CH2)  

 

Dihexyldimethylammonium acetate , [DiC6]Ace: [C14H32N+][C3H2O2
-], M=273.46 g/mol (yield: 

94 %) 

1H-NMR (CD3OD): ɿ(ppm): 0.96 (t, J=7.1 Hz, 6H), 1.32-1.47 (m, 12H), 1.69-1.83 (m, 4H), 1.91 (s, 

3H), 3.08 (s, 6H), 3.26-3.36 (m, 4H)  

13C-NMR (CD3OD): ɿ(ppm): 12.9 (CH3), 22.2 (CH2), 23.0 (CH3), 25.7 (CH2), 30.9 (CH2), 49.8 (CH3), 

63.9 (CH2), 178.6 (C)  

 

Dihexyldimethylammonium lactate , [DiC6]Lac: [C14H32N+][C3H5O3-], M=303.49 g/mol (yield: 

95 %) 

1H-NMR (CD3OD): ɿ(ppm): 0.95 (t, J=7.1 Hz, 6H), 1.33 (d, J=6.8 Hz, 3H), 1.35-1.48 (m, 12H), 

1.69-1.86 (m, 4H), 3.09 (s, 6H), 3.24-3.37 (m, 4H), 3.97 (q, J=6.8 Hz, 1H)  

13C-NMR (CD3OD): ɿ(ppm): 12.9 (CH3), 20.4 (CH3), 22.1 (CH2), 25.7 (CH2), 31.0 (CH2), 49.8 (CH3), 

63.9 (CH2), 68.1 (CH), 180.6 (C)  

 

Dihexyldimethylammonium glycolate , [DiC6]Gly: [C14H32N+][C2H3O3-], M=289.46 g/mol (yield: 

95 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.77 (t, J=6.8 Hz, 6H), 1.11-1.32 (m, 12H), 1.49-1.64 (m, 4H), 3.12 (s, 

6H), 3.18-3.31 (m, 4H), 3.69 (s, 2H)  

13C-NMR (CDCl3): ɿ(ppm): 13.8 (CH3), 22.2 (CH2), 22.5 (CH2), 25.8 (CH2), 31.1 (CH2), 50.9 (CH3), 

62.1 (CH2), 63.9 (CH2), 176.5 (C)  

 

Dihexyldimethylammonium  levulinate,  [DiC6]Lev: [C14H32N+][C5H7O3-], M=329.52 g/mol 

(yield: 91 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.79 (t, J=7.0 Hz, 6H), 1.13-1.35 (m, 12H), 1.51-1.67 (m, 4H), 2.05 (s, 

3H), 2.30 (t, J=6.7 Hz, 2H), 2.58 (t, J=6.7 Hz, 2H), 3.15 (s, 6H), 3.19-3.31 (m, 4H)  

13C-NMR (CDCl3): ɿ(ppm): 13.8 (CH3), 22.3 (CH2), 22.5 (CH2), 25.8 (CH2), 29.9 (CH3), 31.2 (CH2), 

32.2 (CH2), 40.4 (CH2), 51.2 (CH3), 63.5 (CH2), 177.1 (C), 210.0 (C)  
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Dihexyldimethylammonium salicylate,  [DiC6]Sal: [C14H32N+][C7H5O3
-], M=351.53 g/mol 

(yield: 97 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.87 (t, J=7.1 Hz, 6H), 1.22-1.35 (m, 12H), 1.55-1.69 (m, 4H), 3.25 (s, 

6H), 3.27-3.37 (m, 4H), 6.73 (t, J=7.5 Hz,1H), 6.82 (d, J=8.0 Hz,1H), 7.20-7.27 (m,1H), 7.91 (dd, 

J=6.0 Hz, J=1.8 Hz,1H)  

13C-NMR (CDCl3): ɿ(ppm): 13.9 (CH3), 22.4 (CH2), 22.7 (CH2), 25.8 (CH2), 31.2 (CH2), 51.0 (CH3), 

63.9 (CH2), 116.3 (CH), 117.4 (CH), 120.1 (C), 130.5 (CH), 132.1 (CH), 162.4 (C), 173.8 (C)  

 

Dihexyldimethylammonium mandelate,  [DiC6]Mand : [C14H32N+][C8H7O3-], M=365.56 g/mol 

(yield: 98 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.88 (t, J=7.0 Hz, 6H), 1.18-1.34 (m, 12H),1.39-1.53 (m, 4H), 2.88 (s, 

3H), 3.01-3.11 (m, 4H), 4.81 (s, 1H), 7.09-7.29 (m, 3H), 7.49 (d, J=7.3 Hz, 2H)  

13C-NMR (CDCl3): ɿ(ppm): 13.9 (CH3), 22.4 (CH2), 22.5 (CH2), 25.9 (CH2), 31.2 (CH2), 50.7 (CH3), 

63.6 (CH2), 74.4 (CH), 126.5 (2xCH), 126.7 (CH), 127.8 (2xCH), 143.7 (C), 176.1 (C)  

 

Di-(dihexyldimethylammonium) itaconate , [DiC6]2Ita : [C14H32N+]2[C5H4O4ςϺ], M=556.92 

g/mol (yield: 97 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.84 (t, J=7.1 Hz, 12H), 1.19-1.37 (m, 24H),1.53-1.66 (m, 8H), 3.15 (s, 

2H), 3.19 (s, 12H), 3.21-3.29 (m, 8H), 5.11 (s, 1H), 5.75 (s, 1H)  

13C-NMR (CDCl3): ɿ(ppm): 13.9 (CH3), 22.4 (CH2), 22.6 (CH2), 25.9 (CH2), 31.3 (CH2), 43.8 (CH2), 

51.5 (CH3), 63.4 (CH2), 119.2 (CH2), 145.1 (C), 173.4 (C), 176.7 (C)  

 

Di-(dihexyldimethylammonium) tartrate , [DiC6]2Tar : [C14H32N+]2[C4H4O6ςϺ], M=576.90 g/mol 

(yield: 96 %) 

1H-NMR (CDCl3): ɿ(ppm): 0.87 (t, J=7.0 Hz, 12H), 1.22-1.42 (m, 24H), 1.56-1.70 (m, 8H), 3.25 (s, 

12H), 3.26-3.36 (m, 8H), 4.23 (s, 2H)  

13C-NMR (CD3OD): ɿ(ppm): 13.9 (CH3), 22.4 (CH2), 22.6 (CH2), 25.9 (CH2), 31.3 (CH2), 51.4 (CH3), 

63.5 (CH2), 73.5 (CH), 176.9 (C)  

 

Tri -(dihexyldimethylam monium) citrate , [DiC6]3Cit: [C14H32N+]3[C6H5O7
ςϺ], M=832.35 g/mol 

(yield: 98 %)   

1H-NMR (CDCl3): ɿ(ppm): 0.86 (t, J=7.0 Hz, 18H), 1.22-1.40 (m, 36H), 1.57-1.71 (m, 12H), 2.63 

(dd, J=14.6 Hz, J=3.3 Hz, 4H), 3.24 (s, 18H), 3.27-3.37 (m, 12H)  

13C-NMR (CDCl3): ɿ(ppm): 14.0 (CH3), 22.3 (CH2), 22.6 (CH2), 25.9 (CH2), 31.2 (CH2), 46.5 (CH2), 

51.8 (CH3), 63.5 (CH2), 74.0 (C), 176.3 (C), 179.6 (C)  
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1.3) Water content  

After lyophilisation of the synthesized ILs using a freeze dryer Christ-Alpha 1-2LD plus, for at 

least 72 h, the water content was detected by means of a coulometric Karl Fischer titration 

(Mettler Toledo C20) with Hydranal Coulomat AG reagent. Table 2.13 shows the water content 

of all synthesized quaternary ammonium compounds. 

Table 2.13 Water content of QACILs measured by coulometric Karl Fischer titration. 

Product  H2O (wt% ) Product  H2O (wt% ) Product  H2O (wt% ) 

[DiC3]I  3.4 [TriC3]Br 0.7 [TriC4]Br 1.9 

[DiC3]Cl 10.9 [TriC3]Cl 3.3 [TriC4]Cl 4.5 

[DiC3]Ace 10.0 [TriC3]Ace 7.7 [TriC4]Ace 6.5 

[DiC3]Lac 3.1 [TriC3]Lac 2.6 [TriC4]Lac 1.8 

[DiC3]Lev 2.6 [TriC3]Lev 3.5 [TriC4]Lev 6.7 

[DiC3]2Ita 5.9 [TriC3]2Ita 8.3 [TriC4]2Ita 6.6 

  
  [TriC4]Gly 5.0 

[DiC4]Br 0.7 [DiC4]Mand 1.1 [DiC6]Br 0.5 

[DiC4]Cl 1.0 [DiC4]2Suc 5.3 [DiC6]Ace 5.3 

[DiC4]For 7.7 [DiC4]2Ita 12.8 [DiC6]Lac 1.9 

[DiC4]Ace 10.8 [DiC4]2Male 11.5 [DiC6]Gly 1.2 

[DiC4]Lac 2.8 [DiC4]2Fum 9.8 [DiC6]Lev 2.1 

[DiC4]Gly 1.6 [DiC4]2Mala 7.0 [DiC6]Sal 1.1 

[DiC4]Lev 2.5 [DiC4]2Tar 4.1 [DiC6]Mand 0.8 

[DiC4]Sor 5.5 [DiC4]3Cit 7.3 [DiC6]2Ita 4.2 

[DiC4]Sal 1.8   [DiC6]2Tar 2.0 

  
  [DiC6]3Cit 3.2 

 

 

2.) Physicochemical characterization of quaternary ammonium compounds  

 

2.1) Thermogravimetric analysis (TGA)  

The thermogravimetric analysis (TGA) of prepared salts was performed using a TGA Q5000 

apparatus (TA Instruments) unit under a nitrogen atmosphere to determine decomposition 

temperatures. Samples between 5 and 10 mg were placed in aluminum pans and heated from 25 

to 300 °C at a heating rate of 10 °CÖmin-1. The degradation temperature Tdeg is determined as 

starting point of the degradation (range with the highest slope of TGA curves):  
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2.2) Differential scanning calorimetry (DSC)  

Thermal transitions were determined by differential scanning calorimetry (DSC) with a DSC 

Q100 calorimeter (TA Instruments) unit under a nitrogen atmosphere, calibrated with a 

standard sample of indium. Samples between 5 and 10 mg were sealed in aluminum pans and 

measured over a temperature range of -80 °C until ca. 20 °C under the beginning of degradation 

with a rate of 10 °CÖmin-1; the samples were cooled with an intercooler. The phase transitions of 

the products were investigated, providing the glass transition (Tg, as the midpoint of a small 

endothermic heat capacity change from the amorphous glass state to a liquid state), the cold 

crystallization (Tc, as onset of an exothermic peak on heating from a supercooled liquid state to a 

crystalline solid state), the melting temperature (Tm, as onset of an endothermic peak on 


