Order N° 41582 Confidential until 11t December 2019

\\ Université
y Lille1 R
Sciences et Technologies

University Lille 1
Ecole doctorale deS AEAT AAO AA 1T A - AOET OAh AdO 2AUITTT1TAIA

University Regensburg

Naturwissenschaftliche Fakultat ¢ Chemie und Pharmazie

Dissertation as co-tutelle

for the degree
Doctor of the University Lille 1 (Molécules et matiére condensge

and Doctor of the University Regensburg (Naturwissenschaften, Dr. rer. nat.

Andrea MUHLBAUER

Synthesis and physicochemical characterization of novel

biocompatible ionic liquids for the solubilization of biopolymers

PhD thesis under the supervision of:
Prof. Véroniqgue NARDELLEGRATAJ and Prof. Werner KUNZ

Defense on 11th December 2014

Members of the jury:

Dr. Francois Jérome CNRSUniversity Poitiers Reviewers

Prof. Stefan Stolte University Bremen

Prof. Dirk de Vos University Leuven Examiners
Prof. Dominik Horinek University Regensburg

Dr. Boris Estrine CompanyA.R.D.

Prof. Véronique Nardell®Rataj University Lille 1 Supervisors

Prof. Werner Kunz University Regensburg






Acknowledgements

The work described in this PhD thesis has been carried ows collaboration between the
laboratory of molecular chemistry and formulatior(director of the laboratory: Prof. Dr. Jean

Marie Aubry, University of Lille France) under the supervision of Prof. Dr. Véronique Nardelio
Rataj, and at the institute of physical and theoretical chemistnfUniversity of Regensbutg
Germany) under the co-supervision of Prof. Dr. Vérner Kunz. Additionally, this PhD thesis was
part of an industrial project financed by the societyA.R.D.z Agro-industrie recherches et
développement4CIFRE, cefinanced by ANRT) under the direction of Dr. Boris Estrine. | would
like to express my honest thanks to them for having welcomed me in their labomies and

teams, and for having given me the opportunity to work on this interesting project.

I would like to express my sincere gratitude to Prof. Dr. Veronique NardelloRataj who
supervised my thesis during the last three years. Thank you for guiding mwyork in an ambitious
way and having faith in my work and decisions. Furthermore, | would like to thank deeply my
co-supervisor Prof. Dr.Werner Kunz for his scientific advices. | extend these thanks to my
industrial supervisor Dr. Boris Estrine from A.R.D not only for the helpful discussions but also
for the financial support.

| am grateful to the jury members, the reviewers Dr. Frangois Jérdme arférof. Stefan Stolte, and
the examiners Prof. Dr. Dirk de Vos and Prof. Dr. Dominik Horineflor having acceted to take

their time and to bring their experience to evaluate this manuscript.

| would like to acknowledge the team of A.R.D. for their experimental support, especialby.
Sinisa Marinkovic for some synthesesand Marianne Dargelos for the biodegradation tests
Furthermore, | am grateful to Dr.Frangois Jérdmeand his team forthe fruitful cooperation of the
study on cellulose solubilization. | would like to thankProf. Stefan Stolteand Marta Markiewicz
for carrying out several biodegradation and toxicity tests. | thank the eam of Cosmingic,
especially Dr. Andreas Klamt, Dr. Micheal Diedenhofen and Dr. Jens Reinigmhtheir advices,
help and discussionsin support of COSMERS calculations.| am also grateful to the assistant
professor Dr. Frédéric Cazauxfor using the equipment for theTGA and DSC measurements. |
would like to express my thanks to Estelle, Bingyu, Marie and Remi for their contribution and

cooperative efforts on helping me with some experiments throughout the scope dfis work.

I would like to thank the assistant professors Valérie Molinier, Christel Pierlot, Loic Leclercq and

Raphael Lebeuf for supporting this project with their generous help and inspiring discussions.




I would like to express my sincere gratitude tany colleagues and friends of the lab for sharing
this special atmosphere and their extraordinary support, without going into detailsAdrien B.,
Adrien M., Aurélie, BenjaminBing, Christophe Clémentine, Delphine,Fermin, Mickael, Laura,

Laurianne, MaximeN., Maxime RRoberto,Romain,Thomas

Finally, I would like to express my deepest thanks to my family, especially my mother, sister and
grandmother for their inestimable support. And very special tanks go to Jérémiethank you
infinitely for everything - especially for giving me strength andincredible encouragementin
hard times.

| dedicate this manuscript to my father.




Abstract

During the last fifteen years green chemistry became aentral topic of academic and industrial
research which is still progressively growng. In this context many researchers are irgrested in
alternative solvents which are environmentally friendly. Among them there are ionic liquids
(ILs) and deep eutecticsolvents (DES). The aim of the thesis was to developent of new
biocompatible ILs and DESs for the solubilization of biopolymers, such as celluloseShort-chain
two- and three-tailed quaternary alkylammonium (G - Gs) associated with varous biosourced
carboxylates (.g.itaconate, lactate, levulinat¢ havebeengood candidates andhe identification
of structural key factors for cellulose solubilization was realizable This systematic approach
coupled with extensive physicochemical study ollLs, resulted in the levulinates of [DIG ], [DiC4]
and [TriC,] and [DiC4]itaconate asthe mostefficient with a solubilization of celluloseup to 10 %,
or even 20 % in the presence of the bibased cesolvent gvalerolactone. Despite their good
biodegradability in comparison with that of imidazolium, quatrnary ammonium are not
naturally resourced. They were therefore, in a second stepsubstituted by derivatives ofcholine,
betaine and carnitine as biocompatible cations, associated with the above carboxylates. The
ether- and ester-derivatives are ILs, and ethyl-choline ether levulinateis able tosolubilize 10 %
cellulose. Moreover, ureacombined with dibutylammonium salts or betaine esters behave as
DES with melting temperatures around 30 to 40 °Cln the same way, BSsbasedon sugar
derivatives having an ether function on the anomeric carbonds been obtained in the presence
of salts of choline, betaine and carnitine. Finally, a theetical approach using the COSMRS
software was used to model the properties of ILs and E% and for predictions of cellulose

solubilization.

Keywords: biocompatible solvents, ionic liquid, deep eutectic solvent, cellulose, biopolymer,
solubilization, biodegradability, hydrotrope, COSMERS, choline, betaine, carnitine, levulinate,

itaconate.




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 denvironnement.
Parmi eux, on trouve les liquides ioniques (LIs) et les eutectiques profonds (DESSs). L'objectif de
la thése était de développer de nouveaux Lls et DESs biocompatibles pour la solubilisation de
biopolymeres tels que lacellulose. Les alkyhmmonium quaternaires a chaine courte (£€a G) bi-

et tricaténaires associés a divers carboxylates d'origine naturellee(g. itaconate, lactate,
lévulinate) se sont révélés étre de bons candidats et ont permis d'identifier les effets structuraux
clés pourla solubilisation de la cellulose. Par cette approche systématique couplée a une étude
physicochimique approfondie des Lls, les lévulinatede [DiG], [DiCs] et [TriCJ AO 1 6 EOAAT T AQD,
[DiC4] sont les plus efficaces et permettent de solubiliser jusqu®0 % de cellulose, voire 20% en
présence d'un cesolvant biosourcé, lag-valérolactone. Malgréleur trés bonne biodégradabilité

en comparaison a celle des imidazolium, les ammonium quaternaires ne sont pas naturels. lls
ont donc été, dans un second tempsubstitués par des cations biocompatibles dérivés de la
choline, de labétaine et de la carnitine, associés aux carboxylates précédents. Les dérivés de
type éther et ester sont des liquides ioniques et I'éthytholine éther lévulinate permet de
solubiliser 10% de cellulose. Par ailleurs, en présence d'urée, les sels de dibutylammonium et les
esters de bétaine se comportent comme des DESs dont les températures de fusion sont de
l'ordre de 30 a 40 °C. De méme, des DESs a base de dérivés de sucre possédarfoncteon
éther sur le carbone anomérique ont été obtenus en présence des sels de choline, de bétaine et
de carnitine. Enfin, une approche théorique utilisant le logiciel COSMRS a été utilisée pour la
modélisation des propriétés des Lls et des DESs aingie pour la solubilisation de la cellulose

afin de la prédire.

Mots clés: solvants biocompatibles, liquide ionique, eutectique profonde, cellulose,
biopolymere, solubilisation, biodégradabilité, hydrotrope, COSM@BS, choline, bétaine, carnitine,

|[évulinate, itaconate.
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Introduction

In recent years, the research on novel eefriendly classes of solvents has gained more and more

importAT AA xEOE OEA Al 1 OAEI 601 AOOO ¢ @A Dic®d Addhldos O ®OU A
AA E£ET &dinvAnfion,@esign and application of chemical products and processes to reduce or

to eliminate the use and generation of hazardous substariéés the context of the development

of sustainable solvent media, especially ionic liquids (IL8)and deep eutectic solvents (DESS)

have appeared very promising for the replacement of volatile ganic solvents.Figure 1.1

illustrates the most important milestones in the field of ILs and DESsEven though the first IL

was introduced in 1914, this discovery had no real impact until the endf the 20" century.

However, research on these socalled designer solvents has become a hot topic in various

scientific and technological areas during the last twenty years.

Task-specific ILs

ILs from
First widely studied ILs biorenewableanions First DES reported

First IL reported First air and water stable ILs [
ILsfrom Switchable ILs

biorenewablecations

First industrial process
involving ILs (BASIL™)

Figure 1.1 Milestones in the development of knowledge in the field of ILs and DESs.*

The use and transformation of enewable raw materials i.e. biomass and biopolymers,is a
further important AOPAAO 1T £ OCOAAT 6 tAEfdcE@itdodurced pradiicts OEA AE
For biomass processing, the main focus lies oneltulose because itis the major natural
OAOT OOAAA AET PT 1 UI A0 DOl AGA#sArawArdterial,l bdilt d & dch DET OT O
structure, is of high interest for many different applications and transformation processes due

its high occurrence, renewability and biodegradability Figure 1. 2).
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Figure 1.2 Overview for cellulose: discovery, structure, biosynthesis, applications:.6

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

OAOI

Staudinger in 192074 ET OOAT AO
AAT 1 6ihd f@ of wabd) cofod, Akl otker plant fibers as an energy source,

x Al

1 6h

O A AThé detaiied golyrseric structure of cellulose was determined by Hermann
I £# UAAOO DOET O OI

OEA AEOAT

for building materials, and for clothingé Today, most of the cellulose is used for the prodtion

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

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

cellulose, HEC: hydroxyethyl cellulose, HPCM: hydroxyprgimethyl 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 propertydetermining 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. Welkknown cellulose-derived thermoplastics based on nitrocellulose and camr 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 orcellulose asa renewable raw material is still a growing field of

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

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

(Figure 1.3). In this project, we focugd on the solubilization of biopolymers, especiallycellulose,

with novel biocompatible OT 1 OAT 0O xEOE OACAOA O OEMt®OE!I AED

course of this studymainly ILs were applied as cellulose solvents.

Presented project cellulose derivatives
=
+ figreen (‘3>s ol Ve platform molecules
o “ % lucose E ener
Solubilization ™= 9 9y
process

1
P I .
, - i i Transformation
Biomass e ———————————————

Figure 1.3 The presented project in the context of biomass transformation.

The project of this PhD thesisdeals with the synthesis and characterization of novel
biocompatible solvents for the solubilization of biopolymers, mainly cellulose. As schematically
represented inFigure 1.4, the PhD thesis was carried out within the frame of a cotutelle between
the University of Lillel (France) and the University of Regensburg (Germany), as well as in the
context of an industrial project with the French company A.R.Ix. Agro-industrie recherches et

développements

PhD Thesis

German
University

anrt'®

association nationale

French .~
Industry g @
ard? N D)

Figure 1.4 Situation of the PhD thesis as Cotutelle (France, Germany) and industrial project (Cifre)
with A.R.D.

French University
. Université
) Lille1

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 alkychains on both their

physicochemical properties and their capacity to solubilize cellulose. The counteanions were

5
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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

DOi PAOOGEAOG AAET ¢ E1T OTEOIT xEOE OEA OCOAAT &6 AEAI
derived from natural products, such as choline, betaine and carnitine. The synthesizether-

and esterderivatives 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 dealsx EOE  $ %3 O0h AT 1T OEAO Al AOGO 1T £ OCO
a growing potential for various applications. Therefore, bidbased sugarderivatives, 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.

ylT OEA AiI10A@O 1T &£ OCOAAT 6 AEAITEOOOUHh OEAT OAOE!
important to support or even avoid expe&imental work. Consequently, chemicals, energand
waste could be saved or prevented. Hence, in this projethe software COSMERS was used to

carry out theoretical calculations with the aim to assist experimental results.




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

1.1 Biomass and biopolymers

Biomass gairs more and more importance asan alternative to fossil resources in the course of
OCOAAT 6 HAENd rdhenv@nieda@irce from natural raw materialsand it occurs often as
waste product during transformation processes thusits use as alternative to petrochemica is
of huge interestio A survey of theliterature with the keyword "biomass' highlights a hugeand
exponential development during the last decade Figure 1.1 shows the great increase of
publications dealing with "biomass" during the last thirty-five years ¢he bibliometric analysis
was carried out with the database 8ifinderN). In 1980, we find® 850 publications against°
1300 publications in 1990, © 3300 publications in 2000 to reach ® 20500 publications in the
year 2013.
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)

c

2

= 15000

L

o

]

S 10000

o

o

o]

€ 5000

]

2
0 T 1 1 T 1 71
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T =+ Hd Hd A AN NN NN N NN

Publication year
Figure 1.1 Number of publications de al i n gthewullidationfiyear o ma s s 0

(analyzed with the database ScifinderN)

1.1.1 Biomass - Natural sources and structures of biopolymers

Biomass isobtained from different natural sourcessuch asforestry, agricultural and industrial
crops and residues, municipal solid waste, animal residues and sewageduring pretreatment
and extraction processes, arious biopolymers can be gained from crude biomass These
biopolymers canbe used as renewable resources fdurther transformation processes to obtain
biofuels or fine chemicalsThe most important biopolymersare found inthree different polymer
families, namely polasaccharides, polypeptides and polyesters (Figure 1.2).10 The most
important polysaccharides arecellulose, starches (namely amylose and amylopectin)chitin ,

chitosan and pectins. The main natural resourced polypeptides arecasein, wheat gluten ,
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keratin and collagen. In the the group of polyesters, we find polylactic acid,

polyhydroxybutyrate or polyhydroxyalkanoates .

| Biopolymers |—

A 4 A 4 A 4

Polysaccharides | | Polypeptides | | Polyesters
- Cellulose - Casein (synthesized by bacteria)
- Starches (amylose, amylopectin) - Wheat gluten - Polylactic acid
- Chitin and chitosan - Keratin - Polyhydroxybutyrate
- Pectins - Collagen - Polyhydroxyalkanoates

Figure 1.2 Schematic overview of the most important families of biopolymers: polysaccharides,
polypeptides and polyesters.'°

In general, Igno-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 Lignin
produced by photosynthesis in
nature; 75% of them are
carbohydrates? Ligno-cellulosic
biomass is composed 0f40-50 %

b

cellulose , 25-35 % hemicellulose

o _ (e o 15-20%
and 15-20 % lignin (Figure 1.3).12 OH OHG |
Cellulose is composed of a O@H OJ

Hemi-
polymeric structure of [ -glycosidic- _cj'.?,'.ose i "

linked glucose units which results

ina rigid cristallinity. The Figure 1.3 Composition of lignocellulosic biomass: cellulose
hemicellulose portion of lingo- (40-50%), hemicelluloses (25-35%) and lignin (15-20%).”*
cellulosic biomass contains generallyive different sugar-monomers: D-xylose, D-arabinose, D-
galactose,D-glucose andD-mannose.Lignin is an amorphous polyme including methoxylated
phenylpropane structures, such as coniferyl alcohol, sinapyl alcohol and coumaryl alcoh®lThe

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

organic polymer on Earth?3 Accordingly, its use asarenewable resource forfurther conversions

01 AEAI EAAI DOI AGAOGO EO |1 OAperfoiménces intenbled boi BT OOAT
further transformation processes, llomass has to be fractioned into its single components,

namely cellulose, lignin and hemicellulose Different pretreatment techniques areused for the

isolation of biomass fractions.Most of the pretreatment processes contain physicachemical or

10
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biological procedures4 The physical pretreatment method deals mainly with the mechanical
size reduction obtained by milling, comminuting or steani2 These processes augment the
available specific surface areaand 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 lingeellulosic biomass is not influencedBiological
pretreatment ways include essentially the action of enzymes that can degrade lignin,

hemicelluloses and polyphaols.14

1.1.2 Application of biopoly mers and their transformation to platform chemicals

Biopolymers are more and more used as alternativeto petro-chemistry in the course of
biorefining processes!s Ligno-cellulosic biomass can be transformed into biomolecules and
bioderivatives via different pathways, as shown inFigure 1.4, which give platform molecules for
fine chemicals, e.qg. furfural , 5-hydroxymethylfurfural  or levulinic acid .16 Cellulose is
particularly interesting for biorefining industries because of itshigh appearance in nature and

its potential for various transformations.

| Ligno-cellulosic biomass |

I pretreatment(s) l
’ Lignin ‘ ’ Hemicellulose ‘ ’ Cellulose }» Fibers, derivatiyv
l lHydrolysis lHydrolysis
O Levulinic acid Solvants
Biopolymers Fine chemicals _____ Xylose Fermentation Glucose )K/\COOH \ Lubrificants
Biomaterials Solvents é CsHyOs Distillation CeH1,06 Fine chemicals
Acidic . 5-Hﬁ((j)roxymethylfurfu ral Polymers
catalysis i O._cHo e
Resins Bioethanol v \
Fine chemicals <----- Furfural Lactic acid Fine chemicals
P o .
Nyl on, ¢ CHo Solvents &0l vents &
Y o

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

In Figure 1.5, the most important platform molecules obtained by cellulose transformations are
shown17.18 Paossible reactions of cellulose to glucose contain enzymatic or acid catalyzed
hydrolysis, with a further transformation of glucose to ethanolvia fermentation. Further
products obtainable by biocatalytic transformation processes of glucose arsuccinic, itaconic ,
glutamic , glutaric and lactic acid s. Otherchemocatalytic transformations of glucosenclude the
hydrogenation to sorbitol or the direct hydrogenolysis of celulose 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 @ G mono- and

11
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polyols and even alkanesOtherwise, 5hydroxymethylfurfural (5 -HMF) canbe obtained by acid

catalyzed dehydration of glucose, whicleanbe further transformed to levulinic acid.1®

:

> CO/H,

Cellulose |—>| Glucose |—>| Ethanol |/\OH
o

Lactic acid %OH

OH

i

o
o HO
Succinic acid NOH
o} o
HO
Itaconic acid NOH
o o
v Koo

Glutamic acid |

]

NH,
O OH OH

Glutaric acid | HOMOH

OH OH O o

(0)
OH

OH OH o

O
HO OH HO
———————— Sorbitol HOWOH Sorbitan m Isosorbide T\/Ogj\w
OH

OH OH o

|

i
|

Figure 1.5 Schematic overview of cellulose transformation to platform chemicals via biocatalytic
(white) or chemocatalytic (grey) processes."’

A highly efficient hydrolysis processof cellulose to glucosenvas described by Wanget al. using
heteropoly acids Hs:PWi12040) as catalystunder hydrothermal conditions.20 With this process, a
high yield of glucose (50.5%) and selectivity higher than 90% are achieved at 18C for 2 h with
a mass ratio of cellulose to EPWi,Os 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 transitionetal oxide

HNbMoQ which exhibited a significant catalytic performance

1.1.3 Classical solvents and solubili zation processes

Generally, the solubilization of polymers is a complex process because of therious and
numerous interactions within the polymer and between polymer moleculeswhich play
important roles for their rigid structure .22 However, solubilization of lignocellulosic biomass,
native lignin, for instance,can be very useful for its conversiorinto aromatics, phenols and
saturated cyclic derivatives.22 The general process consists of chemical pulpinge.g. Kraft
pulping) including strong acids or bases under high pressureat high temperature.2425 In
particular, the biopolymer cellulose iscomplex 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, whelBeglucopyranoside-units

12
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are linked together by r-1,4-glycosidic bonds.The size of the molecule is depending on the
degree of polymerization (DP) and can vary between 29 10 000 units, according tothe type of
cellulose (.g. 10 for laboratory-synthesized cellulose or 1M00 or more for bacterial
cellulose)?¢ Between the glucosechains, there are inter and intra-molecular hydrogen bonds
which cause the highly stable structure. For these structural propertieghe hydrolysis process,
and therefore the sdubilization of cellulose is very complex.For many decades, the research for
ideal cellulose solvents (high dissolution capacity, cheap, lowiscous, stable, noftoxic,

ecologically friendly, easy to recyclejs a greatchallengeboth for academicsand industrials.

OH . ° OH
o)
HO o HO o 1)
0 HQ 0 o
: HO
o~ o OH ; Ovn
oH _.OH / OH

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

Usually, successful cellulose solvents must possess the ability to compete foxiséng
intermolecular hydrogen bond interactions, inorder to separate the polymer chains from each
other, resulting in the dissolution of the biopolymer2? So far, different classical solvents are used
for the solubilization of cellulose, which are classified aslerivatizing and non-derivatizing
solvents, depending on their interactions with the polysaccharidé. 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.2” Some traditional solvent systems were found to be efficient, such as-
methylmorpholine oxide,22 N,N-dimethylacetamide / lithium chloride,?® 1,3-dimethyl-2-
imidazolidinone / lithium chloride, 30 N,N-dimethylformamide / nitrous tetroxide, 3t dimethyl
sulfoxide / tetrabutylammonium fluoride,32 and some molten salt hydrateqe.g.LiCIQ;, LiSCN,
ZnCb) 33 Figure 1.7 gives an overview of the structureof the most traditional cellulose solvents
1) NN-dimethylacetamide / lithium chloride (DMA [/ LiCl); 2) dinitrogen tetroxide /
dimethylformamide (N2O, / 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: LiCIQ, LiISCN, Zngl

13
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1o Li* 2 o 3 4 .
A L P |
N+/CI' \ \N+—N\ N* H"-0——s o H*
‘ -‘o/ \o "o ‘ ‘
o}
5 6 7 8
. N* N cloy Li*
OH  Na* /j ;_\_\ or Lt _O_<,N/ji son L
/é+\ £ H* cr zn?* cr

Figure 1.7 Classical cellulose solvents: 1) DMA / LiCl; 2) N,O, / DMF; 3) NMMO; 4) mineral acids:
H,SO,, H3;PO, etc.; 5) NaOH; 6) DMSO / TBAF; 7) dimethylimidazolone / LiCl; 8) molten salt
hydrates : LiClO,, LISCN, ZnCl,.**

It has been shownthat all non-derivatizing solvents can hypothetically be arranged in cyclic
structures (Figure 1.8).26 Small ions or polar characteristics assist in the rindormation of five-

or six-ring geometries; larger cations,such as NMMO ofTBA seem to be lesssuited for this
purpose. However, fluorde is a very small anion and the involvement of an additional dipolar
molecule (DMSO)Xxan 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
cel O1 1T 6A8 4EA EI 1T OEUA ci 60AOT 6 OEA EIT 11TAEIEOU
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 litmuchloride, is favorable

for the cellulose dissolution26

\ / N
e o) -Q/,NAVO N
| Al (o) - AN
BU\.+ |+/BU \\ Ik\ /)I'll+ :O //CI'
Bu” | “F | “Bu N o “N*
Bu Bu |
TBAF+DMSO NMMO O DMA+LICI

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).?®

At first sight, from their solubili zation capacity of cellulosethese solventsare satisfactory but
from an ecological point of view they are not ideal.All of the traditional cellulose solvents suffer
from some dawbacks like toxicity, volatility, high cost, recovery, or insufficient solvation
power.3536 Hence, the development of alternative cellulose solvents, containing notably
Qreennes®and high efficiency, persists as an active field of researdfor the general evaluation
of ecofriendly solvents, both the toxicity (the degree at which a substance can damage an

organism) and thebiodegradation (the decomposition of materials by micreorganisms) have

14
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become essential criteriad” In 1998, Paul Anastas and John Warner hawtated OEA OOx Al OA
PDOET AEDI AO 1T £ COAAT A Eddinabe @ieudistry #nd prageddedryureE 1 A0 A&l
1.9) 38 These rules guide the design of new chemical products and processes, holding all features

of the process lifecycle from the raw materials to the efficiency and safety of the transformation,

the toxicity and biodegradability of products and reagers. 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 humanhealth and the environment. Safer chemicals should be

designed, and used auxiliary substares should be safe or avoided. Energy efficiency should be
respected during chemical processes, thus syntheses should be carried out at ambient
temperature and pressire 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. Catalytprocedures are preferred

especially very selective ones. The tenth rule prescribes design of degradation of chemical
products, so that they do not persist in the environmentReattime analysis methods are avoided

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

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

releases, explosions, and fires.

1.Prevent 2 Atom
waste economy

12.Inherently safer chemistry 3.Less hazardous
for accidentprevention chemical syntheses

L

11.Real-time analysis <€— 4.Designing

for pollution prevention safer chemicals

10.Design for/ T s5.afersolvents
degradation / / l \ and auxiliaries

. 6.Design for
9.Catalysis energy efficiency

8.Reduce

derivatives 7.Use of renewable

feedstocks

Figure 1.9 The twelve principlesof igr eenod c¢c emi str y.

2ACAOAET C OEA | AET COEAAI Edatk@sohEitOanddsoldifediond A E AT |
processes for cellulose or other biopolymers are necessary take benefit from renewable

feedstock in a sustainable wayWith the development of alternative processing ways, a new

Al AGO T £ OCOAAT donicOihuid® Aiad tinoduded to Atie Uield of cellulose

dissolution.
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1.2 lonic liquids

Since a while, a new class of solventsalledionic liquids (ILs) , has emerged These solvents are
composed of ionic species and their melting temperature is below 10 bydefinition.2

In 1914, the first room temperature IL was discovered by Walden, namelgthylammonium
nitrate [EtNH 3][NO3], with a melting temperature of 12°C3° However, more research on ILs
only really started same decades later. In 185, research work on room temperature liquid
chloro-aluminate melts was published with the focus on electrochemical applicatiorf8.In the
1980s, alkyl -substituted imidazolium and pyridinium molten salts were developed for their
application as battery electrolytesit A bibliometric analysiswith the databaseScifinderN was
during the past years Figure 1.10). In 1990, only 39 publications were found, teryears later®
200, and further ten years later, in 2010, alread$ 5600. There is a continual growing interest in

ILs, especially inroom temperature ILs (RTILS) because of their special properties and various

applications.
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Figure 1.10 Number of publications de a | i n gionigiliqutdd @ a sunction df the publication year
(analyzed with the database ScifinderN).
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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 defingatotic and aprotic ILs . Protic ILs (PILs)
are formed by proton transfer from a Bensted acid to aBrgnsted base?2 Aprotic ionic liquids
(AILs) hold other substituents than aproton, such as alkyl groups athe position occupied by a
labile proton in an analogous PIL. Because of the adiése reaction of PILs, neutral acid or base
speciescan be present in the PIL system. Thereforea guideline wasproposed according to
which ILs should contain less than 1% of neutral species.

Generally, the formation of ILsdepends on structural reasonsFor example, alow degree of
symmetry is preferred which prevents regubr crystalline packing, thusthe solid crystalline state
becomes less favorable, leading to a low melting temperatuté Therefore, @mmon ILs contain
typically organic bulky cations, sich 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 interionic interactions.4s Some examples for typical IL anions are
halogenides, nitrate, acetate, sulfate, thiocyanatetetrafluoroborate, hexafluorophosphate,
tosylate, bis(trifluoromethyl sulfonyl)imide. Table 1.1 gives an overview of the most common IL

cations and anons.

Table 1.1 Some classical cations and anions for ILs.

e\ N U R R R,
NN | N N* R R PR S*-R;
R 77X """R —= \R /A \ 2 R N 4 Rz/ ) 4
ReRy Ri 3 3 3
? Q T R F o i
Br- II\II+ )J\ N=C=S RO-S-0 F—B-F F—/ /_F \ \/ \/S//
-0 0 o 5 |I: FF F,C N O/ CF4

Depending on the choice of ions, ILs can be either hydrophobic or hydrophifieWith the widely

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

ethylsulfate as aniors, whereashexafluorophosphate or bis(trifluoromethylsulfonyl)  imide

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

consist fOAOET OO0 AEAZAOAT O AT T AET AGEIT T O 1 MedgneRAOET 1
solventsd6  Tt@Bk-sgecifico xEOE OACAOA O OFAEkadingdyOthdrAl A PO
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 vargtrongly depending on their cation and/or

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

OEA ),8 1'T1 OEAO EIi b1l OOAT O O mdrEndptvscapld Go their wajer O EO >
content should always be measured Thus, ILs must be as purified as possibleand

characterizations should becarried out under inert atmosphere.

1.2.2.1 Thermalproperties:stability, liquid range and melting temperature

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

temperature (Tm) or glass transition (Tg) as lower limits and theboiling temperature (Ty) or

decomposition temperature (Tqec) as upper limits48 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 havedrge

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?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 theobservation during a heating or a cooling everf.:so

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 ior'. A

very strongforce in ILs is the Coulomb attractiorEc between ions which is only shortranged for

ILs due tothe size, charge distribution and flexible substituent¢Eq.1.1):
= m Eqgq. 1.1

4 -51 2

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

and Z are the ion chargesandr is the inter-ion separation4® The whole lattice energies of ionic

salts depend on the product of the netan charges, the ioAon 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 inteion separation is also large.Additionally, large ions

facilitate charge delocalization which reduces overall charge densitg EA A EAZAAO 1T £ EIT 1T (

melting temperatures can be illustrated by the comparison of simple sodium (Npand 1-ethyl-

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

decreases from 801 to 185°C by increasing the thermochemical radius from €{1.7 A) to BR-

(2.2 A) to PR (2.4 A) and finally to AIC)- (2.8 A). An extrapolation of these valueshows that an

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

salt48 [Ls with organic cations, that are large compared to inorganignes, have reduced melting
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temperatures due to the increased ion sizeThis effect is shown inTable 1.2 for the salts with

the large nonsymmetric EMIm* cation compared to the Na salts.

Table 1.2 Comparison of melting points T,, and thermochemical radii r of different anions for their Na-
and EI\/I4I8m-saIts; the ionic radii of the cations are 1.2 A for Na* and 2 x 2.7 A for the non-spherical
EMIm".

Anion X- r[A] TmofNaX[°C] Tmof EMImX [°C]

Ct 1.7 801 87
BFs+ 2.2 384 6
PR 2.4 >200 60

AICly- 2.8 185 7

Many, but not all,ILs show glass transition in addition or instead ofcrystal formation. Glass
formation is the result of the very unfavorable packing efficiency of some ILs in the solid state.
Accordingly, the glass transition temperature Ty of ILs occurs often atextremely low

temperatures, principally below -50 °C51.52

1.2.2.2 Vaporpressure

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

long time, thisnonOT 1 AOET EOQU xAO OEA | AET OddnGipioceBihg AAT |
point of view, this feature is rather disadvantageous forefficient product isolation due to the

lacking possibility of separation of reaction mixtures by distillation.4” Nevertheless, some
distillable ILs are known which show a boiling point before thermal decompositionespecially

protic ILs.5153 During a backprotonation of the anion, the original acid, thus the neutral species

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

energy.A few examples of distillable aprotic ILshave been reported but the conditions are very

rigorous: very low pressure and high temperature are necessarwhile decomposition has tobe

avoideds4

1.2.2.3 Viscosityand ionic conductivity

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

gradual deformation by shear stresg, x EEAE AOEOAO A£OT 1 OE%e smaODEAS O
stress ¢ is the force F acting on areaA 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.

_Ouvee .. Eq. 1.2
o) G2
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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 velocitymax, the lowermost layer remains at rest. The
shear rate is defined as followsEq.1.3)

Q 9

= _ — =il Eq. 1.3
aQ Q «a

[

If the dynamic viscosity # of a fluid is independent of shear rate and shear stress its flow
behavior is Newtonian Eq.1.4).

- % iU_‘*l’: O cogh Eq. 1.4
Two different behaviors of fluids are weltknown: Newtonian and nonNewtonian.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 ft@. ILs show usually Newtonian fluid
behavior2

Some examples for viscosities of common ILs are givenTiable 1.3.

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

Cation Anion h[cP], 25°C
EMIm+* ChCQO- 16248
EMIm+ BFs 34 48
EMIm+ (CRSQ):N- 34 48
BMIm+* ChCGO- 440 48
BMIm+ BF- 11548
BMIm* (CRSQ)N- 52 48
BPy BFs+ 22356
BPy* CRSQ 86 56
monoC3N+ (CRSQ):N- 7257
monoC4N+  (CRSQ):N- 13257
monoC6N*+ (CRSQ):N- 15357
P4448t BFs+ 124058
P4448+ (CRSQ):2N- 250 58
P4448+ Pk 172058

Most ILs have a much higher viscosity than water (0.890 cP) or classical organic solvents. The
typical dynamic viscosity # 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 longchained alkyl substituents give higher viscosities due to their

stronger van der Waals interactiong8

As ILs contain only ionic species, high conductivitiefare expected. However, ILs hold mediocre
but not excellent conductivities around 1 #n-1.48 These values are comparable to good nen
aqueous solventselectrolyte systems but they are significantly lower than those for
concentrated agueous electrolytes. fie reduced conductivity can be explained by the formation

of ion pairs or ion aggregations.

Both viscosities # and conductivities [ of ILs are strongly influenced by temperature. The
temperature dependence is often exygssed by the empiric Vogelfamman-Fulcher equation

(Eg.1.5,Eq.1.6) which shows the decrease of viscosity with increasing temperaturé.
o)
=0 S Eqg. 1.5
dexp ~

Eq. 1.6

0
"Y "@
The equations imply /°, [0, B and T° as represent fitting parameters depending on thestudied

I = 11° gexp

systemat temperature T in K.

The relationship between viscosity and conductivity of ILs can bdescribed with the Walden
rule (Eqg.1.7)80

¥—= GE&i o Eq. 1.7
xEAOA ¥ EO OEA 11 I1JA® whhi NI & 0nbléchls véight apdm theEmass

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

AT 1T AOAOEOEOU +~h Ol ®&d Aliqui tratcdnbéddscribed byntdpenidehty E O 8

moving ions, EA 7 AT AAT DI 1T O | h) dGrrespondd AlaseNOtO trelidedt finp ¥
(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 Angetlal.in 200353 and
later by MacFarlaneet al. in 2007 .61 Depending on the deviation from the ideal KCI line, ILs can
be classified in the following subgroups: superionic liquids, good ILs, poor ILs and ndmnic

liquids, as shown inFigure 1.11.53
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superionic glasses aqueous KCl
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Figure %.11 Classification diagram for ILs, based on the classical Walden rule, and deviations
thereof.”

1.2.2.4 Surface tension

In general, surface tension measurements give information about the cohesive forces between
liquid molecules present at the surfacé? For ideal liquids composed on spherical moleculese(g.
liquid argon or methane), surface tensiors correlates well with the intermolecular interactions

in the bulk. However, liqguids composed of noispherical molecules with polar and nomrpolar
parts show strong orientation. Especially ILs, which are genelly 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 tensiof. The
surface tension of a liquid is an important physicochemical property for its applicatiorlJsually,

ILs have higher surface tensions than most common molecular solvents.g.ethanol: 22 mNin-1,
acetone 23 mNin-, diethyl ether: 17 mN@n-1), but lower surface tensions than water 72 mN@-
1).6465 The choice of the cation and anion influencethe surface tension for thereason that
generally both ions are present at the surfacé:67” Cations with long alkylchains decrease the IL
surface tension because of the increased amount of hydrocarbons situated at thefage.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 surfacé3 Consequently, the surface tasion of ILs is
00o0iTciu AAPATAAT O 11 OEA 1ATCOE AT A OEA PDPAAEEI
surface®® The surface tension of pure ILs is also dependent on temperature. The surfaeasion

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 vader-Waals
interactions.s2

ILs containing long alkytchains, thus hydrophobic tails, and a chargehydrophilic headgroup
resemble conventional surfactants and can form aggregatésBecause of their structure and
intrinsic charge, they can seHassemble not only in pure form leading to thermotropic liquid
crystal formation, but also in binary mixtures with water7¢ Somestudies have shownthat the
critical micelle concentration (cmc) of longchain imidazolium ILs are lower than those of typical
cationic surfactants, the alkyltrimethylammonium bromides. Therefore, thesurface activity of
long-chain imidazolium ILs seems superior, and could be explained byfavored packing and a

higher hydrophobicity of the planar aromatic headgroug®.71.72

1.2.2.5 Polarity and solubility

The polarity is one of the most importantproperties for solvents. Molecular solvents can be
classified and compared due to their dielectriconstant g but this is not useful for ILs because of
their charges. Thus, other scales were developed for ILs, like the assignatida solvatochromic
or fluorescent dyes; welkknown dyes are Nile red and Reich O A O 8794 InA196& 8Reichardt
defined solvent polarity as a complex sahtion capability depending on all norspecific and
specific intermolecular solutesolvent interactions’ And interactions leading to definite
chemical madifications of the ions or molecules of the solute are excludedn empirical polarity
scale, called&r(30), has been developedising the molar transition energies ofthe standard
AARAOGAET A AUA omnh Addasukdin dffArEnf dohieotd £ &ndbiend temperature
and pressure(Eq. 1.8),

. - 28951
0O\(30)/ @amd €0 L = Ty Wy = ———— Eq.1.8

sl £Q
where 4, IS the wavenumber and_g ¢, the wavelength of the maximum of the long
wavelength solvatochromic intramolecular change transfer CT) absorption band of the
2AEAEAOADGOc aAdM, AOA 01 AT AEBO AT T OOAT 6h OEA
constant”™ With increasing Er(30) values, the pdarity of the solvent increases. The
dimensionless scaléwas introduced using water and tetramethylsilane (TMS) as reference
solvents leading to the fixed scale with3%(H.0O) = 1.00 and@(TMS) = 0.00% 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 ﬁ for several organic solvents compared to the most
common groups of ILs.”

The polarity of ILs can be modified tasispecifically, thus the solvent properties can be adjusted
by the choice of catiorgz anion combination. The variation from hyrophobic to hydrophilic ILs

is possible which enableghe solubili zation of either non-polar or polar solutes4” Depending on
the chain lengthof the IL cation, the type of the anion showsn 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’4 The snlvent 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

water-immiscible | > water-miscible
PFe BF,, OTf, CH3CO,, CF;COy
NTf, N(CN), NOg,Br, CI-, I

Figure 1.13 Effect of some common anions on ILs with the same cation (e.g. imidazolium) resulting in
water-miscible or i immiscible ILs.”

In this context, the octanol/water partition coefficient Pow gives important information about
partitioning of solvents, which is an important and fundamental property of a chemicak 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.octand and water)”®

- Wi eciiEid NAIQ

Us/o = o s Eq.1.9
Wi €000QOLWA NAIQ

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

undissociated species in the twghases;therefore, the measurement is quite difficult. So, the
apparent partition coefficient is generally used, whib is involves the undissociated and
dissociated species for the concentrationslhis lack of clarity leads toPow values for ILs which
vary due to the measurement in different studieg? A study on imidazoliumbased ILs showed

that values change strongly with the variation of counter anion§0.003 to 11.1 at RTy0

For the estimation of solublization processes,the Hildebrand solubility parameter d can be
used. It attempts to measure the energy required during sohili zation due to the significant
change in the molar volume of the solute(s) which involves a change in the separations of the
solvent specieqEq.1.10) 8!
2 - 3:\(*’ 3JQ’, Yy Eqg. 1.10

G G
where Vy, is the molar volume of the solvent, andUy and DHy are the molar energy and enthalpy

1

of vaporization. For a long time, ILs were thought to be completely nowolatile, thus
measurements of Hildebram parameters were impossible. But today, we know that evaporation
is possible for some IL$4 Thus, the enthalpies of vaporization have been determined for several
ILs, and thedvalues were obtained®? The d values for some imidazolium, pyrrolidinium and
ammonium ILs were fownd in the range of 16.37 26.5 (I8m3)2, which are comparable to those
for short- to medium-chained alcoholsThe Hildebrand parameter of ILs seems to depend on the
nature of anion and cation. It decreases with increasing chain length of the cation. Guared to
this method, d values could also be derived from surface tension measuremer#sfrom viscosity

measurementss4 or chemical reactivity 85

123 O0' OAAT &6 E izioficky ahdbbiidedtaliability
)T CAT AOAI A OEA AAOGECT i & OCOAAT & Aiipi BRAO
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 sbstances are illustrated inFigure 1.14:

release,spatiotemporal range, bioaccumulation, biological activity, uncertainty.
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Figure 1.14 Graphical illustration of the risk management cycle and its correlation with the eco-
toxicological risk indicators.

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

xAU O AA OCOAAT 6 Al A Thésk Gadineritsi weie Guétifidd With Ab&T EC1 8
negligible vapor pressure which results in reduced air emission, neflammability, and non-
explosiveness?” But these properties are not sufficient teclassifyall ILsasOCOAAT 6 h O ET &
few years,the image of ILs has changed.

10O A EEOOO OOAPh OCOAATT AOGOGS 1T &£# OEA OUT OEAOGEO 1
OOAA jAO A ZEATEI U OOAAQ OEIT OIA AA POAPAOAA xEOE
shown in Figure 1.15 for [BMIm]BF..88 With this method, all generations are demonstrated back

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

oil CH,H,0 CH4H,0 CH,H,0 syo2 Sg O,

!

C,H4 O, H,O syngas N, H, syngas CH;H,O Na IHzo CHj4 H,O oil CH4 H,O SO, O, H,O SO, O, H,O

l

HOCH,CH,0OH O, CH3;0OH NH; CH3;0OH N5 H», Cl, H, C3H6 syngas H,SO, CaF, H,SO,Na,B,0;

\\L/
O=CH-CH=0 H,GO eNH, NH; HCIYuOH NaCl HZO HFYHB3O3
methylimidazoleﬁ/_//BuCI NaOH YHBH

[BMIm]CI NaBF,
[BMIm]BF,

Figure 1.15 Synthesis tree for the IL [BMIm]BF,.%®

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 consideregdthe toxicity and the
biodegradation 2° In general, a product is more toxicwhen its molecular structure is more

hydrophobic .2 The (eco)toxicity seems to be predominantly determined by the structure of the
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cation. 869293 Therefore, the generaltendency for the toxicity of the cationic head group is as

following:
X ® Ry R4
/ N
R = Rs

pyridinium  imidazolium quaternary ammonium

Additionally, the side chains Rplay a very important role for the toxicity of an IL. Compounds
which contain shorter alkyl side chains flumber of carbons < 4) are less hydrophobic, and
therefore less toxic? Moreover, the introduction of polar functional groups (e.g.ether, hydroxyl,
amine, amide)has a largereducing effect onlLs toxicity.92 Most of the common ILs anions are

not significantly toxic, with the following exceptions: hydrophobic andfluorinated species, like
trifluoroacetate, trifluoro[tris(pentafluoroethyl)]phosphate , bis(trifluoromethanesulfonyl )imide.
Biodegradation is the second importantfA OT O &£ O CEOET ¢ AOEAAT AA 1 £ OE
This is the microbial breakdown of chemical compounds, in contrast to the chemical
decomposition?2 Usually, the presence of certain sites, which allow the decomposition of a
substance by microorganisms, is necessafk® There are important parameters including the
potential sites of enzymatic hydrolysis €.g.esters, amides), and oxygen in form of hydroxyl,
aldehyde or carboxylic acid groupss 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 Gsubstituted derivatives are completely biological
degradable, but N-substituted derivatives (N-alkylimidazole) are not.% Furthermore, an
increased biodegradability is found with elongated alkyl side chainmumber of carbors| ¢ J 8
Regarding the aions for ILs, naturally sourced compounds are preferred, like sulfate, sulfonate,
phosphate, nitrate, nitrite, and salts from organic acidse(g.acetate, lactate, etc.). Anions with
fluorinated groups are not biodegradable/ T A T £ OEA 1T Ax OOATAOG ET ), 80
of bio-sourced cations and anions, for instance fronmatural organic acids (e.g.lactic acid,
levulinic acid, salicylic acid)®89 amino acids (e.g.valine, proline, leucine)10%z102 ngn -nutritive
sweeteners (e.g.saccharinate and acesulfamatel? or natural compounds like doline or
betaine 104106 Figure 1.16 shows the most famous examples for bitbased and renewable ions
which have been used for the design& T Ax OCOAAT Ad6 ), 08
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Figure 1.16 Examples for bio-based IL cations and anions.

1.2.4 Applications
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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 20

possible simple ILs’” 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 quuids.77

Property

Organic solvents

lonic liquids

Number of solvents
Applicability
Catalytic ability
Vapor pressure
Flammability
Solvation
Polarity
Tunablity

Cost
Recyclability
Viscosity /cP

>1000

single function

rare
ClausiusClapeyronequation
usually flammable

weakly solvating
conventional polarity concepts
limited range

usually cheap

green imperative

0.2-100

>1 000 000

multifunction

common and turable
negligible

usually non-flammable
strongly solvating

polarity concept questionable
O1 1 EIl EOAA | OAA«
expensive

economic imperative
20740000
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An overview of the most important (potential) ILs applications is given inFigure 1.17.1Ls can
replace conventional solventsi organic synthesis or catalysi$9” and they can also be used for
extraction processeso8109 Another important field of ILs applicability concerns
electrochemistry 119 including ILs as electrolytes in batteries!! electroplating processes? or
solar cellsi13 Due to their advantage in formulation technology and in colloid science, ILs find
further applications as Iubricants,!?4 additives in paintingsi!5 or templates in nanoc
technology?1é The use of ILs for biopolymer processing is of great interest, like the dissolution of
cellulose (detailed insection 1.2.5),117 lignin,18 suberin,119.120 or chitin.12! |Ls are also applied in

extraction processes oproteins.122

Electrochemistry
- electrolytes in batteries

- solar panels
- fuel cells : :
Physical chemistry -ion propulsion Biological uses
- thermodynamics - biomass processing
- binary and ternary - biocides
systems L - i
ySiem Applications Gl ERED
- refractice index - personal care
of ionic
Engineering . Analytics
; liquids )
- coatings - matrices for mass
- lubricants spectroscopy
- plasticisers Solventeand caralvei - GC columns
- dispersing agents QAL 2l C_a SvEE - HPLC stat. phases
- synthesis
- catalysis

- microwave chamistry
- nano chemistry

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

Up to now, the most popular and well established example for an industrial process involving an
IL is the BASIIM (biphasic acid scavenging utilizing ionic liquids) process, which was
introduced by BASF AG in 20023 This process deals with the production of

alkoxyphenylphosphines which are generic photoinitiator precursors.

1.2.5 lonic liquids as cellulose solvents

Apart from the traditional cellulose solvents ¢ection 1.1.3), ILs were found to have a high
potential for the solubilization of biopolymers (e.g.cellulose, hemicelluloses, lignin}i7.124:127

A bibliometric analysis with the database Scifindeé¥ was carried out with the combination of

OEA EAUxT OAO OEITTEA 1ENOEAG C OHghrk 1.880s0cvingladl A OET 1

great increase of scientific interest during the past years. 12000, only one publication was
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found for both keyword combinations.& 1T O OEIT T EA | E téryEabsdateCin 2D¥0Fnei AO OGS h
find © 130 publications, and2013, already® 210 (Figure 1.18.a).&1 O OET T EA 1 ENOEAS®G
some more publications have been found? 315 publications in 2010, and in 2013, already

430 (Figure 1.18.b). This analysis shows that ltere is a continual growing interest in ILsfor

biomass and / or cellulose treating and transformation.
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Figure 1.18 Number of publications dealingwitha)fi oni ¢ | i qibii ddmab)sdfii oni c | i qui

and #fc eldsafunctoreocdthe publication year (analyzed with the database ScifinderN)

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

lonic liquid Solubility (wt%) DP T (°C)
[BMIm]CI 25 1000 110 (MW)117
[BMIm]CI 10 1000 100 117
[BMIM]SCN 5-7 1000 110 (MW)117
[BMIM]BF4 0 1000 110 (MW)117
[BMIM]PFs 0 1000 110 (MW)117
[AMIm]CI 14.5 650 80 127
[AMMIm]Br 4 593 80 128
[AMIm]For 22 250 85 129
[EMIm]CI 6 593 80 128
[EMIm]Ace 20 795 80 130
[BMPy]CI 39 286 105 131
[BuaP]For 6 225 110 132
[BusN]For 1.5 225 110 132
[Me(OEt):Etim]Ace 12 225 110 132
[Me(OEt):Et:N]Ace 10 225 110 132
[(MeOEt),NH;]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 thesolubilization process is strongly infuenced by several factors, like the

degree of polymerization (DP) of cellulose, the temperatur& and microwave heating (MW).

1.2.5.1 Structural aspects and mechanism for cellulodissolution

In literature, most of the studies deal with 1,3alkyl-imidazolium ILs with different alkyl chain
lengths and different counter anions. Foinstance,a screening of tbutyl-3-methylimidazolium
ILs with a range of anions showed thasmall H-bond accepting anions (like C) are the most
efficient onesl” Furthermore, ILs with longer-chain substituted cations, like %hexyl-3-
methylomidazolium or 1-octyl-3-methylimidazolium were found to be less efficient for
dissolving cellulose This fact wasaccounted for bythe reduced effectiveanion concentration
within these longer chain ILs.Some of the most imporant ILs cations and anions for cellulose
solubilization are shown inTable 1.6.133 The cation of the IL does not play the predominanble,
whereas the choice of the anion is allmportant. Common IL anions with a strong potential to
dissolve cellulosehave a basic charactersuch aschloride, carboxylates .g.acetate, formatg

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.**?

R3 R; = Me
=\ \© R, = Et, Bu
R1/GI¥VN\R2 /®\R4 R3: Me
o . o R4 =Bu
| midazolum | Py Re=MeEt
O\ /7 0
P. _Rs Q
/
@)
Rs—0 ‘N=C=8 HJ\O' /U\O' cr Br
dialkylphosphate thiocyanate formate acetate  chloride bromide

In addition, an IL solvent for cellulose dissolution should not only have high dissolution capacity,
but also lov melting point, low viscosity, high stability, and low or even no toxicity. In order to
dissolve cellulosethe IL has to disrupt agreat number of inter- and intramolecular hydrogen
bonds; therefore, a high concentration and activity of the anion in the IL playthe key role for
this process!t? Studies show that the solubility of cellulose decreases with increasing size of the
cations, such as the length of alkyl groups substituted on the catio 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 (electrdanor

center) associate with the cellulose hydroxyl protos, and the free cations (electroracceptor
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center) complex with the cellulose hydroxyl oxyges, which disrupts hydrogen bonding in

cellulose andresults in the dissolution of the polymer.

Cellulose Cellulose
| | |
O] o) [Cation]*- - -O CI
AN R + [Cation]*Cl —— \
Ho- cl O - - -[Cation]*
| l
Cellulose Cellulose

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

Other investigations showed that some ILsare not able to dissolve cellulose Table 1.7).26
Especially ILs containing noraromatic ammonium and phosphoniumbased 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 anionsvhich are not successful for
dissolving cellulose seem to betoo voluminous and symmetric for the interaction with the

hydroxyl-groups between the glucosehains of the cellulose polymer.

Table 1.7 IL cations (pyrrolidinium, piperidinium) and anions (bis(trifluoromethanesulfonyl)amide Tf,N,
tosylate, tetrafluoroborate, hexafluorophosphate) without cellulose dissolving abilities.?®

RiR, Ro
ﬁ"‘) @“‘R1 R, = Bu
R, = Me
pyrrolidinium piperidinium
Y S B
FsC™ %y o CFs 8 L FF
TN tosylate tetrafluoroborate hexafluorophosphate

In contrast to the poorly dissolving cations Table 1.7), dissolving cations(Table 1.6) seem to
consist of planar, nitrogencontaining rings with the ability to delocalize their positive charge
xEOEET OE A E-Qysteh OThe Adx&dination ring structure of the nondissolving
compounds results in a tetrahedrallike 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
dissoving anions are primarily hexagonal (tetrafluoroborate, hexafluorophosphate) or
tetrahedral with bulky substituents (Tf2N, tosylate). Differences are also found withregard to
their H-bond ability: the non-dissolving anions display poor to negligible Fbond donor- or

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

bromide < dialkylphosphatel AEIl T OEA

A BERDIB DHAD@marizes 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.

imidazolium, pyridinium
9 planar, N-containing ring with the ability to
delocalize the positive charge within their
aromatic pzsystem (s N-heteroatom)
9 H-bond ability because of the aromatig
character (ring protons for H-bonding)
9 polarity of the cation: heteroatoms induce

polar character

acetate, formate, dialkylphosphate,
thiocyanate, chloride, bromide
1 trigonal planar, tetrahedral, linear, spherical
91 moderate to excellent Hbond acceptors
(basicity): SCN < Br < dialkylphosphate <

formate © OAc < Ct

pyrrolidinium, piperidinium
N-
heteroatom without ability to delocalize the

1 non-aromatic ring tetrahedral-like
positive charge (A at sps-center)

1 no Hbond ability for tetrahedral non-

dissolving cations

tetrafluoroborate, hexafluorophosphate,
bis(trifluoromethanesulfonyl)imide, tosylate
1 poor to negligible Hbond donor or acceptor
characteristics
9 too bulky and symmetric (no interaction with

cellulose Hbond network)

Another important structural factor for the dissolution of celluloseis the dipolar character ofthe

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

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

bridging atoms is necessary. Fewer bridging atoms result in fivmembered (n = 1) or four

membered (n = 0) arrangement$6.135
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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.”®

Based on theseconsiderations, Pinkert et al. have discussed the structural design for ILs for
dissolving cellulose?¢ Generally, salts with low melting temperatures must include certain
structural criteria for decreasing the attractive Coulombic forcesbetween their cations and
anions (section 1.2.2), thus at least one ion cannot bevery small anymore. Requiring bhat one
ion (usually the cation) should be of larger size can result in a hindered dissolution power for
cellulose, because of itseduced ability to penetrate the cellulosic Hbond 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 Hond
interaction with cellulose. The presence of two good Hond acceptors €.g. oxygen) in
intermediate proximity on one side of the moleculeand the nonfavorable substituerts on the
reverse side can explain why those ions are still found in cellulosdissolving solvents. One
should come to a compromisebetween ion size andthe ability to present its H-bond at a
favorable location to form thermodynamically stable Hbonds 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.?®

R\ +4\ R\ +//\
N O R™ O
\—/ \—/
oxazolium oxaphospholium
______________________________ G
O // \
P~ N—< N* N
g © /o 00 o° o
phosphate dimethylcarbamate  nitrate nitrite
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Two different cases for well-known

>
cellulose solvents are identified: (a) s T >
© —
structure with two heteroatoms that are > 30 N <y XDy
= 7 )
more  electronegative  than  the g T €S
13) X,Y=P,C,S,N,O
connecting Gatoms (e.g. imidazolium & 201p

cations), or (b) structure with two

Figure 1.21 Dipolar character in aromatics
introduced through heteroatoms; electronegativities

in electronegativity (e.g. NMMO). If the  increase from phosphor to oxygen.™

heteroatoms with a very large difference

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 HHond acceptors, preferably small in gie, and without any

hydrophobic substituents. The presence of several -Hond acceptor sites can be favorable;
possibilities include fluoride, chloride, formate, acetate, phosphate derivatives, peroxide,
superoxide, hydroxide, nitrate or nitrite. Moreover,the mesomeric effect of theN-atom in the

structure of dicarbamate offers the possibility of two Hbond acceptor sites. The phosphate
anion can offer multiple sites that qualify as Fbond acceptors; the triple negative charge

enables the anion to be pairedvith three cations.

1.2.5.2 Conversion of cellulose to platform chemicals in ionic liquids

As already mentioned insection 1.1.2, the transformation of biopolymers to platform chemicals
is an important possibility to use renewable feedstock as alternative to petrohemicals.Tao et
al. showed a simple and effective route for the production of hydroxymethyl furfural (HMF),
furfural and levulinic acid from microcrystalline cellulose (MCC) with the catalyst Co% the IL
1-(4-sulfonic acid) butyl-3-methylimidazolium hydrogen sulfate (Figure 1.22).136 This cellulose
hydrolysis process atl50 °Cled 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.

OH o
otO: HO Coso4 CoS0, ENGEN
HON—=\0 g OH —»Ho/\@/\o HMF

OH
n (}z‘o %
MCC Ty e \Q
o o
CHO OH +
/= HSO4 @/ )J\/\f( HJ\OH
o

N N{_~_SOzH
furfural levulinic acid

Figure 1.22 Catalytic process for the transformation of microcrystalline cellulose (MCC) to 5-
hydroxymethyl furfural (HMF), furfural, and levulinic acid in an IL.*3°
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A similar route for the conversion of

—

cellulose to HMF in a singlestep-reaction ’va\/\/\so H H2PW12040°
3

was shown using a pair of metal chlorides

(CuCh and CrCl) as catalyst and the IL Figure 1.23 Structure of [IMIMPSH]H,PW 1,040."%
[EMIm]CI at 80-120 °C137 For this type of processing, catalytic ILs have been synthesized and
applied on cellulose transformation,e.g.heteropolyacid (HPA) ILs[MIMPSH},Hz.,PWi2040 (

Figure 1.23).138

In this context, Villandier et al. published a onepot conversion route for the conversion of
cellulose to biodegradable surfactants with an acid catalyst in Ilnedia.139.1490 As shown inFigure
1.24, by working in IL media with Amberlyst 15Dry as acid catalyst and coupling the rate of
cellulose hydrolyss and the rate of glycosidation of the monosaccharides formealith Cs- to G-

alcohols, 82% mass yield of octy] hglycoside and octyly hxyloside was obtained.

OH
o 0 no—2H [BMImICI, H* o o o
HOA\%O J MM\ 0H  * MRON\OH
o HO HO
OH ] 100°C, water on OH
cellulose glucose xylose

Fischer
glycosidation

acid
catalyst
alkyl-ou B gucooyranoside alkyl-o.,3-gucofuranoside
OH
HO OH
o A
OH
-H0 OR " ROHMH*
hemiacetal

alkyl-o,3-xylopyranoside alkyl-o.,3- xylofuran03|de

Figure 1.24 One step conversion of cellulose into alkyl-U,b-glycoside surfactants.™*
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1.3 Deep eutectic solvents

Deep eutectic solvents (DES based on biosourced compounds represent a newclass of
alternative solvents. The analysis of published literature by meansith the database ScifindeN
gave only a limited number of resultsdue to the recent development of such compoundsin
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 on&his shows

that the research on DES iquite recentbut already knows agrowing interest.

1.3.1 Theoretical backgroun d and structure

Deep eutectic solvents (DES) are composed of salts which form a eutectic with a melting
point much lower than either of the individual compounds?!4t The phase diagram of an eutectic
mixture of two solids A and B Figure 1.25) shows different regions: kelow a certain
temperature (isothermal line c - d), both solids coexist. Above this temgrature, the mixture is
either liquid or a liquid-solid-mixture, which depends on the composition othe 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 commorfreezing temperature defining the DES.

T

To(A) n®

liquid + liquid +
solid A solid B
C o d
solid A + solid B
---------- X(B) >
<mmmmmee X(A) ===

Figure 1.25 Phase diagram for an eutectic mixture of solid A and solid B with T,,: melting temperature

of pure solid; c 7 d: isothermal line, e: eutectic point.

Generally, DES are formed between quaternary ammonium salts and a hydrogen bond donor
(HBD), like carboxylic acid, amides, amines or alcohoi! The formation of DES takes place
because of the stronger interactions of the quaternary ammonium counter aniofe.g.chloride)
with the HBD than with the quaternary ammonium cation. Thus, noi€oulomb interactions are

stronger in this case than Coulomb interactions.
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The eutectic mixture ofcholine chloride with urea was the first metalfree DES example, and it
results in a liquid with a freezing pointof 12 °C.The charge delocalization during mixing these
compounds is achieved through rearrangement of the structure by changing the hydrogen
bonding.

The term DESwas coined for eutectics ofmixtures of two components, but unlike the most
molecular eutectic mixtures, the interaction between the ammonium salt and thelBD results in

a very large depression of freezing point (up to 200C).142 Recently,DES hasalso been called
Qow transition temperature mixture 6 (LTTM) .43 Figure 1.26 gives an overview of the
possible structures for HBDs and hydrogen bond acceptors (HBAs) whichrche combined for
the formation of DES or LTTM.

Hydrogen-Bond Donors Hydrogen-Bond Acceptors
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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.***

Unlike apparently similar, DESs & different from ILs for two main reasons: 1) DESs are not
wholly composed of ionic species an@) DESs can be formed frorionic, but also fromnon-ionic

species? The comparison of DESs (derived from choline chloride) to classical ILs shows many

38



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

advantages: low price, chemical inertness with water, simple preparation (mixing of two

compounds), mostly biodegradable, biocompatible and netoxic.

1.3.2 Physical and chemical properties

As ILs, DESs arelesignable due to the huge possibility of combinationsof HBDs and HBAs
(Figure 1.26). Consequently, their physical and chemical properties can be tuned depending on
the choice of compounds used for the IES formation3

The liquid nature of the salt mixtures is ascribedto a reduction of Coulomb forces which
decrease with a large volume and asymmetric charge distribution of the molecular io#s. As
already mentioned, DESs are formed by mixing two solids which generate, at a certain molar
ratio, a new liquid phase by seHassociation due to hydrogen bondingThe out-coming mixture is
characterized by a lower freezing poinfT; than that of the individual salts. All reported DES have

freezing points below 150°C3

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

Hydrogen bond donor (HBD) ChClI: HBD (molar ratio) Tm(HBD) /°C T:/°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 85141
Citric acid 1:1 149 69 141
Malonic acid 1:1 135 10 141
Oxalic acid 1:1 190 34 141
Sucinic acid 1:1 185 71141
Phenylacetic acid 1:1 77 2514
Levulinic acid 1:2 32 Ig at RT150
Itaconic acid 1:1 166 57 150
L-(+)-Tartaric acid 1:05 171 47 150
Xylitol 1:1 96 lg at RT150
D-Sorbitol 1:1 99 lq at RT150
D-Isosorbide 1:2 62 Iq at RT150
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Table 1.10 summarizes the properties (molar ratio of the mixture and its freezing poinfT;) of
some DES formed betweerholine chloride (ChCl) and various HBDs, such asea, 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 lowmelting systems were reported in literaturelst
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, he physicochemical properties of DES, such as viscosity, conductivity, and surface
tension, are similar to ambient temperature ILs and can be explained with the hetbeory.152.153
The reason for the high viscosity of RTILs and DESs liesint®el | AOEOAT U B AOCA OAATE
the solvent species (ionscompared to the average radius ahe OT E A O .{h® viscosi®y 6f a
fluid is correlated to the free volume and the probabilityto find holes ofappropriate dimensions
for the solvent molecules or ions to move intd$3 The free volume of a liquid can be increased by
decreasing the surface tension, and the conductivity of an ionic fluid can be increasey using
smaller ions. Thus, less viscous liquids with higher conductivities can be obtained using small
guaternary ammonium cations €.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
Er(30), as explained insection 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 Ch&jlycerol
mixtures (Er(30) between 57.17 to 58.49 kcanol?) resulting in a linear increase ofEr(30) with

the ChCI concentratioris4

133 ! OPAAOO 1T £ O0COADKEsd AEAI EOOOU & O

The preparation of DESss simple and 100% atom economic, occurs without any solvent, amd

waste is produce#4 EOOh DHOT AOAET C $%30 A 111 x0 <dEd DOEIT Al
1.1.3).

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

renewable products which comprise no risk for human or environmentA recent stuly reports

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

sugars and amino acidgss All the resulting DE mixtures are not volatile and not flammable and

furthermore, they are biocompatible, biodegradable and nortoxic.145 Moreover, the potential

for recycling of DES after an application process is promisirigln the context of ecefriendly

processing, DESs could replace classical organic solvents, which include various risBeme
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more developments and future perspectives are conceivable, such as biocatalysisrbon

dioxide capture or biomedical applicationstsé

1.3.4 Applications

Despite the novelty of this research field, DESs ke already found various (potential)
applications in different areas such as material preparation, electrochemistry, synthesis,
separation processes, bio applications and catalysi& In Figure 1.27, the distribution of

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

2.9%
11,4% 26,4%

& Material Preparation

11,4% H Electrochemistry

Synthesis
B Separation Processes
@ Bioapplications

@ Catalysis

0
22,2% 25.7%

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

The first applications of DES were inelectrochemistry , especially in the field ofmetal
electrodeposition 157 An appropriate solvent for metal electrodeposition or electrochemical
reactions needs to fit the obligatory redoxpotential window. ILs were used in this field to avoid
the limitations of using aqueous solutions as solvents® DESs have several advantages, like
water-tolerance, biodegradability and being cheap, thus they were successfully applied to metal
and alloy electrodeposition!5? electropolishing,:52 and preparation of electrolytes'**

The application of DESs fomaterial preparation is also of huge interest. Theyave beenused

as solvents and/or dispersion media for the preparation of nanoparticles which allows the
control of the size, shape, and surface structure of dispersed nanopartické8 Furthermore, new
open-framework structures, like metal phosphates, metabrganic frameworks, and new organie
inorganic structures highlighting polyoxometalatebased hybrid materials, were successfully
produced in DES$44

A variety of DESsmainly ChClurea mixtures, have already been appliedo organic synthesis,
e.g.bromination, 161 Perkin reaction 162 Knoevenagel condensation¢3 reduction of epoxides and
carbonyl compoundsts4 A diversity of GC coupling reactions inOOx AAO6 11 x [ Al OET C
based on sugars or sugar alcohols combined with urea as reaction media have been reported,

namely Diels-Alder,165 Suzuki couplingléé Heck reaction and Sonogashiraeaction.t6? DESs have
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also found application in the field of catalysi§.Especially some examplesof base-catalyzed,
acid-catalyzed transition-metal catalyzed, and biocatalysiprocesses were studied.

A further field of DES application is their use irseparation and dissolution processes 3 The
solubility of carbon dioxide CQ in a ChClurea mixture has been reporteds8 This procedure,
which could be used for C® capturing, depends on three different factors: pressure,
temperature, and the molar ratio of the Ch@lirea mixture. Another examplefor 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.
Different metal oxides, e.g. ZnO, CuO,:0¢ have been dissolgd in ChCIDES with different
carboxylic acids, such as malonjgoropionic and phenylpropionic acid42 Another imposing
example for the application of DES in separation processes is tiparification of biodiesel
Because of the& high polarity, DESs have been used for the separation of residual glycerbide
product after transesterification of vegetable oils,from raw biodiesel147 Due to the ability of
various quaternary ammoniumsalts to form eutectic mixtures with glycerol, this was extracted
from the biodiesel phase.

Francisco et al. have studied LTTMs as solvents fobiopolymers, e.g. lignin, cellulose and
starch.143 As starting materials, natural HBAs (ChCl, betainglanine, 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% wth malic acid-glycine 1:3), but not cellulose.

30i T ETC OPh $%30 AT A | 44- QdedgbahblesdlveritsAvith aAgredt O O

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

In the field of biopolymers asrenewable resources, especially ¢ino-cellulosic biomasscellulose
is the most produced natural feedstock . Thus, the processing andolubilization for cellulose
are important steps to gain access for its further use as alternative resourcEurthermore,
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 facademics and
industrials. An ideal solvent should comply with the following requests: high dissolution

capacity, cheap, low viscous, stable, neoxic, ecologically friendly and easy to recycle.

In the course of this researchjonic liquids (ILs) have been widely studied as solvent for
biopolymers, especially cellulose, showing a high dissolutiopower. For the solubilization of
cellulose, shortchain imiazolium cations combined with small basic anions, such as chloride and
acetate, are described as vergfficient.

ILs represent aquite 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.

AT AOAT T UR ), 0 AOA AT 1 OEAAOAA AO OCOAAT &6 011 OATC
high potential for recyclability. However, real bengn solvents should fulfill some more
properties and principles, especially biodegradability,non-toxicity and easy synthesis from
biogenic material. The research on ecdriendly ILs, which are ideally based on renewable

materials, is still a great challeng.

Deep eutectic solvents (DES) are another class of lowmelting salts which represent a new

Al AGO 1T &£ OCOAAT 6 O11 OAT 0068 4EAU AActholidekhldideOAET AA
and urea) by a simple and efficient way of preparationAs 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 solventsnainly low-melting
salt mixtures, such as ILs or DESs. In the context of this stuthe D OET AEDTI AO 1T £ OCOAAI

play a major role, and the use of natural resourced speciesapplied.
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CHAPTER 2 1 Short-chain quaternary
ammonium ionic liquids (QACILs) with

biosourced carboxylate counter anions

PAPERiI Green Chem.201416, 24632471

Véronique NardelleRataj, Francois Jéronet al.

Transition of cellulose crystalline structure in biodegradable mixtures efvadlysourced levulinate alkyl
ammonium ionic liquidsy-valerolactone and water
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CHAPTER 2 QACILs with biosourced carboxylate counter anions

2.1 Introduction

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 ILssiconcerned a great field of ILs

application, numerous cations have been investigatedA survey of the literature combining
cAAT 1 O1 T OAe AT A OEITEA 1ENOEAG A OnidzAliunx tb&3dd0 EECE]
ILs with more than 400 related publications, as illustrated in Figure 2.1 (the bibliometric

analysis was carried out with the Scifindell databaseand it includes all documents such as

scientific journals, patents, etd. The second mostly used IL cation is thgyridinium with about

230 publications, followed byquaternary ammonium (° 75 publications) and phosphonium

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

morpholinium are not really much studied as IL cations for cellulose treatment.
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several years ago, especially in their behavior as catalytic surfactants for the elaboration of
microemulsions. As an exampg, the selfaggregation 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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. self aggregation type
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Figure 2.2 Self- a%;regatlon behavior of dimethyldioctylammonium [DiCg] in water as a function of the
counter anion [X].

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 saltsFurthermore, 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 andapacity 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
guaternary ammonium cations is that they are less toxic than imidazolium and pyridinium
which have also been much more investigated. Besides, they are expected to be more
biodegradable than ILs with heteroaromatic counterparts at cationsge.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* One of our aims was to develop
novel biocompatible ILs for the cellulose solubilization. Indeed, a remaining challenge in the
search for novel lls is a 100% biosourced origin and within tis context, biosourced IL anions,
such asnatural carboxylates , appear as good candidates from an ecological point of view. Thus,
01 CcCAO AiT OAO OI OEA O OAAiloh OEA NOAOAOT AOU
combined with various biosourcedcarboxylate anions, which are much more common than their
cationic counterpart. In the literature, several quaternary ammonium carboxylates have already

been described, such as thaiethyldimethylammonium  carboxylates (acetate, formate,
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propionate, butyrate, maleate, succinate) or cyclohexyjdased ammonium in combination with

formate and acetate-’**"?

In this work, we performed a systematic investigation of 15 organic aniongormate , acetate,
lactate , glycolate , levulinate , sorbate, salicylate , mandelate , succinate, itaconate , maleate,
fumarate , malate, tartrate and citrate as naturalsourced 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 pricel?

- '....,.. g ' )
DR - <y .
kg ....................... Natural-

sourced

carboxylate

i ' .
Isomer | anions

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 antsAcetic acid (Ace; pka
4.76) is the main component of vinegar (& 8%) apart from water. The primary natural sources
for lactic acid (Lac; pka 3.86) are milk products, e.g.yogurt, cheeseGlycolic acid (Gly; pka
3.83) is found in some sugarcrops. 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 fagalicylic acid (Sal ; pka 2.97), in particular
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blackberries, blueberries, etcMandelic acid (Mand ; pka 3.41) was discovered in an extract of
bitter almonds. Succinic acid (Suc; pka; 4.16, pkaz 5.61), which is historically known as spirit
of amber, was originally obtained from amberltaconic acid (Ita ; pka: 3.84, pka; 5.55) is

produced by distillation of citric acid (Cit ; pkai 3.13, pkaz 4.76, pkas 6.39), which is mainly
found in citrus fruits. Maleic acid (Male; pka: 1.83, pkaz 6.59) is the trans-isomer of fumaric

acid (Fum; pka; 3.03, pkaz 4.44), which is found in nature in fumitory, bolete mushrooms or
Iceland moss.Malic acid (Mala; pka: 3.40, pkaz 5.20) was first isolated from apple juice.
Tartaric acid (Tar ; pka: 2.89, pkaz 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 serad descriptors and parameters and one

practical approach aiming at assessing the maximum percentage of cellulose solubilized in each

IL, searchingin fine for a correlation between physicochemistry and solubilization. As a
progressive evolution of the wODE AT A O OAAAE OOEA ' OAAi 6h OEA ¢
biosourced cationscholine , 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 celluloseyroapproach 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 [(Blan+1)2N(CH)2]X or
[(CiHan+1)sN(CH)IX (n = 3, 4, 6; X = carboxylate anion), abbreviated aQACILs The
physicochemical characterization of these compounds as novel potential ILi®.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 alsbeen investigated with the aim to support the

OAOOI O A& O AAIT1O01TOA AEOOTI I OOEiI T8 41 A&HOAOO O

biodegradability has also been studied.
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2.2 Synthesis of QACILs

The QACILs were synthesized according to two reaction g® During the first step, the
guaternary 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 [(GHzn+1)2N(CHs)2]JX or
[(CiH2n+1)sN(CH)]X, abbreviated as[DiCy] or [TriC ] respectively (n = 3, 4, 6; X = Br, I), were
synthesizedvia a nucleophilic substitution, namelyan alkylation of N,N,Nalkyldimethylamines

or N,N,N dialkylmethylamines with 1-haloalkanes(Eqg. 2.1) with yields around 90-99 %.

AN 7/
Vs wer SHON_ NG
-~ "R reflux R R
| CH4CN R~
N+ X—R —>" NSy Eq. 2.1
R™ R reflux R R

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. Thefirst step of the synthesis was followed by an anion
metathesis to obtain the quaternary ammonium carboxylate$Eq. 2.2). Therefore,the salt with a
halide anion [(CnHzn+1)2N(CH)2]X or [(CaH2n+1)sN(CH)]X was transformed to a hydroxide salt
over an exchange resin (Amberlite® IRA00(CI) followed by neutralization with the

corresponding biosourced carboxylic acidwith yields around 90 %.174

Ri. 7 NaOH Ri. 7 R-COOH Ri 7
NI X — N OH ———— NI R-COO
R, Rs exchange resin R, Rs RT, 24 h R, Rj

Ri= R = CH or GHznwawithn =3, 4 or 6; R=H or CH Fa.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 Kaffischer titration. The
QACILs are very hygroscopic. Moreover, some of them contain waten itheir 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.[DiCs].lta (details are given in theexperimental

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 tirmégeen pointed out in
the literature. However, it is noteworthy that this is not straightforward at all to synthesize ILs
AOAA T £ OAOEAOAT xAOAO8 )OO EO 1T AOGAOOGEAI AGO EI BT «
aware of it. Thus, before determinig their physicochemical properties, theQACILshave been
dried as much as possible and stored under an atmosphere of argon. The purity of the
synthesized products was confirmed byH- and 13-CNMR. 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 thetH-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 wad
their abbreviations are given inTable 2.1. The 'H- and 13CG-NMR data of the 46 synthesized

QACILs are detailed in thexperimental section of this chapter.

Table 2.1 Cations and anions investigated for the preparation of the 46 QACILs.

Cations
/ \ /_/7 /_/_L
N \ ~N 4_/7 N \N+
N X /“LL - —
[DiC3] [TriC 3] [DiC4] [TriC 4] [DiCs]
Anions
o)
o) o)
o™ o )k %o- 0 )1\/\’//0
o OH HO\)J\O- o
Formate Acetate Lactate Glycolate Levulinate
For Ace Lac Gly Lev
< \>—< o) ; .
o OH o o) o}
Sorbate Salicylate Mandelate Succinate Itaconate
Sor Sal Mand Suc Ita
o) O OH OH O ::io}
0 0 'ON . o) 0 .
o) o) o :
(@) o O OH O
U o) (o} O OH o O
Maleate Fumarate Malate Tartrate Citrate
Male Fum Mala Tar 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 potentialFigure 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 arface tension.

< 1004C,
often very low (to -80 AC)

Glass transitio™

Figure 2.4 Schematic overview of the most important properties required for ILs.

Based on this, the mostimportant 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 asglass
transition and melting temperature . Viscosities were measured at different temperatures
Additionally, surface tensions of the pure QACILshave also been determined. Finally, because
of their chemical structure, their ability to act ashydrotropes was also examined by measuring
their critical aggregation concentration to assess their possibl selfaggregation 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 Tgeq, and therefore the thermal stability of the QACILs The

degradation ranges {emperature range of the peak of the derivative weight loss curve) for the
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different compounds are given inTable 2.2 (TGA curves are shown in theexperimental
section). For all compounds, decomposition started at temperatures from 135 to 230 °C in
agreement with data found in the literature for similar compounds €.g.[DiC4]Br: 225 °C;
[DiCe]Br: 215 °C)75 Generally, the halogenated ILs are stable until higher temperatures
comparedto 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 literaturé’6.177 Such phenomenon mainly appears in the
presence of rather nucleophilic anions like acetat&®8 The comparison of TGA curves of the
acetate-based ILshighlights 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 [DiG]. As already mentioned, halogenide ILJDiC4]Br) are thermally more stable
than carboxylate ones. The salicylatdbased IL is more stable than the ILs with simple
carboxylates which could be fact of the aromatic part in the structure. The QACIRIC.]Gly
exhibits an early weight loss (starting at ca 60 °C) which seems to be similar to the
decomposition phenomenon of acetate ILgDiC4].Sucis 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 interactionfreeing up the anions to act as stronger nuebphiles76 Generally,
the thermostability data and the comparison of the TGA curves indicate that this gperty 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: [DiCs], [TriCs], [DiC4], [TriC4], and (b) [DiC,] 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 (Tgy, as the midpoint of a small endothermic heat capacity change
from the amorphous glass state to a liquid state), theold crystallization (T, as onset of an
exothermic peak on heang from a supercooled liquid state to a crystalline solid state), the
melting temperature (Tm, as onset of an endothermic peak on heating) and theeezing
temperatures (T;, asonset of an exothermic peak on cooling”®*® In Table 2.2, the glass

transition temperatures Ty and the melting temperaturesT, of the QACILsare listed.
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Table 2.2 Thermal properties of QACILs: degradation ranges Tgeq, glass transition temperatures T,
and melting temperatures T,,.

Compound Taeg (°O) T4 (°O Tm (°O DSCbehavior 2
[DiCs]Cl 178-273 - 145 I
[DiC3]l 187-275 - 180 (175.6175) |
[DiCs]Ace 140-228 - - \Y
[DiCs]Lac 156-263 - - WY
[DiCs]Lev 143-254 -13.0 - I
[DiCs]zlIta 150-260 -55.3 - Il
[TriC 3]ClI 222-275 - 127.2 I
[TriC 3]Br 232-274 - 137.9 |
[TriC s]Ace 140-260 -64.0 - Il
[TriCs]Lac 150-256 -68.4 - I
[TriC 3]Lev 140-250 -66.8;-11.9 - I
[TriC 3].lta 136-252 -47.4;-12.2 - I
[DiC4]CI 177-272 - 126 I
[DiC4]Br 183-293 - 130.1 I
[DiC4]For 157-255 - - \Y
[DiCs)Ace 138-248 - - \Y
[DiCs]Lac 162-262 - 14.6 I
[DiC4]Gly 155-272 -62.4 - I
[DiC.]Lev 140-258 - - \Y;
[DiC4]Sor 144-245 -64.3 51.9 1l
[DiC4]Sal 186-273 -59.5 45.2 1]
[DiC4]Mand 173-281 -52.0 - I
[DiC4]2Suc 146-276 -54.7,-7.2 - I
[DiCa].lta 142-260 -53.4; 5.4 - Il
[DiC4].Male 140-250 -56.6 - I
[DiC4]2Fum 153-262 -53.5; 3.1 - Il
[DiC4]2Mala 157-256 -46.4 - I
[DiC4]2Tar 170-260 -36.9 - I
[DiC.]sCit 135-250 -41.8;-1.1 - I
[TriC 4]CI 156-244 - 114 (110281) |
[TriC 4]Br 172-267 - 123 (120182) |
[TriC 4]Ace 132-247 -55.7 - Il
[TriC 4]Lac 152-252 -13.5 67.3 I
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[TrC 4]Gly 153-270 -13.7 - [
[TriC 4]Lev 139-245 -64.9 - [
[TriC 4].lta 144-260 -39.5 - [
[DiCs]Br 179-298 - 55 (53.9175) |
[DiCs]Ace 140-249 - - \Y
[DiCe]Lac 166-253 -34.0 - [
[DiC6]Gly 161-265 -68.1 - [
[DiCe]Lev 143-247 - - \Y
[DiCe]Sal 179-269 - 66.7 1
[DiCe]Mand 183-269 -59.2 - [
[DiCe]olta 144-263 -59.2; 1.7 - [
[DiCe].Tar 167-251 -0.4 - [
[DiCe]sCit 129-239 -51.9 37.9 I

a Group |: classical crystallization of saltsGroup Il: only glass transition; Group Il :

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 coolingThis behavior, which is typical ofclassic
crystallization processes of saltsis specific of halogenated compounds, such as
dialkyldimethylammonium bromides and iodidesi’™ [TriC4]Lac is the only carboxylate
compound exhibiting such a behavior. This unexpected behavior remains unexplained.
Suspectingan 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 thermograrihe second behavior(group II,
Figure 2.6.b) shows only a glass transition without melting or freezing, andlmost all of theRT-
liquid QACILgeveal this behavior pattern. Further compounds of this class, such #3iCa4].Suc,
[DiC4]2Fum, [DiC4]sCit, 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!"® So-called overshoot peaks, which are detected in many thermograms with a typical heat
flow jump at one side of the peakFigure 2.7), come up from a structural relaxation:® The
thermograms of [DiCs].lta, [TriC s]Ace, [TriC3]2lta, [DiCs]Mand, [DiCa].Male, [TriCs]Ace and
[TriCs]Lev contain overshoot peaks for the glass transition.The third type shows cold
crystallization between the glass transition and the meltig points on heating group lll, Figure
2.6.c) which was found for [DiCs]Sor and [DiCs]Sal, and also for[DiCs]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). [DiCs]Ace, [DiCs]Lac, [DiC4]Ace and
[DiC4]Lev are liquid at RT, and in the rangdrom -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 .
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Figure 2.6 DSC curves of (a) [TriC3]Cl, with a solid-solid transition Tss and a melting transition T, on
heating, and a freezing point T; and a solid-solid transition Tss on cooling, (b) [DiC4],Tar, with a glass
transition T4 on heating, (c) [DiC,]Sor, with a cold crystallization T, and two melting transitions T, and
Tm on heating, and a freezing transition T; 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.
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Figure 2.7 Glass transition with an overshoot peak on DSC heating scan for [DiCs],lta with Tonget = -
58.40 °C, T4=-55.35 °C (midpoint), and Tenq = -54.58 °C.
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2.3.2 Viscosity of QACILs

The dynamic viscosity s 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 Hbonding.*** Minimal viscosities are obtained with the use of small ion weights
which show a high mobility52 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 viscosi®Viscosity is
probably one of the nost important physical properties considering the application of ILs

because of its strong effect on the rate of mass transpdft'®

1.6
m25/C m80/iC
1.4
water 8.9x104Pas
1.2 ethanol 1.1x10°Pa:s
glycerol 1.4Pas
1

honey 2—-10Pas

0.8

h (Pa@®)

0.6

monovalent anion divalent anion trivalent anion

Figure 2.8 Dynamic viscosities /7 of QACILs at 25 and 80 °C (values are given in the experimental
section); [DiC4]Sor, [TriC4]Lac and [DiC,]Sal are solid at RT.

The dynamic viscosity/ of the QACILswas measured with aKinexus rotational rheometer with
cone plate geometry (CP 20/2°), equiped with a Peltier temperaturecontrolled plate (see
experimental section ). All the measured viscosity data ofQACILsat 25, 40, 60 and 80 °C are
given in the experimental section . We mainly focused on ILs based on propyand butyl-chain
guaternary ammonium cations because they showed promising results for the application as

cellulose solvents.Figure 2.8 reports the dynamic viscosities ofQACILsat 25 and 80 °C. At RT,
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the measured viscosity values are found in thevide range of 0.17-19.2 P&3. In the series of the
[DiC4] cation, the viscosiy decreases in the following orderCit > Suc > Tar > Male > Ita > Fum
> Gly > For > Mand > Lac > Ace > LevThe viscosity is higher for tri and divalent anions than
for ILs with a 1:1 cationto-anion ratio. This phenomenon is essentially attributed to th lack of
conformational degrees of freedom, involving stronger intermolecular interactionghan for the

1:1 ion pairs which are more flexible, and gie therefore a less viscous IL.

The temperature dependence of viscosity was investigated over a temperagurange of 25 to 80
°C for the different QACILs(seeexperimental section ). The examined viscosities decreases with
increasing temperature due to the higher mobility of ions at elevated temperatures, as
expected? However, a great difference in the decreasing rate of viscosity between the ILs was
found. In general, the viscosity of the more viscousompounds decreases more rapidly with
increasing temperature. As shown inFigure 2.9, the viscosity of[DiCs]Lev could be decreased
4.8 times from 0.174 Pa@ to 0.(86 Pa@, 8.5times from 0.442 Pas to 0052 Pa@ for [DiCs]Mand,
31.2times from 6.525 Pa@® to 0209 Pa@ for [DiCs].Tar and 54.7 times from 16.790 Pa@ to 0.307
Pa@ for [DiC4]2Suc.

6 —o— [DiC4]QSUC
=@— [DiCy],Tar
5 -
—0— [DiC4]Mand
4 r —®— [DiC4]Lev
?
e 37
<
2 -
1 -
0 :%—
20 40 60 80

T (AC)

Figure 2.9 Temperature dependence of dynamic viscosities /# of QACILs.

2.3.3 Surface tension of pure QACILs

Surface tensions 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 liglisurface area, which is
represented by surface free energy per unit surface area in thermodynamigss. So, this property

of pure liquids is interesting for the determnation of cohesive forces among liquid molecules
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present at the surface? 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 tensioft. Water, for
instance, has a high surface tension (72.7 niN-1) because of its high molecular attraction. As a
visible result, a liquid with high surface tension forms sphericatiroplets 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 g.g.ethanol: 22.0 mNn-, acetone: 23.5 mKin-1, diethyl ether: 16.6 mNin-1),

but lower ones than water (72 mNin- at 25 °C)**°°

Surface tensions ofQACILs(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 47amNat 25 °C, thus
higher than organic solvents and lower than water. The lowest values were found for
[DiC4]2Mala (29.9 mN@n1), [DiC4]-Tar (30.5 mN@-1), [TriC 4]Ace (33.9 mN@-1), and[DiC4]Ace
(34.7 mN@1). The QACILswith the highest surface tensions were[DiCs].lta (46.8 mN@n-),
[TriC 3]Lac (42.8 mN@1), [TriC z]2lta (42.6 mN@1), [DiC4]2Fum (42.3 mN@1), and [DiC.]Gly
(41.6 mN@n1). Generally, the increase of the size of molecules or ions leads to a decrease of
surface tensions related to the lowered intermolecular interactiori8” 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 ectisimple rules for ILs
surface tensions. In our case, we found thdta combined with [DiC3] and [TriC 3], [TriC s]Lac,
[DiC4]2Fum and [DiC4]Gly had the highest surface tensions, which means that there are strong
interactions between these ions which coulde 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 tensionLac 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 tensianwith the variation of IL cations, a
certain influence can be highlighted. The difference of surface tension with anion variation is
much higher for [DiCs] > [TriC 3] > [DiC4] > [TriC 4], as shown inFigure 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], [DiC,], [TriC,4], and
anions (Ace, Lac, Lev, Ita) at 25 °C; for [TriC4]Lac: no data point because it is solid at RT.

Regarding the temperature dependece, the surface tensions 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)®” The amount of the slope of the temperature dependence of the surface
tension s of a pure liquid is the surface entropyS’ which is the degree of surface disorder
relating to the bulk liquid (Eq.2.3).188

d
Y = d%Y Eq. 2.3
As the surface entropy is reported to be primarily ruled by the anion naturés® 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 sequencezum > Mand > Ita > Lac > Lev > Aceat 25 °C,
whereas at 80 °C the order changes for Ace, Ita and Lev. The surfacerapyt S’ has been
calculated for each[DiC4] IL, and the values are given iMable 2.3. The QACILs [DiC.]Ace,
[DiC4]Lac, [DiCs]JMand and [DiC4]2Fum show low entropy values, which indicates a high degree
of surface ordering!® However, two QACILs namely[DiC4]Lev and [DiC4].lta, stand out with
very high values around 15 @n2®:1. Such high values have alreadipeen reported in the

literature, but no real structural reason was addresse?

Table 2.3 Surface entropy S° of QACILs.

QACIL [DiCsJAce [DiCsllLac [DiCsllLev [DiCsMand [DiCalolta [DiCa]oFum

S (Jn-2@1) x 105 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 [DiC,4] cation and
various anions.

2.3.4 Hydrotropic behavior of QACILs

2.3.4.1 Minimal aggregation concentration (MAC)

The studyof surface tensions of binary mixtures with water are very useful for the evaluation of

self-assembly propertiesof amphiphilic cations or anions, and their combinationi.e.of ILs191

s (mMNG@?Y)

log ¢ (molth?)

Figure 2.12 Surface tension s as a function of surfactant concentration ¢ of a surfactant with ideal
self-assembly behavior showing micelle formation from the critical micelle concentration (CMC).M’192
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As shown inFigure 2.12, surface tension changesignificantly as a function of the concentration
of surface active compounds. At theninimal aggregation concentration MAC) or critical micelle
concentration (CMC), the surface of the solution is completely saturated and the formation of

aggregates or ncelles initiates192 The surface tension changes strongly due to the massive

AEAT CA 1T £ OEA 1 ENOE A 5 RACOIEQUEACA Rriion! rdnkits Aonddatland# - #

a plateau is reached, as shown iRigure 2.12. The termMAC 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®3 In this study, we use the termMAC (minimal aggregation

concentration) because the formation oflefined micelles is not assumed?4.195

The surface tensions of aqueous solutions containing increasing concentrations@ACILshave
been measured. Some significant resulare shown inFigure 2.13 a) for [DiC.] and b) for [DiCs]
cations in combination with different anions @.g.Br, Lev, Sal, Tar), and théMAC for all
compounds is given inTable 2.4. The maximal concentration for aqueous surface tension
measurements was fixed at2 mol@ for practical reasons. In the case ofDiCs]Sal, the
measurement was limited by the low water solubility of the IL. Regarding the series with [DiC
cations, some ILshave high MAC value$O1 mol®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 doesonly take place at elevated concentrations.However, aggregates of [Dig
combined with aromatic, di or trivalent anions (e.g.Sal, Mand, Ita, Taand Cit) occuredabovea
certain concentration, which wasdefined asMAC (Table 2.4). TheMACat lower than 1 mol®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 (Syac) of
QACILs.

[DiC4] Br Ace Lac Gly Lev Sal Mand Ita Tar Cit
MAC (mof@?) | 1.97 193 102 132 138 0.13 064 021 034 014
Smac(MN@Y) | 48.1 447 432 463 399 404 412 416 420 340

[DiCe] Br Ace Lac Gly Lev Sal Mand Ita Tar Cit
MAC (mofD?) | 020 0.23 0.24 027 024 004 019 017 008 004
Swac(MN@1) | 335 325 327 382 340 270 334 335 317 329

Regarding the surface tension graphs for aqueous solutions of [R]QLs with the same counter
anions (Figure 2.13.b), the typical curve of surface-active compounds was perceived. Thus, all
of the compounds aggregateTable 2.4). The MACs for [Dig}] compounds are in the following

order: Gly > Lev Lac > Ace > Br > Mand > Ita > Tar > Cit > SalRemarkably, this series is
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significantly different from the corresponding [DiC] series. The MACs for the [Dig] cation
combined with small hydrophilic anions, such as Ace, Lac, Gly and Lev are much higher (of about
0.2 mol®1) than the MACs obtained with the aromatic, dior 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. TheseQACILsexhibit thus a hydrotropic behavior.
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Figure 2.13 Surface tension s as a function of QACIL concentration in aqueous solutions at RT: a)
[DiC,] cation and b) [DiCg] cation combined with different anions.
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2.3.4.2 Hydrotropic solubilization capacity

In 1916, Neuberg described drotropes as water-soluble compounds that greatly enhance the
aqueous solubility of organic composite$? 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 €.g. p-aminobenzoic acid hydrochloride, procaine
hydrochloride) and nonionic (e.g.resorcinol, pyrogallol) organic compoundst??” 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 nonpolar group, sud as sodium benzene sulfonate, sodium cumene sulfonate
or caffeinel% 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 moleculest®® Compared to surfactants, hydrotropes have a less
pronounced hydrophobic character and therefore exhibit higher water salbility. 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 seHssociation

of the compoundsvia the planeto-plane stackirg 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 mmtioned.200 They could rather be regarded as dimers or trimers
or movable structures connectedvia weak interactions like hydrogen bonding?°t 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 industries202

For some of the preparedQACILs their hydrotropic behavior has beeninvestigated. Sodium
xylenesulfonate (SXS), which is a weknown 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 agueous solutions. Therefordisperse 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 Wisible
spectroscopy atl = 503 nm, corresponding to a maximum absorption. li¥igure 2.14.c, the UV
visible spectra of Disperse Red 13 in acetone and in ethanol are shawrhe concentration of
Disperse Red 13 in aqueous QACIL solutions was determined by means of a calibration curve in

ethanol (shown in theexperimental 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 QACILs concentration are
shown in Figure 2.15. Cations are represented with different forms of markers:i = Na,p =
[TriCs],, =[DiG], b=[TriC4], B = [DiCs], and anions with different colors: XS = red, Sal = green,

Lev = violet, Ita = lightblue.
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Figure 2.15 Solubilization of Disperse Red 13 measured by UV/visible spectroscopy at | =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 ifrigure 2.15)
highlights great differences in the hydrotropic behavior of ILs. For the studied@ACILS the
following trend for anions combined with the same cation can be noticedSal > Ita > Lev.
Unfortunately, the measure could not be performed witHDiCg]Sal owing to its poor water
solubility (< 0.03 mol®@1). On the other hand,[DiC4]Sal acts as a very efficient hydrotrope
compared to the weltknown SXS. It is noteworthy that sodium salicylate itselflso gives good
results, which is already reported as hydrotrope in literature204 Hydrotropes containing an
aromatic ring were reported to be very efficient due to their associatiorvia ring stacking into
ellipsoidal structures.i®¢ In general, hydrotropes form threedimensional aggregaes 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 particulafDiCe].lta shows the highest
efficiency, compared to [Dig]lLev but also compared to SXS. This phenomenon could be
explained by the structure of ItalLs which are composed of two cationgnd 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 foundfor both anions: [DiCs] > [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 alkylchains up to a specific limitleads to enhanced
effectiveness as hydrotropeThe same general trend has already been described for the MACs of

QACILswhich has been determined by aqueous surface tension measurements.

68



CHAPTER 2 QACILs with biosourced carboxylate counter anions

2.4 Biodegradation of QACILs

The biodegradability of compounds expresses the ality 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 asessment is required, called REACHTr¢€gistration,
evaluation, authorization and restriction of chemicals). In pursuance of the OECKganization

for economic cooperation anddevelopment), a compound is defined as biodegradable if 60% of

the substances haveen degraded, so converted to GQafter a period of 28 days.

Biodegradation tests were performed following the OECD 301F standard, which requires the
biological oxygen consumption BOG 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 averagelar
weight (MW) of the compound, theThODcan be calculated according td&q. 2.4 when no
nitrification occurs.

_26+05'0 6a 30 + 3+ 250+ 05060 0
0w

Eq. 2.4

YO

The biological oxygen consumption BOG 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 potassim 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 (&)
values were obtained according to tk following equation (Eg. 2.5):

6006
Y O
The biodegradation test OECD 301F standamdas carried out for ILs based on the [DiJ cation

%8 = ¢100 Eg. 25

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 counteranions, and sodium acetate as reference. Ihable 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.

% Biodegradation wt% of
Compound _

10 days 28 days anion
[DiC4]Ace 65 77 27
[DiCs]Lac 41 72 36
[DiC4]Lev 21 66 42
[DiC4]Sor 16 54 41
[DiCs]Mand 27 78 49
[DiC4]2Suc 65 69 27
[DiC4]lta 36 45 29
[DiC.]sCit 65 69 28

After 28 days, most of the tested ILs have passed the biodegradation limit of 60% apart from
[DiCs]Sor (54%), [DiGl.lta (45%) and [DiCy]Cl with only 5% biodegradation. The poor
biodegradability of ILs based on CI anion has already been reported in previous studies on
[BMIm]CI. However, the presence of a renewablyourced anion greatly enhanced the
biodegradation of [DiG] ILs. The biodegradation after 28 days of the stued ILs can be classified
as follows: [DIC.Y - AT A L]Ace $ PiEs]Lac > [DiC4]sCit = [DiCs]2Suc > [DiG]Lev >
[DiC4]Sor > [DiC4]lta.

Interestingly, the anion is not the only part of the IL which enters into the biodegradation
process. In paticular, 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 thathe cation is concomitantly
biodegraded. In particular, this is clearly highlighted by the good biodegradation of [Dif2ce,
keeping in mind that the reference material of the test is sodium acetate. In literature, very few
studies or data are available o the biodegradation of organic aciederived 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 lengthalkyl groupsz2% 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 thmediator of non-
specific toxic effects induced by membrane interaction® 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«(¢€

G) and G 7 Gig substituted chains which show respectively low and high toxicity?

The anion of ILs, however, is supposed to have a negligible influence on the ILs toxiéibApart

from fluorinated anions, such as bis(trifluoromethanesulfone)imide, tetrafluoroborate, or
hexafluorophosphate, the typical anionglo not exhibit any intrinsic effect.

Consequently, we expect lowered toxicity for the sidied short-chain QACILsdue to their lower

lipophilicity (short alkyl chains and additionally without an aromatic group) and the reduced

number of nitrogen atoms in their structure92.93.207
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2.5 QACILs as solvents forcellulose 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

EO 11T OA ATA 11TO0A EIi Pl OOAT O £ O OCOAAdnapterAE Al EOOO
section 1.1.2).1334117208212 Ca|ylose is compO@ AA T £ A Di 1 Ui AlgeBEskic bked OAOOOA
glucose units resulting in a rigid crystallinity which plays an important role as a material benefit

for cell walls (Figure 2.16).*

Cellulose microfibrils
in a plant cell wall

Cell walls / Microfibril

@© .00’
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A

ﬁ Glucose 'monomer

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 resehrfor ideal cellulose
solvents (high dissolution capacity, cheap, low viscous, stable, ntwxic, and ecologically
friendly, easy to recycle) is a great competition in science and industi§£***"**132Ag already
explained in Chapter 1 z section 1.2.5, ILs play an important role as cellulose solventg=(gure
2.17).

—T :

[Cat*] - - O m cellulose derivatives
+ [Cat'] X- [:> > platform molecules
—_—

O— - [Cat*] :  — ﬁ glucose E energy
biomass solubilization of cellulose with ILs
Figure 2.17 Schema for cellulose solubilization with ILs and its further transformation.

The application of QACILsfor cellulose solubiilzation was carried out in the framework of a

common project with the working group Laboratoire de catalyse en chimie organiquaf the
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University of Paitiers, the results have been published in the journabreen Chemistryand we
have designed the insiddront cover of the issuemay 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. Frangois Jéréme.

2.5.1 Solubilization of cellulose in QACILs

All cellulose dissolution exeriments were performed usingmicrocrystalline cellulose (MCC)
of the type AVICEL PH 20AVICEL PH 200 has a glucose content higher than 99% alomigh a
degree of polymerization(DP) of 200, a particle sie ofp v 1 pdia wéter content of 5 wt%. In
a typical experiment,a solution of IL containing 2 wt% of MCC was heated 807115 °C. When
MCC was dissolved, an extra amount of M@@s progressively addel until the limit of solubility
was reached. Considering that the total removal of water from ILs is acostly and energy
consuming step, we decided here to nagxtensively dry ILs prior to dissolving cellulose and to
evaluatetheir performances as collected after synthesis. Results @olubility measurements are
summarized inTable 2.6.
Among all tested renewablysourced anions, it appears thatLev 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, Sucit > 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 basicityAs a general trend, it appears that anions bearing a
hydroxyl group such as Tar, Cit, Mand, Gly and Lac amet favorable for the dissolution of
cellulose. The reason for this phenomenon is probably the interaction between the anion and the
AAT 1 01T OA EUAOT @UI CcOi Ob xEEAE EETAAOO OEA
substitution of a carborgcarbon doulde bond on the structure of anions also exerted an influence
on the cellulose dissolution. Whereas anions with esubstituted 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 mechamsim. Except Lev which was
able to dissolve rather large amounts of cellulose whatever the cation, the [Q]Cation afforded
the best result in terms of both dissolution ability and dissolution rate for all tested anions. The

[DiCs] cation, however, which § 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 Sg with the rate in QACILs and the water content Xyater.”

Anion pKa Cation  Xwater (Wt%)  Seen (Wt%) b Rate of Sen (g@-1)
[TriC3] 3.5 10 5
[TriC3] 15.5 10 5
[DiC4] 2.5 10 2
Lev 4.64 [DiC4] 14 10 2
[DiCq] 2.6 10 2
[TriC4] 6.7 5 1.7
[DiCe] 2.1 3 0.1
[DiC4] 12.8 10 1.4
[DiCq] 5.9 6 0.9
ta  ooh [DiCs] 4.2 3 0.6
5.55 _
[TriC3] 8.3 0 0
[TriC4] 6.6 0 0
[DiC4] 10.8 9.5 2.4
[DiC4] 16.8 9.5 1.3
[TriC4] 6.5 2.6 0.4
Ace 4.76 )
[DiCq] 10 0 0
[TriCs] 7.7 0 0
[DiCe] 53 0 0
[DiC4] 2.8 3.3 1.7
Lac 3.86 [TriC3] 2.6 0 0
[DiCq] 1.9 0 0
Sor  4.76 [DiC4] 5.5 2 0.7
Suc  4.16;5.61 [DiCy] 5.3 2 0.2
o 313476 [DiC4] 7.3 2 0.1
6.39 [DiCé] 3.2 0 0
[DiC4] 5 0 0
Gly 3.83 _
[TriCa4] 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 [DiCy 4.1 0 0

aconditions : T = 96115 °C, magnetic stirring® £ 0.2 wt%

The QACILswith the highest cellulose solubilization (9.5 and 10 wt%,Table 2.6) have been

compared to classical welknown 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 °@DiCs]Lev, [TriCs]Lev,

[DiC4]Lev, [DiC4]2lta, [DiCs]Ace are better than [EMIm]Ace and [BMIm]For (8 wt%) but

inferior to [BMIm]JAce (12 wt%) and [BMIm]CI (20 wt%) which still remains the best reported

ILs for cellulose solubilization. Nevertheless, imidazolium ILs are not ideal for cellulose
OOAAOI AT O AOA O OEAEO 1 AAE 1T &£ OCOAATT AOOG6 AT A E
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Figure 2.18 Cellulose (AVICEL) solubilities S¢e at around 100 °C of the best QACILs compared to
classical ILs reported in the literature.?*

2.5.2 Water-content and water ztolerance of QACILs and effect on cellulose

solubilization

As mentioned above, water contained in commonly useimidazolium-derived ILs has an
inhibiting effect on cellulose dissolution, thus requiring @& extensive and energyconsuming
drying of ILs before dissolution experiment. In this context, the water content dACILsand its
effect on the cellulose dissolution have been investigated éble 2.6). The water content of each
ILs was determined by means of coulometric Karl Fischer titrations (details in thexperimental
section). Most of the ILs contain water within a range of 1412.8 wt%. Although[TriC ;]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 C]2lta and [DiCs]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[DiCs].Male and [DiCs].Fum are not able to
dissolve cellulose (Table 2.6). Theseresults suggest that the dissolutionof cellulose is more

dependent on the moleculasstructure of the QACILsthan on thewater content of ILs.
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Considering that the watertolerance of the best ILs,i.e. [TriCs]Lev and [DiCa]Ace, is a
remarkable advantage over imidazoliumderived ILs, we then checked their ability to dissolve
cellulose when the water content was increasedrigure 2.19, Table 2.6). Remarkably, we were
pleased to see thafTriC s]Lev and [DiCs]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 ofTriCs]Lev, the dissolution rate of cellulose was not
affected by the presence of water whereas this was the case wifPiCs]Ace for which an
increase of the water content from 10.8 wt% to 16.8 wit% dramatically reduced the cellulose
dissolution rate from 2.4 g ht to 1.3 gb-t (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. WhefBMIm]CI| was used as a reference IL, we found
that a water content higherthan 4 wt% totally inhibited the dissolution process, showing the
remarkable efficiency of[TriC ;]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 a
water content of 14 wt% (similar dissolution rate = 2 @b, Table 2.6). The temperature
obviously plays also a pivotal role in the ability of ILsd dissolve cellulose. Similarly to common
ILs such as[BMIm]CI (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 907110 °C. At his stage one may conclude that thgriC s]Lev IL appears to
be a promising IL for the dissolution of cellulose. In particular, the tolerance ¢friC s]Lev to

water is a noticeable advantage over imidazoliurtlerived ILs for use on a large scale.

18

Added water (wt%)
e e =
o N MO

o N b~ OO
T T

[BMIm]CI [DiC4]Ace [TriCglLev [DiC4lLev

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 viscositys) and surface tension §) of ILs.

Viscosity is an important physical property considering the application olLs because of its
strong effect on the rate of mass transport.64185 Because dissolution Bperiments were

performed at 807110 °C, the variation of the viscosity versusemperature was investigated over
a temperature range of 25to 80 °C for the different ILs. As expected, the viscositielecreased

with an increase of the temperature as already discussed isection 2.3.2. However, at80 °C,

one should notice that most of the ILs exhibit viscosities a similar range (0.03@0.099 P43).

Only [DiC4]2Suc, [DiC4]2Tar and [DiC4]sCit exhibited a slightly higher viscosityat 80 °C (0.20.3

Pad). Hence, one may conclude thatiscosity of ILs is not a good descriptor to explain the

greatestability of levulinate-derived ILs to dissolve cellulose.

Next, we focused on the surface tension which providemformation on the cohesive forces
between liquid molecules at the surfacé2 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 ILsséction 2.3.3.1). Although
surfacetension 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, sodubilization of cellulose in
ILs is higher for ILs exhibiting the lowest surface tension[DiCs]:lta is the only exception). In
particular, whatever the cation ([DiG], [DiGs] or [TriC3]), we noticed that ILs exhibiting a surface
tension lower than 34 mNin" dissolved the highest amount of celluloseg.g.10 wt% (Figure
2.20.a). The same trend was also observed on the dissolution rate of cellulose, 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 lowsurface tension (main feature of levulinatederived ILS)
have a low cohesive energy and are thusnore 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 solubilizatiomeferring to the classical CI
anion, we compared the solubilization ability ofiDiC4]Lev and [TriC 3]Lev with that of [DiC4]CI
and [TriC 4]Cl. Comparison was also carried out with the welknown [BMIm]CI 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 ifable 2.7.

[TriC4]Cl and [BMIM]CI are capable to dissolve similar amounts of cellulose (10 wt%) like
[TriC s]Lev and [DiCs]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]CI has similar solubilization performances
as[TriC s]Lev).
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Table 2.7 Cellulose solubilization in ILs with Lev or CI anion.

Entry ILs T(°O Sen(Wt% ) Rate of Sen (gbi-2)
1 [TriCs]Lev 90 10 5

2 [DiC4]Lev 90 10 2

3 [TriC.]Cl 110 10 0.6

4 [DIC4]Cl 115 3.5 1.6

5 [BMIm]CI 90 10 4

In particular, dissolution of cellulose in levulinatederived alkyl ammonium ILs is faster than in
chloride-derived alkyl ammonium ILs. For instance, the dissolution of cellulose is 8 times faster
in [TriC z]Lev than in [TriC 4]Cl (Table 2.7, entries 1, 3). This result might be here ascribed to
the high viscosity of chloridederived alkyl ammonium ILs (solid at room temperature) as
compared to [TriCs]Lev and [DiCs]Lev (RTILS), making the stirring of the solution rather
difficult. For instance, using[TriC4]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]CI. This effect is even more pronounced witfiDiC4]Cl.
Whereas[DiC4]ClI dissolves cellulose at a higher rate thafiTriC 3]ClI, only 3.5 wt% of cellulose
can be dissolved in such IL. Here again, the system is limitby 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 celluloseTo circumvent this problem, cesolvents could be

added to the system.

2.5.5 EffectofgOAT AOT 1 AAOTI T A-sévont A OCOAAT &6 Al

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 cellulosesolutions and (b) limited miscibility of ILs with hydrophobic reagents
for further cellulose processing and derivatizatior?lé Solutions of cellulose in ILs have
exceptionally high viscosities that rapidly increase with increasing concentration and decreasing

temperature.217

The first necessity for a cesolvent is its miscibility with the pure IL216 Many different co
solvents for cellulose solubilization in ILs have already been described in the literature for the
most common imidazolum ILs216 Hereby, the effect of various protic and aprotic cgolvents
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 LI
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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 esolvents, such as
dimethylsulfoxide (DMSO). 218 Mixtures of [BMIm]CI or [EMIm]Ace with DMSO, for instance,
were described as associated Hich 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).216219 A detailed study of mass transport properties and additional molecular
simulation for DMSO as ceolvent showed the same result: the cgolvent facilitates the mass
transport leading to a lower viscosity without affecting the specific interactons between cations

and anions or between the IL and cellulos&0

Figure 2.21 Model for the solubilization of cellulose in a binary IL-co-solvent (DMSO) system.**®

Although DMSCQcan be used as a naprotic polar organic solvent to make the system more fluid,

we focused our attention on the use of an aprotic solveng
@)
o

T

Figure 2.22 Structure of GVL.  acid??1 As GVL can be derived from cellulose, it is particularly
OA1T AGAT O ABA1TABIOOOEA AFOOEA O O1 1 OAT O OUGO&EIc8 4EA

solvent for the solubilization of cellulose in ILs wih Lev or Cl anions are presented ifiable 2.8.

valerolactone (GVL) which is sustainable and biebased

(Figure 2.22), a sustainable chemical derived from levulinic

Table 2.8 The effect of gi valerolactone (GVL) as co-solvent for cellulose solubilization in ILs with Lev
or Cl anions.

ILs T(°O Sei(Wt%) Rate of Sen (gbi-t)
[DiCs]Cl / GVL 100 10 3.3
[TriCs]Lev/GVL 90 20 5

GVL 100 0 0
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Interestingly, addition of GVL to [DiC4]CI helped not only in increasing the fluidity of the
medium but also in increasing the cellulose dissolution ability ofDiC4]Cl. In particular, in a
mixture [DiC4]CIzGVL(15/1 i.e.18 wt% of GVL), 10 wt% of cellulose with a dissolution rate of
3.3 gbt was observedvs.3.5 wt% at a rate of 1.6 @-1 without the assistance of GVLTable 2.8).
Promoting the effect of GVL on the dissolutionf cellulose was then checked usinffrriC s]Lev.
Remarkably, using GVL as a cesolvent (20 wt%) allowed also the solubilization ability of
[Tri G]Lev to beimproved from 10 to 20 wt% while the dissolution rate remained constant (5
g®@1) (Table 2.8). It is worth noting that this is a very high dissolution capacity compared to
reported ILs, demonstratingthe 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 ethano] water or acetone. The regenerated cellulose was
studied at the University of Poitiers (XRD analysest3C CP/MAS NMR, FIR), leading to the
result of transformation of the cellulosecrystalline structure from | to Il , which is of high
interest for industrial applications (Figure 2.23).215

Cellulose II: regenerated

cellulose from [TriC;]Lev
w

_.7 MCC(cellulosel)

-

5 Ball-milled cellulose (low crystallinity index)

-
e

10 15 20 25 30 35 40 45
29

Figure 2.23 XRD patterns of MCC (cellulose I), regenerated cellulose from [TriCs]Lev (cellulose 1) and
balllmi I I ed cel |l ul ose (ﬁsamor phouso cellul ose).

Recycling experiments have been carried out for théls [TriC s]Lev and [TriC 4]Cl. Celulose

dissolution experiments in[TriC 4]Cl in the second cycle have failed which could be explained by

A EETA 1T &£ OPIEOITEIC AEEAAOCSG | £ Svdnt.[CGiIRYOO T £ AO
however, has been successfully recycled at least 4 % without intermediate purification. For

this IL, water was used as antsolvent becausdTriC s]Lev is highly water tolerant.
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2.6 Hansen solubility parameters

2.6.1 Theoretical background

Joel Henry Hildebranddeveloped the solubility parameterd as a numerical estimate of the
degree of interaction between materials,which is used asindication of solubility.222 The
Hildebrand solubility parameter dis the square root of the cohesive energy density, which is the
enthalpy of vaporization DHy of a compound divided by its molar vtume V, in the condensed
phase Eq.2.6).

Qv cq. 26

I= G

CharlesM. Hansen hasnhanced this concept for the determinationof solubility parameters,
basedi T OEA EAAA OI EEA AEOOI I OAO=siTheBdcaledAéneei | C
solubility parameters (HSPs) can be used for the prediction of solubilization bkavior of
solvents for a solute?24 The basis for these HSPs is that th@tal 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 energlf 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 vaporizatior??5 The cohesive energyE of a solvent is composed of

three components: energy of dispersiorip, polarity Er and hydrogen bondingE+ (Eq. 2.7):
O=+ Qg + O 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 enekgg the molar
volume Vi, (Eq.2.8):

o, - &, (S Qo | Eq. 2.8
G at et T a

The cohesive energy density is more conveniently handled in terms of the solubility parameteyr

where d2 = E/ V. S0, the classic formula for HSPs is given by the total parameléiEq. 2.9):
12=1%+12+1% Eqg. 2.9

All compounds,e.g.materials, solvents, polymers, etc., can be characterized be three parameters,
the HSPs, measured in MP&
- do: the energy from dispersion forces between molecules (van der Waals)

- dp: the energy fromdipolar intermolecular forces (polarity)
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- du: the energy from hydrogen bonding.
These three parameters can be treated as -@dinates for a point in three dimensions.The HSP
distance between two molecules, conventionally calleBa, is the measure of how dite they are.
The smallerRa, the more likely they are to be compatibleMaterials 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 distanc®a is desciibed as follows inEq.2.10:

YF =400 To)?+ (o1 162)°+(a 1w? Eg.2.10

The factor of 4 in front of the) p has aroused disagreement for decadebut plausible theoretical
reasons and overwhelming experimental evidence show that it is valid. ConvenientidSFs can
be represented threedimensionally, giving the secalled Hansen sphere (Figure 2.24). To
determine if the parameters of two molecules (usually a solvent and a solute / polymer) are
corresponding, a parameter calledinteraction radius ( Ro) is used. Its value determineghe

radius of the sphere in Hansen spaosith das its centet

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 radiusR, can be defined. Tie good solventsare found inside the sphere (blue points in
Figure 2.24),the bad ones are outside (red squares iRigure 2.24). It is obvious that solubility,

or high affinity, requires that Rabe lessthan R,. The combination ofRaand Ry is defined as the
relative energy difference REDwhich gives information about the placementin solubility space

(Eg.2.11):

YOO = Y& Yy Eq. 2.11

ForRED=0 - no energy difference.
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ForRED< 1 - high affinity; the molecules are alike, and dissolution takes place.
ForRED=1 - the system is partially miscible.

ForRED>1 - no dissolution takes place.

2.6.2 Solubility p arameters for the QACILYDICs]Levand [DiCs].lta

Up to now, HSPs for ILs are rarelfound 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?252227 |t has only been possible to assign HSPs

to the four ILs listed inTable 2.9 from the data in literature.

Table 2.9 Estimated HSPs for ILs.?®

IL do(MPa0s)  do(MPa5)  du(MPas)  d(MPaos)
[BMIm]CI 19.1 20.7 20.7 35.0
[BMIm]PFs 21.0 17.2 10.9 29.3
[BMIM]BF.4 23.0 19.0 10.0 315
[OMIm]PFs 20.0 16.5 10.0 27.8

The HSPs hee been determined for theQACILs [DiC4]Lev and [DiC4]:lta. Therefore, around 50
standard solvents (seeexperimental section ) were used to prepare mixtures of tesellLs in all
these solvents at the same concentratigmamely 10 wt% as defined standardAfter 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[DiCs]Lev (10 wt%), for instance, was
miscible with all of the tested solvents which are not shown inTable 2.10. TheQACILwas only
partially miscible with 1-pinene and tbomohexane, and not miscible with the ten solvents
indicated in Table 2.10.

Table 2.10 Solvents in which 10 wt% of [DiC,]Lev is partially or not miscible.

Partially miscible [ -pinene, 1bromohexane

o methyl oleate, geraniol, ichlorobutane, dipropylamine, tetralin, toluene,
Not miscible , -
cyclohexane p-xylene, isopropyl laurate,carbon disulfide

Based on this estimation, the parameters dPACILswere calculated and the Hansen sphere was
drawn with the software HSPiP Edition 40.05 Figure 2.25).225 The following HSPs [MP&]

were thus obtained:
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[DiCs]Lev: do = 17.1, dp = 13.4, du = 22.6,d = 31.3; Ry = 19.9;
[DiC4].lta: do = 25.0,dp = 12.5, dw=15.1, d=31.8; Ry = 19.9.

Figure 2.25 Hansen solubility sphere of the QACIL [DiC,]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). TheHSPs ofmicrocrystalline cellulose (MCC) have
already been publishedin the literature, and the following HSPs [MP&] have been foundd, =
19.4,dp = 12.7,dw = 31.3, and the total HSHE of MCC is 39.328 Using the HSPs ofhe QACILs
([DiCs]Lev, [DiCs).Ita) and MCC Table 2.11), the HSP distancd&rkawas calculated asRa= 9.9
for [DiC4]Lev, and asRa = 19.7 for [DiC4]:lta. Thus, the relative energy differencdeREDwas
calculated for [DiCs]Lev and cellulose asRED= Ra Ry, = 0.5 and for[DiCs].lta and cellulose as
RED=R&a Ry = 099. The result for [DiCs]Lev (RED< 1) shows thatit has a high affinity for MCG
and solubilization should take place. Taresult for [DiC4]:lta (RED= 1) means that MCC should
be partially soluble. As reported above insection 2.5, [DiC.]Lev and [DiCa].lta are two of the
best QAQLs 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 [DiC,]Lev and [DiC,4].lta with microcrystalline cellulose
(MCCQC).

Compound dp(MPa®5) dp(MPa05) dy(MPads) d(MPaos)

[DiCs]Lev 17.1 13.4 22.6 31.3
[DiCy]-lta 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 b& helpful tool to predict the
solubility behavior of cellulose inlLs. 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 ofthe QACILs[DiCs]Lev and [DiC4]:lta, 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 shortchain two- and three-tailed QAdLs with various
natural resourced carboxylates as counter anionsformate, acetate, lactate, glycolate,
levulinate, sorbate, salicylate, mandelate, succinate, itaconate, maleate, fumarate, malate,

tartrate and citrate . Quaternary ammonium is the simplestation allowing a variation of the
number and length ofalkyl chains in order to assess the impact of the chemical structure dhe

physicochemical properties and power forcellulose solubilization.

The physicochemicaproperties of QACILshave been studiel, and thermalphase transitions (by
DSC), thermal stability (by TGA), viscositysurface 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 chainQACILS namely based on [Dig} cations, are
amphiphilic, and are therefore surface active in aqueous solutions. For some of I QACILs we
have tested their hydrotropic behavior which shows promising results. In particular itaconate
ILs exhibit a very good solubilization capacity towards a hydrophobic dydDiCsg]:lta 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 theyare less toxic than imidazoliumand pyridinium compounds.The use of biesourced
AAOAT gul ACA AT ETTO xAO Al AAAEOEITT Al OODPDPI OOEOA
have studied the biodegradability ofQACILsx EOE OACAOA O1 OEAEO AOAI OAO
Most of the tested ILs except[DiC4]Sor and [DiC4]:lta, have passed the limit of 60 wi% after a
period of 28 days, thus they are classified as biodegradable:

[DIC.Y - AT A JJAce >¢[[HHGh]Lac > [DiC4]sCit © [DiCa]2Suc > [DiG]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 shechain
levulinate ILs as the best cellulosedvents (up to 10 wt%), as shown inTable 2.12. Moreover, a
system of [TriC s]Lev combined with 20 wt% gvalerolactone was ableto 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.

Cation structure: [ DIC,*],[TriC "] Effect on cellulose solubilization
alkyl chain length: n= 3Y 4 uu

n=4Y 6 www
number of alkyl chains:di Y tri www
E bestcationstructure: \ /

SN~

Anion structure: R -COO Effect on cellulose solubilization
R contains-OH www
R containsone C=C or C=0 uu

E bestaniorstructures: )?\/\’// J\J\W
Ita

E bestQACILs:

[DiC,]Lev
[TriC,]Lev [DIG],Ita
[DICy],Ita picace P1%Lev
2 [TriCs]Lev
| | | | | s
5 6 7 8 9 10 ‘Wt % cell.

As an additional aspect of characterization, we established the Hansen solubility parameters of
[DiC4]Lev and [DiCs].lta with the aim to support the results for cellulose dissolution. In this
case, the experimentakesult (10 wt% cellulose solubilization) has been corroborated by the
calculation of the relative energy difference ofDiCs]Lev or [DiCs].lta and cellulose providing

an interesting tool for the prediction of cellulose solubilization in ILs.
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Experimental Section

1.) Preparation of quaternary ammonium halides and carboxylates

1.1) Synthesis and anion exchange

The quaternary ammonium compounds [(GH2n+1)2N(CH)2]X or  [(CnHan+1)sN(CH)]X,
abbreviated as [DiG] or [TriCn] (n = 3, 4, 6; X = Br, 1), were synthesizedia nucleophilic
substitution, namely an alkylation of N,N,Nalkyldimethylamines or N,N,N dialkylmethylamines

with 1-haloalkanes followed by an anionexchange over an exchange resiffrigure 2.26).

I CH;CN R 7 NaOH R 7 H-acid R 7
N. + X-R ——— x ——> N o —F— N [acid]
R "R reflux R, R resin R, R RT R,

Figure 2.26 Synthesis route for quaternary ammonium carboxylate compounds; R = C,H,.q With n =
3,40r6,and R; =R or CHa.

Dimethylalkylamine or methyldialkylamine (1 equiv.) and 1-bromoalkane (1.5 equiv) were
mixed with acetonitrile at RT. The reaction is cafied out for min. 12 h under reflux; the end of
the reaction was detected by'H-NMR. After the evaporation of the solvent,the raw product
[(CnHzn+1) 2N(CH)2]X or [(CnHzn+1)sN(CHs)]X was obtained

This product was purified by extractions (3to 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
dimethyldio alkylammonium bromide. The procedure with dichloromethane taks 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 exchange100 mL of the resin Amberlite IRA400(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%}% slowly poured (2 ml per minute)

in the resin. Then itis washed with water (millipore ) until a neutral pH is obtained and the exit
of the column.

6.0 g of[(CaHan+1)2N(CHb)2]X or [(CiHan+1)sN(CH)]X are dissolved in 100 ml water (millipore ),
the solution is added drop by drop to the resinand collected in a flask under argofgas. After
that, the resinis washed with water until a neutral pHis obtained at the exit of the columnT
250 ml water, drop by drop). 5 ml of the solution of the ammonium hydroxidere mixed with
some drops bromothynol blue and itis titrated with HCI (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[(CrH2n+1)2N(CH)2]JOH or [(CiH2n+1)sN(CH)]JOH (1 equiv) is put in a
flask and the corresponding acid { 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 aesiccator(P.Gs, vacuum).

1.2) NMR-analysis

1H- and 3CNMR spectra were recorded in the indicated solvents on a Bruker Avance 300
spectrometer. CDGl and CROD (99.95% isotopic purity) were obtained from Eurisetop.
#EAI EAAl OEEAZOO j1QqQ AOA OADIT eéshréd rdkative ® /H0BAD DAO |
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 , [DiCs]l: [GH20N"][l ], M=257.16 g/mol (yield: 98 %)
1H-NMR (CROD): 1 (ppm): 1.04 (t, 7.4 Hz, 6H), 1.741.89 (m, 4H), 3.12 (s, 6H), 3.23.36 (M,
4H)

13GNMR (CROD):) (ppm): 9.6 (CH), 15.8(CH), 50.2 (CH), 65.6 (CH)

Dimethyldipropylammonium chloride , [DIC3]Cl: [GH2oN*][CI], M=165.70 g/mol (yield: 97
%)

1H-NMR (CDG): ] (ppm): 1.01 (t, 7.3 Hz, 6H), 1.66L.85 (M, 4H), 3.36 (s, 6H), 3.48.49 (m, 4H)
13G-NMR (CDG): | (ppm): 10.8 (CH), 16.3(CH), 51.3(CH), 65.2 (CH)

Dimethyldipropylammonium acetate , [DiCs]Ace: [GH20N*][C3H20,], M=189.29 g/mol (yield:
95 %)

1H-NMR (CROD): | (ppm): 1.04 (t, E7.2 Hz, 6H), 1.721.88 (m, 4H), 1.91 (s, 3H), 3.09 (s, 6H),
3.23-3.31 (m, 4H)

13GNMR (CROD):) (ppm): 9.7 (CHs), 15.7(CHy), 22.9 (CH), 50.1 (CH), 65.5 (CH), 178.5 (C)

Dimethyldipropylammonium lactate , [DiCs]Lac: [GH20N*][CsHs0s], M=219.32 g/mol (yield:
93 %)

1H-NMR (CDG): | (ppm): 0.96 (t, 7.4 Hz, 6H), 1.26 (d}6.9 Hz, 3H), 1.62..78 (m, 4H), 3.17 (s,
6H), 3.21-:3.29 (m, 4H), 3.84 (q,=6.7 Hz, 1H)

3GNMR (CDG): | (ppm): 10.8 (CH), 16.3(CHp), 21.6 (CH), 51.2 (CH), 65.4 (CH), 68.3 (CH),
179.6 (C)
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Dimethyldipropylammonium levulinate, [DiCs]Lev: [GeH2oN*][CsH;Os], M=245.36 g/mol
(yield: 95 %)

1H-NMR (CDG): 1 (ppm): 0.95 (t, E7.4 Hz, 6H), 1.611.78 (m, 4H), 2.10 (s, 3H), 2.33 (6.7 Hz,
2H), 2.61 (t,J6.7 Hz, 2H), 3.15 (s, 6H), 3.18.28 (m, 4H)

B3GNMR (CDG): 1 (ppm): 10.8 (CH), 16.1(CH), 30.1(CHs), 31.7 (CH), 40.1 (CH), 51.2 (CH),
65.1 (CH), 177.4 (C), 210.0 (C)

Di-(dimethyldipropylammonium) itaconate [DiCs].lta: [CeH20N*]2[CsHaOus 1!
M=388.59g/mol (yield: 91 %)

1H-NMR (CDG): | (ppm): 1.04 (t, E7.3 Hz, 12H), 1.691.84 (m, 8H), 3.25 (s, 12H), 3.29 (s, 2H),
3.30-3.38 (M, 8H), 5.33 (s, 1H), 5.91 (s, 1H)

13GNMR (CROD): (ppm): 9.7 (CHs), 15.7(CHp), 42.6 (CH), 50.1 (CH), 65.5 (CH), 119.6 (CH),
143.1 (C), 174.2 (C), 178.5 (C)

Methyltripropylammonium bromide , [TriC 3] Br: [CioH22N*][Br-], M=238.21 g/mol (yield: 98
%)

1H-NMR (CDG): | (ppm): 1.04 (t, 7.2 Hz, 9H), 1.761.88 (m, 6H), 3.34 (s, 3H), 3.48.49 (m, 6H)
1BBGNMR (CDG): 1 (ppm): 10.8 (CH), 16.1(CH), 48.9 (CH), 63.1(CH)

Methyltripropylammonium chloride ,[TriC 3] Cl: [CioH24N*][CI], M=193.76 g/mol (yield: 96 %)
1H-NMR (CDG): 7\ (ppm): 1.02 (t, E=7.2 Hz, 9H), 1.671.83 (m, 6H), 3.30 (s, 3H), 3.38.44 (m, 6H)
13GNMR (CDG): ) (ppm): 10.7 (CH), 16.0(CH.), 48.8 (CH), 63.0 (CH)

Methyltripropylammonium acetate , [TriC s]Ace: [CioH2aN*][CsH20,], M=217.35 g/mol (yield:
92 %)

1H-NMR (CROD): | (ppm): 0.89 (t, 7.4 Hz, 9H), 1.521.68 (m, 6H), 1.75 (s, 3H), 3.07 (s, 3H),
3.11-3.19 (m, 6H)

13GNMR (CROD): (ppm): 10.7 (CHs), 15.8(CH,), 24.8 (CH), 48.8 (CH), 62.9 (CH), 177.1 (C)

Methyltripropylammonium lactate |, [TriCs]Lac: [CioH24N*][C3Hs05], M=247.37 g/mol (yield:
93 %)

1H-NMR (CDG): ) (ppm): 0.96 (t, E7.3 Hz, 9H), 1.26 (d}E6.9 Hz, 3H), 1.591.76 (m, 6H), 3.12 (s,
3H), 3.17%3.25 (m, 6H), 3.84 (q,=6.7 Hz, 1H)

3GNMR (CDG): | (ppm): 10.7 (CH), 15.9(CHp), 21.6 (CH), 48.8 (CH), 63.1 (CH), 68.1 (CH),
179.8 (C)
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Methyltripropylammonium levulinate, [TriC s]Lev: [CioH24N*][CsH/Os], M=273.41 g/mol
(yield: 94 %)

1H-NMR (CDG): 1 (ppm): 0.93 (t, E7.4 Hz, 9H), 1.571.73 (m, 6H), 2.07 (s, 3H), 2.31 (6.9 Hz,
2H), 2.59 (t,J6.9 Hz, 2H), 3.09 (s, 3H), 3.18.23 (m, 6H)

BBGNMR (CDG): 1 (ppm): 10.7 (CH), 15.9(CH), 30.2(CHs), 32.1 (CH), 40.4 (CH), 48.9 (CH),
62.9 (CH), 177.1 (C), 210.0 (C)

Di-(methyltripropylammonium) itaconate [TriC 3].lta: [CioH24N*]2[CsH4Ouc 1t
M=444.69g/mol (yield: 90 %)

1H-NMR (CDG): | (ppm): 0.99 (t, 7.3 Hz, 18H), 1.621.78 (m, 12H), 3.17 (s, 18H), 3.18.27 (m,
12H + 2H), 5.19 (s, 1H), 5.80 (s, 1H)

13GNMR (CDG): | (ppm): 10.7 (CH), 15.9(CH), 43.4 (CH), 49.1 (CH), 62.9 (CH), 119.4 (CH),
145.0 (C), 173.5 (C), 177.1 (C)

Dibutyldimethylammoniu m bromide , [DiC4]Br: [CioH24N*][Br-], M=238.21 g/mol (yield: 99
%)

1H-NMR (CROD): (ppm): 1.03 (t, E7.4 Hz, 6H), 1.44 (sext k7.5 Hz, 4H), 1.691.84 (m, 4H),
3.13 (s, 6H), 3.313.40 (m, 4H)

13GNMR (CROD):) (ppm): 12.9 (CH), 19.4(CH,), 24.2(CH.), 50.4 (CH), 64.0 (CH)

Dibutyldimethylammonium chloride , [DIC4]Cl: [CioH224N*][CI-], M=193.76 g/mol (yield: 94 %)
1H-NMR (CDG): | (ppm): 0.98 (t, E7.4 Hz, 6H), 1.42 (sextE7.4 Hz, 4H), 1.611.75 (m, 4H), 3.39
(s, 6H), 3.473.56 (m, 4H)

13GNMR (CDG): ] (ppm): 13.8 (CH), 19.6(CH,), 24.7(CHp), 51.4 (CH), 63.7 (CH)

Dibutyldimethylammonium formate , [DiC4]For: [CioH24N*][CHGy], M=203.32 g/mol (yield:
92 %)

1H-NMR (CDG): | (ppm): 0.83 (t, 7.4 Hz, 6H), 1.26 (sextJ7.5 Hz, 4H), 1.461.60 (m,4H), 3.13
(s, 6H), 3.213.29 (m, 4H), 8.65 (s, 1H)

13GNMR (CDG): | (ppm): 13.7 (CH), 19.5(CH,), 24.4(CH.), 50.8 (CH), 63.4 (CH), 168.0 (CH)

Dibutyldimethylammonium acetate , [DiCs]Ace: [CioH22N*][C3H2O;], M=217.35 g/mol (yield:
93 %)

1H-NMR (CROD): (ppm): 0.96 (t, E7.4 Hz, 6H), 1.38 (sext E7.5 Hz, 4H), 1.56L.70 (m, 4H),
1.85 (s, 3H), 3.21 (s, 6H), 3.28.35 (m, 4H)
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13GNMR (CROD): (ppm): 13.7 (CH), 19.7(CHy), 24.6 (CH), 25.2 (CH), 51.1 (CH), 63.3(CHy),
177.3 (C)

Dibutyldimethylammonium lactate , [DiCs]Lac: [CioH2aN*][CsHsOs], M=247.37 g/mol (yield:

97 %)

1H-NMR (CDG): 1 (ppm): 0.96 (t, =7.3 Hz, 6H), 1.30 (d}6.7 Hz, 3H), 1.39 (sextJF7.5 Hz, 4H),
1.57-1.70 (m, 4H), 3.25 (s, 6H), 3.38.409 (m, 4H), 3.88 (q,=6.8 Hz, 1H)

BBGNMR (CDG): 1 (ppm): 13.7 (CH), 19.8(CH), 21.8 (CH), 24.4 (CH), 51.2 (CH), 63.7 (CH),

68.1 (CH), 179.5 (C)

Dibutyldimethylammonium glycolate , [DiC3]Gly: [CioH24N*][C2H3Os], M=233.35 g/mol (yield:

97 %)

1H-NMR (CDG): ] (ppm): 0.90 (t, k7.4 Hz, 6H), 1.32 (sextJ7.4 Hz, 4H), 1.511.65 (m, 4H), 3.13
(s, 6H), 3.223.30 (m, 4H), 3.68 (s, 2H)

BBGNMR (CDG): ) (ppm): 13.7 (CH), 19.5(CH.), 24.4 (CH), 50.9 (CH), 62.3 (CH), 63.7 (CH),
176.6 (C)

Dibutyldimethylammonium levulinate, [DiC4]Lev: [CioH24N*][CsH/Os], M=273.41 g/mol

(yield: 93 %)

1H-NMR (CDG): | (ppm): 0.95 (t, 7.3 Hz, 6H), 1.37 (sextkE7.4 Hz, 4H), 1.571.71 (m, 4H), 2.11
(s, 3H), 2.36 (tJ6.7 Hz, 2H), 2.63 (t}=6.7 Hz, 2H), 3.19 (s, 6H), 3.28.33 (M, 4H)

13GNMR (CDG): | (ppm): 13.8 (CH), 19.1(CH), 24.6 (CHy), 30.4 (CH), 32.1 (CH), 40.4 (CH),

51.4 (CH), 63.6 (CH), 177.5 (C), 210.4 (C)

Dibutyldimethylammonium sorbate, [DiC4]Sor: [CioH24N*][CeH7O,], M=269.42 g/mol (yield:
95 %)

1H-NMR (CROD): (ppm): 1.05 (t, E7.4 Hz, 6H), 1.44 (sext k7.4 Hz, 4H), 1.68..79 (m, 4H),
1.82 (d,J6.5 Hz, 3H), 3.07 (s, 3H), 3.28.34 (m, 4H), 5.82 (d,=15.3 Hz, 6H), 6.00 (dq}k15.1 Hz,
J¥6.7 Hz,1H), 6.20 (dd}k15.1 Hz,>=10.8 Hz,1H), 7.00 (dd}15.4 Hz,>10.5 Hz,1H)

13G-NMR (CROD): (ppm): 13.9 (CH), 18.5(CHs), 20.7 (CH), 25.4 (CH), 40.1 (CH), 51.1 (CH),
65.2 (CH), 127.6 (CH), 131.9 (CH), 135.9 (CH), 141.4 (CH), 175.9 (C)

Dibutyldimethylammonium salicylate, [DiC4]Sal: [CioH24N*][C7H5O5], M=295.42 g/mol
(yield: 96 %)
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1H-NMR (CDG): ) (ppm): 0.92 (t, J=7.3 Hz, 6H), 1.3aL.50 (m, 4H), 1.63 (sext J=7.4 Hz, 4H), 3.15
(s, 6H), 3.223.29 (m, 4H), 6.75 (t)E7.5 Hz,1H), 6.83 (d}8.0 Hz,1H), 7.26 (m,1H), 6.83 (dd=6.0
Hz,31.8 Hz,1H)

BBGNMR (CDG): 1 (ppm): 13.7 (CH), 19.5(CH), 24.4 (CH), 50.9 (CH), 64.0 (CH), 116.4 (CH),
117.6 (CH), 119.0 (CH), 130.7 (Ch), 132.7 (CH), 162.4 (C), 173.7 (C), 210.0 (C)

Dibutyldimethy lammonium mandelate, [DiCs]Mand: [CioH24N*][CsH;Os], M=309.44 g/mol
(vield: 90 %)

1H-NMR (CDG): 1 (ppm): 0.89 (t, =7.3 Hz, 6H), 1.23 (sext}x7.4 Hz, 4H),1.321.46 (m, 4H), 2.76
(s, 3H), 2.902.98 (m, 4H), 4.79 (s, 1H), 7.27.29 (m, 3H), 7.46 (dJ=7.3 Hz, 2H)

1BGNMR (CDG): 1 (ppm): 13.7 (CH), 19.5(CH), 24.1(CH), 50.9 (CH), 63.4 (CH), 74.5 (CH),
126.87 (2xCH), 128.0 (3xCH 143.2 (C), 176.3 (C)

Di-(dibutyldimethylammonium) succinate , [DiCs]2Suc [CioH24N*]2[CaH4Ous 1 M=432.689
g/mol (yield: 92 %)

1H-NMR (CDG): 1(ppm): 0.88 (t, E7.3 Hz, 12H), 1.31 (sext E7.4 Hz, 8H), 1.491.64 (m, 8H),
2.29 (s, 4H), 3.15 (s, 12H), 3.28.28 (m, 8H)

B3GNMR (CDG): ) (ppm): 13.7 (CH), 19.5 (CH), 24.4(CH,), 35.5 (CH), 51.2 (CH), 63.1 (CH),
119.6 (CH),179.2 (C)

Di-(dibutyldimethylammonium) itaconate  , [DiC4]2lta: [CioH2aN*]2[CsHaOss 1) M=444.69g/mol
(yield: 95 %)

1H-NMR (CDG): 1 (ppm): 0.92 (t, 7.3 Hz, 12H), 1.33 (sext JF7.5 Hz, 8H),1.521.66 (m, 8H),
3.11 (s, 2H), 3.14 (s, 12H), 3.19.27 (m, 8H), 5.11 (s, 1H), 5.73 (s, 1H)

13GNMR (CDG): | (ppm): 13.7 (CH), 19.8 (CH), 24.4(CHy), 43.6 (CH), 51.5 (CH), 63.4 (CH),
119.6 (CH), 144.9 (C), 173.4 (C), 176.9 (C)

Di-(dibutyldimethylammonium) maleate , [DiCs]:Male: [CioH2aN*]2[CaH20uc 1T M=430.66
g/mol (yield: 97 %)

1H-NMR (CROD):\ (ppm): 1.04 (t, F=7.3 Hz, 12H), 1.43 (sext >7.4 Hz, 8H),1.681.82 (m, 8H),
3.29-3.35 (m, 8H), 5.97 (s, 2H)

BBGNMR (CROD): (ppm): 13.9(CH), 20.7(CH), 25.5(CH), 51.3 (CH), 65.0 (CH), 132.4 (CH),
175.3 (C)

Di-(dibutyldimethylammonium) fumarate , [DiCas]2Fum: [CioH24N*]2[CsH20s¢ 11 M=430.66
g/mol (yield: 98 %)
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1H-NMR (CROD):) (ppm): 1.04 (t, =7.3 Hz, 12H), 1.43 (sext F7.4 Hz, 8H), 1.681.81 (m, 8H),
3.08 (s, 12H), 3.2€3.35 (m, 8H), 6.67 (s, 2H)

13GNMR (CROD): (ppm): 14.0 (CH), 20.7(CH), 25.5(CH), 51.2 (CH), 65.2 (CH), 137.1 (CH),
174.0 (C)

Di-(dibutyldimethylammonium) malate , [DiCs]2Mala: [CioH24N*]2[CaH4Os¢ 1) M=448.68 g/mol
(yield: 92 %)

1H-NMR (CDG): 1 (ppm): 0.96 (t, 7.3 Hz, 12H), 1.38 (sext E7.4 Hz, 8H), 1.58L.72 (m, 8H),
2.34 (dd,¥15.0 Hz,J=7.9 Hz, 1H), 2.66 (dd}=15.1 Hz,>=4.9 Hz, 1H), 3.20 (s, 12H), 3.23.35 (m,
8H), 4.16 (dd,J=7.9 Hz,J=4.9 Hz, 1H)

13GNMR (CDG): 1 (ppm): 13.7 (CH), 19.8(CH), 24.7 (CH), 43.9 (CH), 51.6 (C¥), 63.4 (CH),
70.0 (CH), 177.1 (C), 179.0 (C)

Di-(dibutyldimethylammonium) tartrate  , [DiCg4].Tar: [CioH24N*]2[CsH4Os¢ 1, M=464.68 g/mol
(vield: 93 %)

1H-NMR (CDC4): | (ppm): 0.95 (t, E7.3 Hz, 12H), 1.38 (sext E7.4 Hz, 8H), 1.558169 (m, 8H),
3.20 (s, 12H), 3.253.34 (m, 8H), 4.19 (s, 2H)

13GNMR (CROD): ) (ppm): 14.0 (CH), 19.9(CH), 24.7(CH), 51.9 (CH), 63.6 (CH), 73.7 (CH),
177.2 (C)

Tri -(dibutyldimethylammonium) citrate  , [DiC4]3Cit: [CioH24N*]2[CsHs0r¢ i M=664.01 g/mol
(yield: 98 %)

1H-NMR (CDG): 1 (ppm): 0.93 (t, 7.3 Hz, 18H), 1.36 (sextX7.5 Hz, 12H), 1.55..68 (m, 12H),
2.61 (dd,=14.6 Hz k2.4 Hz, 4H), 3.25 (s, 18H), 3.28.35 (m, 12H)

13GNMR (CDG): ) (ppm): 13.9 (CH), 19.5(CH,), 24.7 (CH), 46.7 (CH), 51.6 (CH), 63.3 (CH),
74.3 (C), 176.7 (C), 180.1 (C)

Tributylmethylammonium bromide |, [TriC 4] Br: [Ci3H30oN*][Br -], M=280.29 g/mol,commercial
1H-NMR (CDG): | (ppm): 1.02 (t, E7.3 Hz, 9H), 1.47 (sextE7.5 Hz, 6H), 1.621.76 (m, 6H), 3.37
(s, 3H), 3.453.54 (m, 6H)

1BGNMR (CDG): | (ppm): 13.8 (CH), 19.7(CH,), 24.4(CH,), 48.9 (CH), 61.4 (CH)

Tributylmethylammonium chloride  , [TriC 4] Cl: [CizH30N*][Cl], M=235.84 g/mol (yield: 98 %)
1H-NMR (CDG): ) (ppm): 0.93 (t, 7.3 Hz, 9H), 1.37 (sextJF7.4 Hz, 6H), 1.541.69 (m, 6H), 3.23
(s, 3H), 3.333.42 (m, 6H)

B3CG-NMR (CDG): 1 (ppm): 13.7 (CH), 19.7(CH,), 24.3(CH), 48.9 (CH), 61.4 (CH)
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Tributylmethylammonium acetate , [TriC 4] Ace: [CisHzoN*][C3H202], M=259.43 g/mol (yield:
90 %)

1H-NMR (CDG): ) (ppm): 0.94 (t, J=7.3 Hz, 9H), 1.36 (sextF7.5 Hz, 6H), 1.53..67 (m, 6H), 1.84
(s, 3H), 3.15 (s, 3H), 3.2B.29 (m, 6H)

13GNMR (CDG): 1 (ppm): 14.0 (CH), 19.9(CH), 24.5 (CH), 25.6 (CH), 48.6 (CH), 61.2 (CH),
177.1 (C)

Tributylmethylammonium lactate , [TriC 4]Lac: [CisH3zoN*][CsHs0s], M=289.45 g/mol (yield:

93 %)

1H-NMR (CDG): 1 (ppm): 1.00 (t, E=7.3 Hz, 9H), 1.35 (d}6.8 Hz, 3H), 1.43 (sextJ>7.5 Hz, 6H),
1.59-1.72 (m, 6H), 3.26 (s, 3H), 3.38.43 (M, 6H), 3.94 (g,=6.8 Hz, 1H)

13GNMR (CDG): 1 (ppm): 13.8 (CH), 19.7(CH), 21.8 (CH), 24.4 (CH), 48.8 (CH), 61.3 (CH),

68.3 (CH), 179.7C)

Tributylmethylammonium glycolate , [TriC 3] Gly: [CisH3oN*][C2H305], M=275.43 g/mol (yield:

93 %)

1H-NMR (CDG): | (ppm): 0.93 (t, 7.3 Hz, 9H), 1.36 (sextk7.4 Hz, 6H), 1.53L.66 (m, 6H), 3.11
(s, 3H), 3.203.29 (m, 6H), 3.76 (s, 2H)

13GNMR (CDG): 1 (ppm): 13.8 (CH), 19.8(CH), 24.3 (CH), 48.9 (CH), 61.3 (CH), 62.5 (CH),

176.9 (C)

Tributylmethylammonium levulinate, [TriC 4]Lev: [CisHzoN*][CsH;Os], M=315.49 g/mol
(vield: 97 %)

1H-NMR (CDG): | (ppm): 0.89 (t, E7.3 Hz, 9H), 1.32 (sext7.4 Hz, 6H), 1.491.63 (m, 6H), 2.05
(s, 3H), 2.30 (t=6.8 Hz, 2H), 2.58 (t}=6.8 Hz, 2H), 3.09 (s, 3H), 3.18.26 (M, 6H)

13GNMR (CDG): | (ppm): 14.0 (CH), 19.8 (CH), 24.2(CHy), 29.9 (CH), 32.1 (CH), 40.6 (CH),
48.9 (CH), 61.2 (CH), 177.1 (C), 210.0 (C)

Di-(tributylmethylammonium) itaconate , [TriC 4]2lta: [CisHzoN*]2[CsHaOss 1 M=528.85 g/mol
(yield: 92 %)

1H-NMR (CDG): 1 (ppm): 0.97 (t, 7.3 Hz, 18H), 1.40 (sextk7.4 Hz, 12H),1.561.71 (m, 12H),
3.21 (s, 6H), 3.253.34 (m, 12H), 5.20 (s, 1H), 5.82 (s, 1H)

BCGNMR (CDG): 1 (ppm): 13.7 (CHy), 19.8 (CH), 24.2(CH), 43.6 (CH), 49.15 (CH), 61.2 (CH),
119.2 (CH), 145.0 (C),173.5 (C), 176.8 (C)
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Dihexyldimethylammonium bromide , [DiCg]Br: [CiaHs2N*][Br™, M=294.32 g/mol (yield: 98
%)

1H-NMR (CDC}): ) (ppm): 0.80 (t, E7.1 Hz, 6H), 1.121.39 (m, 12H),1.531.71 (m, 4H), 3.30 (s,
6H), 3.393.52 (m, 4H)

13CGNMR (CDCi): ) (ppm): 13.9 (CH), 22.3 (CH), 22.7 (CH), 25.8 (CH), 31.2 (CH), 51.1 (CH),
63.9 (ChH)

Dihexyldimethylammonium acetate , [DiCs]Ace: [CisH32N*][C3H20], M=273.46 g/mol (yield:
94 %)

1H-NMR (COD): | (ppm): 0.96 (t, 7.1 Hz, 6H), 1.321.47 (m, 12H), 1.691.83 (m, 4H), 1.91 (s,
3H), 3.08 (s, 6H), 3.263.36 (m, 4H)

13C-NMR (CxOD): | (ppm): 12.9 (CH), 22.2(CHy), 23.0 (CH), 25.7 (CH), 30.9 (CH), 49.8 (CH),
63.9 (CH), 178.6 (C)

Dihexyldimethylammonium lactate , [DiCs]Lac: [CGi4aH32N*][CsHsO5], M=303.49 g/mol (yield:
95 %)

1H-NMR (CROD): | (ppm): 0.95 (t, =7.1 Hz, 6H), 1.33 (dJ=6.8 Hz, 3H), 1.358..48 (m, 12H),
1.69-1.86 (m, 4H), 3.09 (s, 6H), 3.28.37 (m, 4H), 3.97 (g,=6.8 Hz, 1H)

13C-NMR (CxOD): | (ppm): 12.9 (CHs), 20.4 (CH), 22.1(CH), 25.7 (CH), 31.0 (CH), 49.8 (CH),
63.9 (CH), 68.1 (CH), 180.6 (C)

Dihexyldimethylammonium glycolate , [DiCg] Gly: [CiaH32N*][C2H30s5-], M=289.46 g/mol (yield:
95 %)

1H-NMR (CDC4): 1 (ppm): 0.77 (t, 6.8 Hz, 6H), 1.141.32 (m, 12H), 1.491.64 (m, 4H), 3.12 (s,
6H), 3.183.31 (m, 4H), 3.69 (s, 2H)

13C-NMR (CDC4): 1 (ppm): 13.8 (CH), 22.2(CH), 22.5 (CH), 25.8 (CH), 31.1 (CH), 50.9 (CH),
62.1 (CH), 63.9 (CH), 176.5 (C)

Dihexyldimethylammonium  levulinate, [DiCs]Lev: [CiaH32N*][CsH;Os], M=329.52 g/mol
(vield: 91 %)

1H-NMR (CDC4): 1 (ppm): 0.79 (t, E7.0 Hz, 6H), 1.181.35 (m, 12H), 1.531.67 (m, 4H), 2.05 (s,
3H), 2.30 (t,26.7 Hz, 2H), 2.58 (t}=6.7 Hz, 2H), 3.15 (s, 6H), 3.18.31 (m, 4H)

13CG-NMR (CDC4): ) (ppm): 13.8 (CH), 22.3(CH), 22.5(CH), 25.8(CH,), 29.9 (CH), 31.2 (CH),
32.2 (CH), 40.4 (CH), 51.2 (CH), 63.5 (CH), 177.1 (C), 210.0 (C)
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Dihexyldimethylammonium salicylate, [DiCe]Sal: [CiaH32N*[C/Hs05], M=351.53 g/mol
(yield: 97 %)

1H-NMR (CDC4): 1 (ppm): 0.87 (t, =7.1 Hz, 6H), 1.221.35 (m, 12H), 1.551.69 (m, 4H), 3.25 (s,
6H), 3.27%3.37 (m, 4H), 6.73 (t=7.5 Hz,1H), 6.82 (d,=8.0 Hz,1H), 7.267.27 (m,1H), 7.91 (dd,
6.0 Hz, k1.8 Hz,1H)

13C-NMR (CDCY): 1 (ppm): 13.9 (CH), 22.4(CH,), 22.7 (CH), 25.8 (CH), 31.2 (CH), 51.0 (CH),
63.9 (CH), 116.3 (CH), 117.4 (CH), 120.1 (C), 130.5 (CH), 132.1 (CH), 162.4 (C), 173.8 (C)

Dihexyldimethylammonium mandelate, [DiCg]Mand: [CiaH32N*][CsH/Os], M=365.56 g/mol
(vield: 98 %)

IH-NMR (CDC$): 1 (ppm): 0.88 (t, 7.0 Hz, 6H), 1.181.34 (m, 12H),1.391.53 (m, 4H), 2.88 (s,
3H), 3.01:3.11 (m, 4H), 4.81 (s, 1H), 7.69.29 (m, 3H), 7.49 (d=7.3 Hz, 2H)

13CNMR (CDCi): ) (ppm): 13.9 (CH), 22.4(CH), 22.5(CH), 25.9(CH,), 31.2(CH), 50.7 (CH),
63.6 (CH), 74.4 (CH), 126.5 (2xCH), 126.7 (CH), 127.8 (2xCH), 143.7 (C), 176.1 (C)

Di-(dihexyldimethylammonium) itaconate , [DiCe]zlta: [CiaH32N*]2[CsHaOss T M=556.92
g/mol (yield: 97 %)

1H-NMR (CDCH): 1 (ppm): 0.84 (t, 7.1 Hz, 12H), 1.191.37 (m, 24H),1.531.66 (m, 8H), 3.15 (s,
2H), 3.19 (s, 12H), 3.28.29 (m, 8H), 5.11 (s, 1H), 5.75 (s, 1H)

13CNMR (CDCi): ) (ppm): 13.9 (CH), 22.4 (CH), 22.6(CH), 25.9(CH,), 31.3(CH), 43.8 (CH),

51.5 (CH), 63.4 (CH), 119.2(CH), 145.1 (C), 173.4 (C), 176.7 (C)

Di-(dihexyldimethylammonium) tartrate  , [DiCs]2Tar: [CiaHz2N*] 2[CaHaOs¢ 1! M=576.90 g/mol
(yield: 96 %)

1H-NMR (CDCH4): | (ppm): 0.87 (t, E7.0 Hz, 12H), 1.221.42 (m, 24H), 1.561.70 (m, 8H), 3.25 (s,
12H), 3.26:3.36 (m, 8H), 4.23 (s, 2H)

13C-NMR (CxOD): | (ppm): 13.9 (CH), 22.4(CHy), 22.6(CHp), 25.9(CHy), 31.3(CH), 51.4 (CH),
63.5 (CH), 73.5 (CH), 176.9 (C)

Tri -(dihexyldimethylam monium) citrate , [DiCg]3sCit: [CraHz2N*]3[CsHsOr 1 M=832.35 g/mol
(yield: 98 %)

1H-NMR (CDC}): | (ppm): 0.86 (t, 7.0 Hz, 18H), 1.221.40 (m, 36H), 1.571.71 (m, 12H), 2.63
(dd, F14.6 Hz, 3.3 Hz, 4H), 3.24 (s, 18H), 3.23.37 (m, 12H)

B3C-NMR (CDCi): ) (ppm): 14.0 (CH), 22.3(CH), 22.6 (CH), 25.9 (CH), 31.2 (CH), 46.5 (CH),
51.8 (CH), 63.5 (CH), 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 Chrishlpha 1-2LD plus, for at
least 72 h, the water content was detected by means of eoulometric Karl Fischer titration
(Mettler Toledo C20) with Hydranal Coulomat AG reagent.able 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 H>O(wt% ) | Product H>O (wt% ) | Product H20 (Wt% )
[DIC3]l 34 [TriC3]Br 0.7 [TriCa4]Br 1.9
[DiGs]CI 10.9 [TriC3]ClI 3.3 [TriC4]ClI 4.5
[DiCs]Ace 10.0 [TriCs]Ace 7.7 [TriC4]Ace 6.5
[DiCs]Lac 3.1 [TriCs]Lac 2.6 [TriCs)Lac 1.8
[DiCs]Lev 2.6 [TriCs]Lev 3.5 [TriC4]Lev 6.7
[DiCs]lta 5.9 [TriCs]2lta 8.3 [TriC4]2lta 6.6
[TriC4]Gly 5.0
[DiC4]Br 0.7 [DiCs]Mand 1.1 [DiCs] Br 0.5
[DiC4CI 1.0 [DiC4]2Suc 5.3 [DiCs]Ace 5.3
[DiCs]For 7.7 [DiCs]-lta 12.8 [DiCes]Lac 1.9
[DiC4]Ace 10.8 [DiC4]-Male 11.5 [DiCs] Gly 1.2
[DiCs]Lac 2.8 [DiCs]2Fum 9.8 [DiCes]Lev 2.1
[DiC4]Gly 1.6 [DiCs]:Mala 7.0 [DiCs] Sal 1.1
[DiC4]Lev 25 [DiC4].Tar 4.1 [DiCs]Mand 0.8
[DiCs]Sor 5.5 [DiC4]sCit 7.3 [DiCs].lta 4.2
[DiCs]Sal 1.8 [DiCe]2Tar 2.0
[DiCs]sCit 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 btween 5 and 10 mg were placed in aluminum pans and heated from 25
to 300 °C at a heating rate of 10 ®@in-1. The degradation temperatureTqeq is determined as

starting point of the degradation (range with the highest slope of TGéurves):
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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. Samplevetween 5 and 10 mg were sealed in aluminum pans and
measured over a temperature range of80 °C until ca. 20 °C under the beginning of degradation
with a rate of 10 °@nin-1; the samples were cooled with an intercoolerThe phase transitions of
the products were investigated, providing the glass transition (Tyg, as the midpoint of a small
endothermic heat capacity change from the amorphous glass state to a liquid state), the cold
crystallization (T, as onset of an exothermic peak on heating fromsapercooled liquid state to a

crystalline solid state), the melting temperature Tm, as onset of an endothermic peak on

105



