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‘There is probably no other topic in pure and applied chemistry 
that is now dealt within so many different contexts.’ 

- Hermann Weingärtner on ionic liquids1  
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I. Kurzzusammenfassung

Ionische Flüssigkeiten (ILs) sind eine vielseitig abstimmbare neue Materialklasse, die 
eine einzigartige Eigenschaftskombination für ein großes Spektrum an Anwendungen 
bietet. Die immense Anzahl an möglichen ILs für die Einbindung in fortgeschrittene 
Technologien erfordert ein detailliertes Wissen über deren Synthese, physikochemische 
Eigenschaften und mikroskopische Wechselwirkungen, die das makroskopische Verhal-
ten bestimmen. Die Einführung fluorierter Alkylgruppen kann die Eigenschaften von 
ILs auf verschiedene, vorteilhafte Weisen ändern.  

Die Ziele dieser Arbeit waren die systematische Untersuchung der Synthese von neuen 
ILs mit perfluorierten Gruppen, die daraus resultierenden makro- und mikroskopischen 
Eigenschaften (Transportgrößen, Benetzungsverhalten und Flüssigstruktur) sowie mög-
lichen Anwendungen, die von der Verwendung dieser fluorierten ILs (FILs) profitieren. 

Die Einführung langer Perfluorokohlenstoff-Ketten in Kation oder Anion von ILs führte 
zu höheren Schmelzpunkten und Viskositäten sowie einer veränderten Nanostruktur 
durch die ausgeprägtere Bulk-Strukturierung. Darüber hinaus zeigten die FILs ein deut-
lich verändertes Benetzungsverhalten auf verschiedenen Oberflächen und es wurde de-
monstriert, dass ein hochfluorierter Vertreter zur Immobilisierung eines Palladium-Ka-
talysators in einer thermoregulierten fluorigen Zweiphasenkatalyse genutzt werden 
kann. Im Gegensatz dazu zeigten Anionen mit Trifluormethylgruppen verbesserte 
Transporteigenschaften durch stärkere Ladungsdelokalisation. 
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II. Abstract

Ionic liquids (ILs) constitute a highly tunable class of novel materials that offers a unique 
property combination for a large variety of high-performance applications. As there are 
a vast number of possible ILs accessible for the implementation in advanced technolo-
gies, the knowledge about their synthesis, physicochemical properties and microscopic 
interactions that determine the macroscopic behavior is of vital interest. The introduc-
tion of fluorinated alkyl groups in ILs significantly alters their properties depending on 
the chain length in different beneficial ways.  

The aim of this thesis was the systematic investigation of the synthesis of novel ILs with 
perfluorinated alkyl groups, the resulting macro- and microscopic properties (transport 
characteristics, wetting behavior and bulk structuring) as well as possible applications 
that could benefit from these fluorinated ILs (FILs).  

The introduction of elongated perfluorocarbon segments in the ILs’ cation or anion re-
sulted in increased melting points and viscosities as well as an altered nanostructure 
through pronounced structuring in the bulk liquid. Furthermore, the FILs showed a sig-
nificantly altered wetting behavior on different surfaces and it was demonstrated that a 
highly fluorinated representative could be used in thermoregulated fluorous biphasic 
catalysis for the retention of a palladium catalyst. In contrast to this, anions containing 
trifluoromethyl groups showed improved transport properties due to increased charge 
delocalization.
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III. Motivation and aim of the thesis

The fascinating material class of ionic liquids was already discovered more than one 
hundred years ago. However, they had fallen into oblivion and remained a curiosity 
until the mid of the 1990s with the discovery of low viscous, air and water stable ILs. As 
low temperature molten salts they show an interesting property spectrum that combines 
the characteristics of molecular solvents and conventional fused salts. This unique prop-
erty combination and customizability offer a vast number of new possibilities for chem-
ists, material scientists, physicists and other scientists for many advanced applications. 
Indeed, ILs have been implemented in many technical applications for instance as spe-
cial solvents, electrolytes, working fluids, additives or reactive phases. Very promising 
IL-applications are in fields where their special characteristic profile can be fully ex-
ploited to increase efficiency, performance or safety for instance of reactions, processes, 
materials as well as technical devices. As there are a very large number of possible IL-
constituting cation-anion-combinations a detailed understanding of their structure-
property combination is essential for designing and tuning IL properties towards de-
sired applications. 

This thesis aims at a better understanding of ILs that incorporate perfluorinated alkyl 
groups in either the cation or the anion. The highly nonpolar molecular fragments are 
known to change the ILs’ physicochemical characteristics, such as thermal transitions, 
solvent and transport properties, as well as their structuration in the bulk and at surfaces 
depending on their attaching positions and lengths. Furthermore, the ILs of highest elec-
trochemical stability and performance for electrochemical devices usually include fluo-
rine-containing anions. Although it is known that attaching perfluorocarbon moieties to 
ILs can alter their properties in beneficial ways for many special applications, such as 
gas-separation, solvent behavior or composite materials, only a very limited number of 
fluorinated ILs have been investigated so far. In addition, a systematic investigation of 
their properties is often lacking. 

To achieve this aim, synthesis protocols for many novel ILs were developed and their 
most important physicochemical properties were determined. In many cases their char-
acteristics were compared to the non-fluorinated hydrocarbon analogues for direct 
demonstration of the influence resulting from fluorination. Besides the general charac-
teristics of the novel ILs, some special features of the fluorinated ILs, such as wetting 
behavior, bulk structuration and ionicity, should be analyzed. Also, a practical applica-
tion of a highly fluorinated IL as substitute for volatile organic compounds should be 
demonstrated. 
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VI. Abbreviations 

[A] Anion 

[BETI] Bis(pentafluoroethanesulfonyl)imide anion 

[B((CF2)xF)(CN)3] Perfluoroalkyltricyanoborate anion 

[B((CF2)xF)(CN)yFz] Perfluoroalkylcyanofluoroborate anion (x ≥ 1; y+z = 3) 

[B((CF2)xF)F3] Perfluorotrifluoroborate anion (x ≥ 1) 

[B(CN)4] Tetracyanoborate anion 

[BF4] Tetrafluoroborate anion 

[C(CN)3] Tricyanomethanide anion 

[Cl] Chloride anion 

[ClO4] Perchlorate anion 

[CO2(CH2)xH] Carboxylate anion (x ≥ 0) 

[CO2CF3] Trifluoroacetate anion 

[CO2(CF2)xF] Perfluoroalkylcarboxylate anion (x ≥ 1) 

[CxCyIM] 1-alkyl-3-alkyl-imidazolium cation (x,y: number of carbon 
atoms in alkyl side chain) 

[C(Tf)3] Tris(trifluoromethanesulfonyl)methanide anion 

[FAP] Tris(pentafluoroethyl)trifluorophosphate anion 

[N(CN)2] Dicyanamide anion 

[NO3] Nitrate anion 

[N(PO((CF2)2F)2)2] Bis[bis(pentafluoroethyl)phosphinyl]imide anion 

[N(SO2CF3)(CN)]) Trifluoromethanesulfonyl-N-cyanoamide anion 

[N(SO2CF3)(COCF3)] Trifluoro-N-(trifluoromethanesulfonyl)acetamide anion 

[N(SO2CF3)2] Bis(trifluoromethanesulfonyl)imide anion 

[N(SO2(CF2)2F)] Bis(pentafluoroethanesulfonyl)imide anion 

[N(SO2(CF2)xF)2] Bis(perfluoroalkylsulfonyl)imide anion 

[OC(CF3)3] Perfluoro-tert-butoxide anion 

[OMs] Methanesulfonate anion 

[OTf] Trifluoromethanesulfonate anion 

[P(CF2)2F)3F3] Tris(pentafluoroethyl)trifluorophosphate anion 

[PF6] Hexafluorophosphate anion 

[PO2(O(CH2)xH)(CH2)yH] Alkylphosphonate anion (x ≥ 1, y ≥ 0) 

[PO2(O(CH2)xH)2] Dialkylphosphate anion (x ≥ 1) 

[PO2(CF3)2] Bis(trifluoromethyl)phosphinate 

[SCN] Thiocyanate anion 

[SO3(CH2)xH] Alkylsulfonate anion (x ≥ 1) 

[SO3CF3] Trifluoromethanesulfonate anion 

[SO3(CF2)4F] Nonafluorobutanesulfonate anion 
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[SO4(CH2)xH] Alkylsulfate anion (x ≥ 1) 

[TFA] Trifluoroacetate 

  

  

AIL Aprotic ionic liquid 

API Active pharmaceutical ingredient 

BASIL Biphasic acid scavenging utilizing ionic liquids 

DSSC Dye-sensitized solar cell 

DMF Dimethylformamide 

EDLC Electrochemical double-layer capacitors 

ESI-MS Electrospray ionization - mass spectrometry 

EWG Electron withdrawing group 

FIL Fluorinated ionic liquid 

GC Gas chromatography 

GPIM Green propellant infusion mission 

HPDSA High-precision drop shape analysis 

HPLC High-performance liquid chromatography 

IL Ionic liquid 

ILC Ionic liquid crystal 

LC Liquid crystal 

MALDI-MS Matrix-assisted laser desorption/ ionization - mass spec-
trometry 

MD Molecular dynamics 

MILs Metal-containing ionic liquids  

NP Nanoparticle 

NTf2 Bis(trifluoromethanesulfonyl)imide 

OTf Triflate 

PEMFC Proton exchange membrane fuel cell 

pKa Negative logarithmic acid dissociation constant 

PIL Protic ionic liquid 

RTIL Room temperature ionic liquid 

SAXS Small-angle X-ray scattering 

SILP Supported ionic liquid phase 

TGA Thermogravimetric analysis 

Tf Triflyl/ trifluoromethanesulfonyl 

VOC Volatile organic compound 
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1. Introduction 

1.1 General aspects of ionic liquids – advanced liquid materials  

Ionic liquids (ILs) are a comparably modern class of tunable liquid materials with a 
unique combination of characteristics. Their peerless features make them highly attrac-
tive for a very wide range of applications throughout the fields of science and technol-
ogy. This substance class consists of organic salts with very low melting points that are, 
per arbitrary and widely accepted definition, below 100°C. This criterion was introduced 
to distinguish them from classical molten salts that typically have highly diverging prop-
erties, such as high melting points, low viscosities (in their liquid state) and corrosive 
behavior. Due to practical reasons the subclass of room temperature ionic liquids 
(RTILs), which is composed of ionic melts that are in the liquid state at ambient temper-
ature, is of highest interest. ILs conflate the properties of organic liquids and molten salts 
which itself makes this class intrinsically attractive even for physicists as dense ionic 
fluids that are low temperature analogues of plasma.2 As there is a virtually unlimited 
number of synthetically available ILs, one outstanding characteristic is their task specific 
adjustability towards desired applications. Many limitations set by common organic and 
inorganic solvents can thus be overcome. While the conventionally used solvents are 
restricted in their number to only a few hundred representatives, the amount of possible 
IL-forming anions and cations is estimated to be several orders of magnitude larger.3 
Due to this remarkable adaptability, they are frequently referred to as ‘designer sol-
vents’4,5 or ‘task-specific liquids’.6 As ILs are composed solely of ions, the coulombic 
forces are the dominating intermolecular interactions.7 This is in contrast to conventional 
molecular liquids, where the van der Waals interactions are decisive as intermolecular 
force. As a direct result of the stronger molecular interactions, ILs show distinctly altered 
properties compared to molecular compounds that are an exceptional characteristic fea-
ture of the low temperature molten salts. ILs have, for example, extremely high en-
thalpies of vaporization (ΔHv) resulting in a negligible vapor pressure, insignificant vol-
atility and non-flammability.8,9 This prevents operators and the environment from expo-
sition through the gas phase and ensures an increased safety in processing compared to 
conventional volatile and inflammable organic solvents. Because of their ionic constitu-
tion ILs exhibit an intrinsic conductivity which is determined by their viscosity (see the 
Walden relation discussed in section 1.7), making them promising electrolytes for elec-
trochemical devices. Furthermore, they possess in most cases a wide liquid range as well 
as high thermal, chemical and electrochemical stability. These beneficial characteristics 
make them candidates with high potential for a broad range of technologies (see section 
1.4 for more details). Table 1 summarizes the general properties of ionic liquids in com-
parison to molecular organic solvents.  
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Table 1: Generalized comparison of conventional organic solvents and ionic liquids.3 

Property  Organic solvents Ionic liquids 

Number of representatives ≈ 103 > 108 

Adjustability 
Limited range of solvents 

available 
Functionalizable in a very 

wide range 

Vapor pressure 
Obeys Clausius-Clapeyron 

equation 
Negligible under ambient con-

ditions 

Flammability Often flammable Non-flammable 

Viscosity at 25°C 
Low to moderate 
(≈ 0.2-200 mPa s) 

Moderate to very high 
(≈ 15-104 mPa s) 

Density 0.6-1.6 g cm-3 0.8-3.3 g cm-3 

Functionality Usually monofunctional Often multifunctional 

Catalytic activity Rare Common and tunable 

Structuration in bulk and  
at surfaces 

Usually poorly pronounced 
Often highly structured on dif-

ferent length scales 

Magnetic properties Nonmagnetic 
Intrinsic paramagnetism in 

metal-containing ionic liquids 

Chirality Very rare Large variety of chiral ILs 

Market price Usually cheap 
2-100 times the cost of molecu-

lar solvents 

Recyclability Sustainable impetus Economic impetus 

   

As already mentioned, the most particular feature of ILs are the highly customizable 
qualities through the choice of anion and cation or the attachment of functional groups 
that can be varied in nearly infinite ways. Thus, ILs can incorporate a large variety of 
different properties as single component that are either uncommon or impossible in the 
case of conventional molecular liquids. These features can include for instance lumines-
cent,10–13 magnetic14–19 or chiral20–23 properties to name only a few that are exotic or com-
pletely unknown for conventional molecular liquids.  

The incredibly large number of possible ILs demands sophisticated knowledge about 
the underlying structure-property relationships to evaluate which purpose can be com-
plied best with which ionic fluid. ILs were found to show distinct structuring on differ-
ent length and time scales as there are more different competing molecular interactions 
present than in usual molecular liquids.24 In the latter, usually dipolar as well as higher 
order multipolar electrostatic interactions (van der Waals interaction composed of 
Keesom, Debye and London forces) and sometimes hydrogen bonds are dominating.  
For the IL class the intermolecular forces range from the weak, isotropic and non-specific 
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van der Waals to the strong Coulombic interactions and often include specific, aniso-
tropic forces, such as hydrogen bonding and dipole-dipole interactions.25 Although there 
are more intermolecular interactions present in ILs than in molecular solvents, the Cou-
lomb interaction plays the most dominant role.26 The interactions and resulting structu-
ration present in this special type of liquid salts will be discussed more detailed in section 
1.5. Due to the inherent charge, ionic liquids are usually regarded as polar yet noncoor-
dinating solvents27 with polarity values28 ranging from slightly less polar than water, for 
example found for ethylammonium nitrate [EtNH3][NO3],29 to highly nonpolar repre-
sentatives that are even completely miscible with mineral oils (e.g. phosphonium ILs 
with long alkyl chains).30–32 The extraordinarily low melting points of ILs are the result 
of their molecular structure which is designed to destabilize the crystalline state, leading 
to a thermodynamically favored liquid state at comparably low temperatures.33 The 
structural formulae of commonly used cations and anions are sketched in Figure 1.  

 
Figure 1: Molecular structures of typical cations and anions used for ionic liquids. 

There are three main strategies to achieve low lattice enthalpies and large entropy 
changes upon melting for bulk ILs in order to obtain the usually desired RTILs, nominal 
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asymmetry, charge delocalization and flexibility.34,35 In most cases the different types of this 
‘anti-crystal engineering approach’36 are combined to obtain the most pronounced ef-
fects. 

The first concept uses asymmetric substitution patterns to lower the symmetry and is 
mainly implemented in the organic cations. The reduction of ion symmetry lowers the 
energy of the crystal lattice energy by inhibiting more efficient ion packing as it is possi-
ble for ions with symmetric substitutions.37 This leads to much lower melting tempera-
tures for ILs with asymmetric substitution patterns compared to the symmetric ones. 
Lowering the symmetry of the alkyl tags can also be realized by long unsaturated or 
branched hydrocarbon fragments.38 

A further strategy for melting point depression is charge delocalization in either cation, 
anion or both resulting in more dispersed charges over larger volumes along with re-
duced electrostatic interactions. For cations, a low charge density can be achieved using 
nitrogen-containing delocalized π-electron systems, such as the aromatic imidazolium 
and pyridinium or the cross-conjugated guanidinium cation. The charge delocalized ar-
omatic cations were also found to possess lower relative interaction strength values than 
the saturated cyclic counterparts.39 Efficient charge delocalization to reduce the ion-ion 
interactions can also be achieved by anions with a large number of contributing reso-
nance structures. This is for instance realized in nitrate, alkyl sulfonate, alkyl sulfate an-
ions as well as in the bis(trifluoromethanesulfonyl)imide ([NTf2]) and similar imides. 
Strong electron withdrawing groups (EWGs) to reduce the charge localization in the an-
ions are also widely used. EWGs such as fluorine atoms in the tetrafluoroborate [BF4] or 
hexafluorophosphate [PF6], cyano-groups40 in the dicyanamide [N(CN)2] or tricyano-
methanide [C(CN)3], chlorine atoms in metal-containing anions as well as fluorinated 
alkyl groups for instance realized in the [NTf2] or the trifluoromethanesulfonate ([OTf])41 
are some widespread examples.  

The third strategy utilizes conformational flexibility via the incorporation of elongated, 
bulky alkyl groups and is mainly used in organic cations. Long hydrocarbon chains have 
a high degree of conformational flexibility and thus increase the entropy of the liquid 
state.42 Furthermore, these flexible alkyl chains reduce the contribution of the Coulombic 
interaction to the crystal lattice energy by increasing the dominance of the ions’ covalent 
part.43 Additionally, the flexibility can be increased by ether functionalities in the side 
chains that have an even higher degree of rotational freedom, thus further reducing the 
lattice energy along with the melting temperatures.44–47 

Due to the frustrated lattice packing, only glass transition temperatures Tg are observed 
for many ILs.48,49 The thermal behavior of these good glass-formers is characterized by 
absence of first order phase transitions, such as crystallization and melting, resulting in 
the formation of amorphous glasses upon cooling.50 Similar thermal behaviors are also 
often observed in eutectic mixtures of ILs51 or ILs with inorganic salts.52 Another related 
result of the low lattice energy is the phenomenon of pronounced supercooling that is 
often observed for ionic liquids in the absence of seed crystals.53–55 The influence of the 
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attached alkyl chain on the liquefaction temperatures for the widely used 1-alkyl-3-
methyl-imidazolium ILs [CxC1IM][A] is shown in Figure 2. 

Figure 2: a) Melting point (Tm) progression in dependence of the attached side chain length in 1-
alkyl-3-methyl-imidazolium [CxC1IM][A] ILs with different commonly used anions [A] from lit-
erature values.37,56–61 The dashed lines show the boundaries between the conventional molten 
salts (Tm > 100°C), ionic liquids (Tm ≤ 100°C) and room temperature ionic liquids (Tm ≤ 25°C). For 
some examples, solely glass transitions Tg are observed. Commonly observed values for Tg are in 
the range of -100°C to -50°C. b) Sketch of the [C16C1IM] cation showing the structural regions 
relevant for the melting point progression.3 The charge-rich fragment of the aromatic imidazo-
lium core has a higher symmetry than the one with elongated hydrocarbon chains which leads to 
the experimentally observed higher melting points for short hydrocarbon chains (x = 1-3). The 
increase of the hydrocarbon chain length reduces the symmetry and Coulombic attraction, thus 
resulting in lower melting points or even the occurrence of only glass transitions. Further increas-
ing of the side chain length leads to more pronounced van der Waals interactions between the 
hydrophobic sections. This in term stabilizes crystalline structures, resulting in increasing melt-
ing points similar to molecular compounds such as linear alkanes. However, the [CxC1IM][A] ILs 
with long alkyl chains (x ≥ 14) often show also liquid crystalline features so that additional ther-
mal transitions of the liquid crystalline phases are present.  

Creating low melting ILs demands a balance of the ion-ion interactions, the van der 
Waals forces of the hydrocarbon segments as well as symmetry that is generally ob-
served best for butyl (x = 4) to decyl (x = 10) chains in the case of this imidazolium ILs. 
The attachment of longer nonpolar leads to intensified lipophilic interactions that stabi-
lize the nonpolar region of the crystal and in turn increase the melting points again. 

Another direct result of this molecular design consisting of charged fragments with at-
tached organic groups is the occurrence of nanostructures and the widespread ability to 
support self-assembly of amphiphiles.62 As a general rule related to the nature of ions 
and solvent microstructure, the ionic liquid class combines properties similar to polar 
molecular liquids, molten salts and bicontinuous microemulsions.25 This also means that 
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their properties are fairly different from atomic and molecular fluids as well as from 
conventional molten salts. The physicochemical properties of typical representatives for 
molecular liquids, ionic liquids as well as a molten inorganic salt and a metallic fluid are 
given in Table 2 for comparison. 

Table 2: Physicochemical properties of typical representatives for molecular solvents, ionic liq-
uids, conventional molten salts and metallic fluids.a) 

Property 

Fluid 
Class 

Molecular liquid Ionic liquid 
Molten 

salt 
Liquid 
metal 

Exam-
ple 

Water n-Hexane 
[C4C1IM] 

[NTf2] 

[P66614] 

[Cl] 

Molten 
NaClb) 

Hg 

Appear-
ance 

 Clear, 
Colorless 

Clear, 
Colorless 

Clear, 
Colorless 

Clear, 
Colorless 

Clear, 
Colorless 

Silvery 

M / g mol-1  18.02 86.18 419.36 519.31 58,33 200.59 

Tm / °C  0 -95 -463 -6664 801 -39 

Tb / °C  100 69 439c) 65 320c) 66 1465 356.65 

ρ / g cm-3  0.997 0.661 1.43767 0.89368 1.556 13.534 

η / mPa s  0.890 0.300 51.2269 168368 1.02970 1.526 

ΔHv / 
kJ mol-1 

 
40.66 28.85 139.1571 - 226.472 59.11 

P / Pa 
 

3169 17600 
Negligi-

ble 
Negligi-

ble 
59.773 0.261 

nD  1.3334 1.3727 1.426774 1.483175 1.41376 - 

γLV /  
mN m-1 

 
72.7 18.4 30.777 29.678 110.279 485.5 

Cm /  
J mol-1 K-1 

 
75.375 265.2 59580 772.481 67.282 28.0 

λ /  
W m-1 K -1 

 
0.607 0.1167 0.12683 0.16184 0.49785 8.514 

ET
N   1.00086 0.00986 0.55287 0.44488 - - 

a) Data values from standard literature compendium89 unless stated otherwise; physical proper-
ties of the liquid state are given at 25°C unless stated otherwise; property abbreviations are the 
following: M: molar mass; Tm: melting point; Tb: boiling point; ρ: density; η viscosity; ΔHv: en-

thalpy of vaporization; P: vapor pressure; nD: refractive index; γLV: surface tension of liquid-vapor 

interface; Cm: molar heat capacity; λ: thermal conductivity; ET
N: normalized solvent polarity meas-

ured with the Reichardt’s dye (2,6-Diphenyl-4-(2,4,6-triphenylpyridin-1-ium-1-yl)phenolate), the 
most often used solvatochromic dye; b) Data given for liquid sodium chloride at its melting point; 
c) Thermal decomposition temperature as determined by dynamic thermogravimetric analysis 
(TGA) under inert gas. 
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The amphipilic behavior and tunable balance of the molecular interactions in ionic 
liquids make them powerful solvents for a broad range of inorganic and organic 
compounds including polymeric species. This extraordinary solvent behavior also 
includes a suprisingly large number of cases where the activity of enzymes could be 
retained or even improved in IL media.90  

The directed control over structure-property relationships towards a desired application 
can be attained by modification of the molecular structure of ILs. These ionic fluids can 
therefore be customized to special reactions or processes by reverse design of the molec-
ular structure. This targeted methodology is in strong contrast to empirical approaches 
for the selection of conventional solvents. However, on the contrary also an advanced 
knowledge about the connection of micro- and macroscopic properties is essential for 
tailoring towards specific goals. The scientific paradigm for the IL research with the com-
plementary approaches is sketched in Figure 3.  

 
Figure 3: Complementary approaches in the field of IL research. The direction of fundamental 
research aims to gain detailed insight in the structure-property-relationship that in term allows 
the integration ILs in certain applications. The reverse design approach on the other hand tries to 
choose the best molecular composition starting from a certain task. The reverse design allows the 
purposeful tailoring of the ionic fluids if the connections between the micro- and macroscopic 
properties are known. This ‘designer’ proceeding is hardly possible for conventional solvents, 
where the choice of a system relies on empirical approaches. 

One branch of more fundamental research is pursuing the investigation of ionic liquid 
properties as a function of the molecular design to enhance existing techniques or open 
paths to novel ones. The other reverse design manner focuses on the choice and design 
of anions and cations that can be manipulated in various ways for a desired practical 
application.91 However, such innovative efforts in turn demand a multiscale thinking 
about the different spatial and temporal connections from molecular to macroscopic 
scales.92 ILs have found widespread and highly diverse applications in both fundamen-
tal research and practical applications due to the virtually endless possible combinations 
of cations and anions as well as includable chemical functionalities and adjustable phys-
icochemical properties. Therefore, the ionic fluids are currently entering the marketplace 
more and more3,93,94 and are already implemented in some large scale production sites 
for instance in the case of the BASIL (acronym for ‘Biphasic Acid Scavenging utilizing 
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Ionic Liquids’) process of the BASF.95,96 Some important uses of ILs will be discussed 
more detailed in section 1.4. 

1.2. Ionic liquid subclasses – as diverse as chemistry? 

A definite classification of ionic liquids themselves in comparison to other known sub-
stance classes is quite tough since there are a lot of different approaches according to 
analogies in their properties and the substance class itself is highly diverse. Literature 
suggestions span the range from similarities to liquid crystals,26 fragile glass-formers97 
over supramolecular fluids98 with heterogeneous structures and dynamics99 (related to 
the existence of different microdomains in ILs) to the conjunction between molecular 
solvents and conventional molten salts.100,101 

Compounds included in the ionic liquid class can be classified according to various cri-
terions depending on the diversification desired. By this way a single ionic liquid is char-
acterized by different attributes according to its physicochemical properties and struc-
tural features. An overview of frequently applied multifaceted classifications used in the 
literature is shown in Figure 4. 

 
Figure 4: Classifications of an ionic liquid according to different criteria used in the literature. 

Besides the already mentioned differentiation between the general chemical composi-
tion of cation and anion or by attached side chains, ILs can also be grouped following 
their proton donation ability. The consequence is a distinction in either acidic, neutral or 
basic ILs102 relevant to catalytic properties103 or in the two big subclasses of protic and 
aprotic ILs.104,105 Protic ILs (PILs) are proton donating solvents, whereas the non-proton-
donating ILs are classified as aprotic in analogy to the terms established for molecular 
solvents. PILs are synthesized via proton-transfer from a Brønsted acid to a Brønsted 
base. The first RTIL ever described was the PIL ethylammonium nitrate [EtNH3][NO3]106 
which melts at 12°C.107 It was discovered as early as 1914 by the German-Latvian-Rus-
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sian chemist Paul Walden.108 This was preceded by the first report on the PIL ethano-
lammonium nitrate [HO-(CH2)2-NH3][NO3] melting at 52°C107 in 1888.109 An outstanding 
feature of some PILs is the existence of H-bond donor and acceptor sides that can result 
in hydrogen bonded networks110 due to the presence of strong, directional interac-
tions.111 The occurence of these interactions influences properties, such as thermal con-
ductivity,112 thermal stability113 or solvation characteristics.114–116 This leads to inherent 
diverse properties of PILs compared to aprotic ILs (AILs) since there is always a reversi-
ble proton transfer possible,117 opening an evaporation or decomposition pathway and 
leading to an equilibrium of ionic and neutral species118 especially if the pKa difference 
of the precursors is comparably small.119 The consequences of the equilibrium between 
ionic and non-ionic species are altered properties, especially in the case of volatility and 
conductivity.120 In contrast to that, AILs are usually prepared by alkylation of nucleo-
philes to obtain the IL cations. The subsequent anion metathesis or addition of Lewis 
acids often required makes the synthetic process more tedious, complicated and less 
atom efficient (see also section 1.3).121,122 The first detailed research on AILs was con-
ducted from the 1950s to the late 1980s by the U.S. Air Force.3,123 The low temperature 
molten salts investigated there consisted of substituted organic aromatic cations, such as 
pyridinium and imidazolium, combined with the Lewis acidic aluminum chloride to 
yield chloroaluminate ILs.124,125 The examined anions were inherently sensitive to mois-
ture and oxygen as well as corrosive in their nature. These undesirable features pre-
vented a widespread breakthrough of ionic fluids as solvents or functional fluids. Yet, a 
niche use of the chloroaluminate ILs remained: the application as electrochemical sol-
vents.126 In the early and mid-1990s, the discovery of AILs that are stable towards air and 
humidity marked a turning point in the history of ILs since they brought the field from 
a curiosity to the mainstream of the scientific community. Suddenly, pathways to a vast 
amount of new applications were opened through this novel findings.123,127–129 The AILs 
in general have the benefits of more extensive chemical possibilities, higher thermal and 
chemical stability combined with lower melting points as result of the absence of di-
rected hydrogen bonds (in most cases) and the often higher degree of asymmetry achiev-
able. Furthermore, they show different solvation characteristics than PILs and usually 
behave more similar to strongly dissociating molecular solvents.130  

Another possibility to distinguish ILs is by their physicochemical properties, mainly ap-
plied with their applications as solvents in mind. The subdivision of RTILs that is of the 
highest interest for most practical uses was already mentioned. The phase behavior of 
ILs towards water may also be used for differentiation, i.e. into hydrophobic and hydro-
philic ones.65,131,132 This classification is particularly of interest for their use in extrac-
tions,133 IL separation or recovery,134,135 biphasic systems including water136,137 or appli-
cations where moisture uptake needs to be avoided.138 Comparable considerations hold 
true for the classification by solvent polarity139–141 that is important to control the misci-
bility of fluids for instance in extractions142 or multiphasic reactions.143,144 Despite the 
practicality of these attempts, it should be noted that the mentioned classifications to 
evaluate the phase and solvent behavior are ambiguous since the phase behavior of 
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fluid-mixtures are mostly sensitive to temperature and include often critical solution 
temperatures.145  

Besides investigation of the IL as bulk phase, there is also an emerging interest in con-
fined ILs, since they show significant changes in their physicochemical properties due 
to the spatial restriction and interactions with a solid surface.146,147 Although this is not 
strictly a classification for ILs they are often listed as a subclass since they utilize the 
beneficial properties of ILs and allow applications that are hardly possible with molecu-
lar liquids. These confined ionic liquids are a novel class of solid-liquid composite ma-
terials that combine the characteristics of ILs and their solid support. These hybrids en-
able completely new materials, such as ionogels148 made from ILs and polymers. Also 
the immobilization on solid supports, either with or without covalent anchoring groups, 
leads to interesting new processes, such as the SILP (acronym for ‘supported ionic liquid 
phase’) catalysis149,150 or the removal of contaminants.151 This allows the usage of low 
levels of both catalyst and IL, facile product separation, interface controlled dynamics 
and continuous reaction processes.152 Binary or ternary composites including confined 
ILs are also of great interest for energy applications including supercapacitors,153 fuel 
cells154 or batteries.155  

A famous classification frequently applied by physicochemists is the subdivision by sol-
vent structures and spatial extent adopted in bulk state since it is of fundamental im-
portance for deviated macroscopic behavior.25 The already discussed hydrogen bonding 
(that is also present to some extend in several aprotic ILs156) is also relevant to the for-
mation of networks157 and related phenomena, such as reaction kinetics and dissolution 
of biomass compounds.158 The formation of polar ionic and nonpolar hydrocarbon do-
mains, which is driven by solvophobic interactions if the attached hydrocarbon chains 
are sufficiently long, was reported for a large spectrum of ILs.159,160 The formation of this 
nanostructured aggregates has also a great influence on the macroscopic properties. The 
interactions and resulting structures in ILs will be discussed in more detail in section 1.5. 
Ionic liquids with orientation on larger scales are referred to as ionic liquid crystals 
(ILCs), bridging the field of ILs and conventional liquid crystals.161 The thermotropic 
ILCs combine the self-assembly and anisotropic physical properties of liquid crystals 
with the tenability, conductivity and strong electrostatic interactions as structure deter-
mining factors of ILs.162 For ILs with hydrocarbon chains longer than tetradecyl, smectic 
mesophases similar to conventional liquid crystals are often found.163 

As ionic liquids can incorporate a large variety of functionalities uncommon in pure mo-
lecular liquids, they are often denoted as task-specific or functional ionic liquids. In these 
cases, the tailored fluids are classified according to the unique properties included or 
processes where they are designed to be used. These special, beyond solvent attributes164 
encompass for example chiral ILs,22,165 photon-upconversion,166 redoxactivity,167 ener-
getic ILs (ILs that have a large amount of chemical energy stored),168,169 magnetism170 or 
luminescence.171,172 Also, ILs tailored for specific purposes, such as CO2 capture173 or bi-
ological activity,174 are in the focus of current research. 
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Another possible distinction often used is by the charge amount and distribution if no 
longer simple, single charged cations and anions species are considered. This includes 
mainly dicationic ILs175,176 that show higher melting temperatures, densities and viscos-
ities compared to the monocharged ones,177,178 while there are only little reports of dian-
ionic ILs.179 The two opposite charges may also be connected by covalent linkers forming 
the so called zwitterionic liquids that find some uses for instance in electrochemical ap-
plications180,181 or as surface active compounds.182 Polymerized ILs, polymeric ILs or 
poly(ionic liquids),183 all terms describing the same class, are the macromolecular ana-
logues of conventional ILs. They are a subgroup of ionic polymers and transfer common 
IL properties, such as glass-forming tendency, thermal stability and high ionic conduc-
tivity, to polymers.184 They can either be synthesized from ionic monomers with 
polymerizable groups or by modifying polymeric structures with ionic groups.185 Re-
search on the polymerized ILs focuses mainly on the use in catalysis,184 electrochemical 
energy conversion186 or the use as stimuli-responsive substances184 as well as separation 
and absorption materials.187,188 

Beside the various classifications in the field of single component ILs, there is also an 
emerging interest in mixtures of ILs,189 leading to new systems with altered characteris-
tics,190 although the IL blends are in general only sparsely investigated. However, there 
is growing evidence that these multicomponent systems behave almost ideal if the ionic 
species are of comparable ionic size.191 On the contrary, the deviation from ideal behav-
ior is more significant if there are more complex interactions and the ion sizes are quite 
different.191 

1.3 Synthesis of ionic liquids – toolbox and key rolled into one  

As only a small part of the immense number of synthetically available ILs is also com-
mercially available, their tailored synthesis is essential for developments incorporating 
ILs. As a consequence of the high variety and different IL properties, their synthesis is 
also not straightforward and has to be adapted to the needs. The synthetic pathways to 
the general types of ILs are sketched in Figure 5.  

Especially the purity of ILs is of concern for a range of applications such as electrochem-
istry, catalysis or spectroscopy.192 A particular problem in the purification of ILs is the 
intrinsic restriction of purification methods as conventional practices like crystallization 
or distillation are only applicable in rare cases. Also, column chromatography is often 
difficult if larger quantities are needed. Therefore, it is vital to choose synthesis pathways 
with facile purification techniques and to limit the number of inter stages to a minimum. 
The reduction of energy-intensive purifications and multiple step reactions is obviously 
important to decrease their overall cost which in turn limits their distribution. This is of 
especial concern when they act as substitute for volatile organic compounds (VOCs) that 
are commonly low in price.193 In practice, the purification of low temperature molten 
salts is conventionally achieved via filtration of the intermediate organic salts, solvent 
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extraction strategies as well as the removal of volatile impurities and excess precursors 
under reduced pressure. 

 
Figure 5: General synthesis pathways to different classes of ionic liquids from nucleophilic, basic 
precursor molecules and some general properties of the obtained IL subclasses. 

The syntheses of ILs usually start with a Lewis basic precursor that can either act as 
Brønsted base or nucleophile forming the cationic part during the neutralization or nu-
cleophilic substitution.194 Frequently used precursors are the aromatic N-substituted im-
idazoles, pyrrolidines or piperidines, pyridines, mono-, di- and tri-substituted amines as 
well as tri-substituted phosphines.127 Although there are a large variety of applicable 
precursors commercially available, the synthesis of more complex substitution patterns 
often demands additional reaction steps. Furthermore, proper purification of the precur-
sor and the alkylation reagents are required, especially if spectroscopically pure com-
pounds are indispensable.195 

The formation of PILs is achieved by direct protonation of the precursor in an acid-base-
neutralization, if the related acid is available. Due to the nature of this reaction types the 
synthesis is usually rapid, atom-efficient and quantitative making the PILs attractive in 
the context of greener chemistry, especially from a synthetic point of view.196 The ILs 



1. Introduction 

13 
  

obtained this way share the characteristics of incompatibility towards bases and an 
acidic reaction in aqueous medium. 

AILs, on the other hand, can be prepared either by direct alkylation in a one-step reac-
tion, if an organic compound with appropriate leaving group is available, or by a two-
step protocol including alkylation and subsequent anion metathesis. Regarding atom 
economy and waste prevention in accordance with Green Chemistry principles,197 the 
direct synthesis is obviously favorable.198 The direct alkylation also ensures a halide-free 
pathway to IL applications, such as electrochemistry, where even very small amounts of 
halides can have a disturbing effect. Applicable anions for this procedure are for exam-
ple the alkylsulfates [SO4(CH2)xH],199 alkylsulfonates [SO3(CH2)xH],200 tosylates 
[OTos],201 trifluoromethanesulfonate [OTf],202 dialkylphosphates [PO2(O(CH2)xH)2],203,204 
alkylphosphonates [PO2(O(CH2)xH)(CH2)yH]205 or the fluorinated bis(perfluoroalkyl-
sulfonyl)imides [N(SO2(CF2)xF)2].206 The Meerwein’s salt derivatives based on the trial-
kyloxonium [O((CH2)xH)3] cation with the tetrafluoroborate [BF4] or hexafluorophos-
phate [PF6] anion can also act as strong alkylation agents for the direct synthesis of apro-
tic ILs, but are comparably expensive.207 The direct synthesis of 1-alkyl-3-methyl-imid-
azolium nitrates [CxC1IM][NO3] by alkylation with alkyl nitrates is also feasible, but re-
quires explosive starting materials.208 As most of the direct alkylation reagents are highly 
sensitive to nucleophiles and moisture, the syntheses of ILs are often conducted under 
inert gas atmosphere. Especially the reaction of the nucleophilic water with the reactive 
compounds used for the direct alkylation can lead to contamination with the free acid of 
the corresponding anion. These acids often have high boiling points and are therefore 
hard to remove by evaporation. Even the presence of acidic proton in trace amounts can 
have a significant disturbing effect in many cases and also catalyzes the decomposition 
of the [PF6] anion.209 Therefore proper reaction control and appropriate purification are 
indispensable to obtain ionic fluids in high purity by these reactions.  

Due to the disadvantages discussed above, the more frequently applied procedure for 
the synthesis of ILs utilizes the preparation of the halide salts by alkylation with a haloal-
kane to the quaternary species as an intermediate step.210 Choosing this preparative 
pathway has the further advantage of easier processing due to the stability of the rea-
gents towards moisture and less exothermic reactions. Also, there is a large spectrum of 
inexpensive, often functionalized, representatives available which offers a high degree 
of synthetic flexibility. The products obtained in this way are often comparably high 
melting organic salts rather than ionic liquids thus additionally allowing further purifi-
cation by crystallization. However, in some rare cases even RTILs with halide ion can be 
obtained, but they always form highly viscous compounds. Both the high melting point 
and the high viscosity have their origin in the charge localizations of the halide anions 
that stabilizes their crystalline structures and induces strong intermolecular interactions. 
The halide salts obtained by the quarternization reaction can subsequently be converted 
by anion metathesis reactions to yield molten salts with the desired anions, thus offering 
a highly adaptable platform for the synthesis of AILs. Conventionally used for the anion 
exchange are alkali metal salts211,212 or silver salts.123,213 Also, the preparation by addition 
of the conjugate acid of the desired anion is feasible in some cases.122,214 This pathway 



1. Introduction 

14 
 

demands a sufficiently high pKa value of the acid to protonate the halide followed by 
removal of the hydrogen halide over the gas phase or separation via solvent extraction 
processes. The two step synthesis using the alkyl halides has the disadvantage that alkali 
metal or silver cations as well as halide anions or silver particles may remain in the final 
product.215 Especially the halide residues can have significant influence, for example in 
transition metal catalysis,216 or on the physicochemical217 and electrochemical proper-
ties.218 It is therefore necessary to reduce the concentration of these contaminants as far 
as possible. Applying appropriate purification methods or the change to direct alkyla-
tion procedures are therefore critical to avoid these problems. Nevertheless, the prepa-
ration of ILs via the intermediate halide salt is for some IL subclasses the only possible 
reaction pathway. Exemplary anions for the molten salts that are not accessible by direct 
alkylation are carboxylates [CO2(CH2)xH], perfluoroalkylcarboxylates [CO2(CF2)xF], tet-
racyanoborate [B(CN)4], the pseudohalides thiocyanate [SCN], dicyanamide [N(CN)2], 
tricyanomethanide [C(CN)3] as well as perchlorates [ClO4] or metal-containing anions. 
Additionally, anion exchangers can be an efficient tool for the preparations of AILs.219 
The AILs without functional groups show a greater alkaline stability and form neutral 
solutions in aqueous media. As already discussed, their thermal220 and electrochemical 
stability221 is usually higher and directed hydrogen bonds are only present to minor ex-
tent,222 making them effectively a special class of polar, aprotic solvents. 

The halide salts are also commonly used precursors for the preparation of metal-con-
taining ILs (MILs). They are usually synthesized by adding a stoichiometric portion of 
the metal chloride to the halide either in bulk223 or solution.224 The MILs have typically 
highly symmetric anions that usually adapt tetrahedral224 or octahedral225 geometries in 
their complexes. Often applied is also a combination of anion metathesis and metal com-
plex formation by suitable ligands such as [SCN].226 Besides the already mentioned chlo-
roaluminate ionic liquids, there are also some other reports on MILs containing main 
group metals such as indium and gallium.227 For these ILs, an equilibrium of different 
anionic species/complexes is often observed if the Lewis acids are added in non-stoichi-
ometric amount.4,228,229 Many more representatives of transition18,170,230 and rare earth 
metal17,231,232 containing ILs that are in liquid state at ambient temperature are known. 

As ILs are frequently considered as ‘greener’ substitutes for volatile organic solvents a 
more environmental friendly synthesis of the ionic liquids themselves is demanded.233 
For the overall assessment of sustainability in a certain task, the whole production cycle 
of the ILs has to be considered. This has to be taken into account to judge whether they 
can be more sustainable alternatives to VOCs.193 More environmentally friendly alterna-
tives utilize, for example, solvent free, sonochemical234 or microwave assisted233 meth-
ods. Nevertheless, the synthesis of most ionic liquids is based on petroleum-derived 
chemicals making their replacement by bio-based ones very interesting from ecological 
perspectives.235 Furthermore, the environmental persistence and toxicity of many ILs are 
still subject to controversy.93,236–238 
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1.4 Applications of ionic liquids – from curiosity to universality 

As diverse as the structures and properties of ILs are, so are their possible implementa-
tions, covering areas from specialized niche applications in science to large scale pro-
cesses in the chemical industry.3 As the knowledge about the syntheses, physicochemical 
properties and structure-property relationships of ILs is becoming more sophisticated, 
the low temperature molten salts are currently spreading to wider marketplaces,93,239 
along with a dropping of their price due to increased commercial requests (economy of 
scale). Figure 6 gives an overview about a selection of important and promising fields for 
which their beneficial influences were reported in the literature. 

 
Figure 6: A selected range of important applications of ionic liquids divided into larger subcate-
gories. Note that the fields and applications are often overlapping.  

As there are an immense number of IL applications, only an excerpt of the most inten-
sively investigated fields will be reviewed here to demonstrate the wide scope of their 
diverse implementations. 

One of the most promising fields for ionic liquids is electrochemistry,240 for the implemen-
tation in which the initial research on low temperature molten salts was also carried out. 
The ILs used in this field act as solvent-free and safe electrolytes that incorporate chem-
ical stability, intrinsic conductivity and non-volatility along with wide electrochemical 



1. Introduction 

16 
 

windows and applicable temperature ranges that markedly exceed those of organic elec-
trolytes. Due to this property combination, their applicability has been successfully 
demonstrated for nearly every electrochemical device in the area of energy storage and 
conversion. The usage of ILs for the storage of energy includes mainly capacitors and 
the highly diverse field of battery technology. Besides the already mentioned favorable 
property-combination, the high concentration of ions is usually beneficial for electro-
chemical double-layer capacitors (EDLCs).241 This leads to large capacitance values and 
increasing energy density due to the formation of large double-layers that yield high 
performance EDLCs. However, the structure of the electrochemical double-layer for-
mation and voltage dependence of the capacitance at electrified interfaces appears to be 
altered for ILs (‘bell’ or ‘camel’ shapes) compared to the one obtained for conventional 
electrolytes (U-shapes as predicted by Gouy-Chapman theory).242 For advanced battery 
technology, ILs243,244 can perform different additional duties besides the use as safe and 
highly stable, solvent-free electrolytes.245 This includes for example the use as conductive 
plasticizer in ternary gel-electrolytes,155 improvement of lithium diffusion in electrolytes 
bases on polymerized ionic liquids246 or the suppression of lithium dendrite formation.247 
The various battery types in which the low temperature molten salts are applied span 
the range from lithium-based ones, such as Li-metal,248 Li-ion249,250, Li/air251 or Li/S252 
batteries, over cells that are based on sodium/sodium-ion253,254 or magnesium255,256 to 
redox-flow batteries.257,258 In the area of energy conversion, ILs are applied in fuel cells 
and dye-sensitized solar cells (DSSC). In high and intermediate temperature fuel cells 
under non-humidified conditions, PILs are regarded as stable proton conductors when 
immobilized in membranes.259–261 For the polymer electrolyte membrane fuel cells 
(PEMFC), working at low temperature, the coating of the electrocatalyst with hydropho-
bic ILs was shown to increase the electrocatalytic activity and catalyst stability.262 This 
was believed to be a combined result of an increased amount of catalytically active sites, 
higher oxygen concentration in the IL and electrostatic stabilization of the nanoparti-
cles.263 Using ILs in this way could help to reduce the cost of PEMFCs and improve the 
lifetime of the catalysts. For DSSCs, the ultra-low volatility of ILs paired with their ther-
mal stability and comparably high polarity is beneficial to minimize the problems of 
their long-term stability due to micro-cracks as a result of thermal stress and often insuf-
ficient encapsulation.264 

In the area of engineering, ILs are employed as working 265,266 or thermal fluids,267,268 as 
neat lubricants269 or lubricant additives.30 Their remarkable protective effect against 
wear and the significantly reduced friction coefficients are believed to be the result of 
structured tribofilms270,271 with structures comparable to those in bulk ILs. Furthermore, 
they include other properties necessary for advanced lubrication such as adaptable vis-
cosity, non-volatility, high thermal, chemical and tribochemical stability along with ap-
plicability to a wide range of temperatures.272,273 The latter properties are also closely 
connected to the wetting behavior of ILs274 which’s analysis is necessary to judge the 
interfacial behavior of ILs for applications in heterogeneous systems.275 Other attractive 
operational areas of ILs are in the separation and storage of gases. This can, for example, 
be realized by selective absorption and desorption of particular gases in bulk ILs276 by 
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either physical277 or chemical mechanisms278 as well as by IL-supported or IL-derived 
membranes.279 Carbon capture processes utilizing ILs as substitute for volatile amine so-
lutions are also widely investigated.173,280 These auspicious technologies aim for an im-
provement of the economic efficiency over the amine-based ones currently used for CO2 
separations on industrial scale.281 The neoteric solvents are also interesting for the use in 
ionic electroactive polymer actuators that are capable of large deformations even at com-
parably low voltages (< 5 V).282 The developing fields of electro-mechanical actuators 
benefit from the broader potential windows, high concentration of ions and non-volatil-
ity of ILs, making these devices more efficient and durable.283,284 In combination with the 
deployed elastomers, ILs often provide the additional function as plastiziser.285 Further-
more, they are applicable under more extreme conditions such as reduced pressure or 
elevated temperature, broadening the range of possible implementations.286 As a result 
of the improved safety compared to VOCs, favorable extraction behavior and stability 
against radiolysis, ILs have even been suggested for an advanced nuclear fuel cycle.287  

The use of ionic liquids in synthesis is one of the oldest research topics.127 In the progress 
of research, it became clear that ILs can take highly diverse and often beneficial roles in 
organic and inorganic reactions as either solvent or ‘beyond solvent’.288 They offer, for 
instance, the possibility to act as functional solvents289 or polar, but weakly coordinating 
solvents290,291 which is of special interest in transition metal catalysis.4 It was also shown 
that the use of certain ILs as reaction media can have a drastic influence on the outcome 
of some reactions by favoring certain reaction pathways.292 Due to the coexistence of 
polar and apolar, micro-segregated domains, the low temperature molten salts mimic 
the solution behavior of emulsions and have often a high solubility for both organic 
(usually nonpolar) and inorganic (often polar) compounds.293 The phase behavior of ILs 
towards organic solvents and water can be used to create a large variety of novel, easily 
adjustable multiphasic systems for reactions294 or liquid-liquid extractions.295 Using ther-
moregulated mixing in liquid multiphasic systems, the advantages of homogeneous ca-
talysis, such as improved kinetics and selectivity, can be combined with those of hetero-
geneous catalysis offering facile catalyst recycling.145,296 The roles that ILs play in cataly-
sis are also very diverse and range from the use as catalyst itself, over the function as co-
catalyst, catalyst activator or ligand for catalytically active metal centers, to the use as 
simple solvent.35 Despite the vast majority of publications utilizing ILs as solvents, it 
should be kept in mind that their practical implementation in this way is very unlikely 
unless the ILs have significant benefits over conventional liquids.297 This means that for 
a successful industrial implementation the ionic liquids should not just act as ‘simple 
solvents’ but rather ‘functional liquid reaction media’. Using ILs in this manner can, for 
example, be put into practice by using ILs with catalytic activity. This can be realized by 
the use of Brønsted-298,299 or Lewis-acidic300 as well as Lewis-basic301 representatives. ILs 
acting as co-catalyst can, for instance, reduce the reduction potential of certain electro-
chemical reactions302–304 or increase reaction efficiency and economy.305,306 Also, the acti-
vation and immobilization of catalytically active (nano-)particles is an efficient tool to 
boost selectivity and yield of catalytic reactions, enable catalyst recycling and reduce 
overall cost.307 Additionally, the low temperature ionic fluids efficiently stabilize metal 
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nanoparticles (NPs) and hence avoid loss of catalytic activity due to Ostwald-ripening.308 
As the interactions of ILs with NPs are governed by a combination of diverse effects, 
including van der Waals, electrostatic, steric, solvophobic and structural interactions as 
well as hydrogen bonds, various self-organized structures are synthetically accessible.309 
Therefore, the molten salts can also act as flexible platform that may serve as reaction 
medium, stabilizer, ligand or support for NPs.310 These IL-NP systems, combining the 
characteristics of both substance classes, are of particular relevance for advanced cataly-
sis and electrochemical applications.311 Besides the usage of ILs in nanoparticle disper-
sions, they are also attractive for NP synthesis due to their ability to operate as electronic 
and steric stabilizers.312,313 The low surface tension of many ILs often leads to high nucle-
ation rates and consequently small particles that are generally desired.314 The inherent 
and complex solvent structure of the ILs has also a strong effect on the obtained particle 
morphology allowing a tailoring of well-defined nanoscale structures with enhanced or-
dering.315 The low temperature molten salts are furthermore successfully used as reac-
tion media for an exhaustive amount of organic reactions. The interested reader is re-
ferred to reviews concerning this topic.4,35,122,127,300,316–318 Many of the reactions given in 
the literature show advantages when carried out in low temperature molten salts that 
can be either enhanced reaction kinetics or selectivity due to energetic changes in the 
reaction pathways or more facile catalyst reuse.319 In some cases it was also observed 
that the reaction mechanism of a certain catalyst changes drastically when used in IL 
media.320 Another highly interesting possibility offered by the task-specific fluids is the 
use as chiral induction media when chirality is inherently present in the IL. By this way, 
chirality can be transferred directly from the reaction media165 rather than from chiral 
ligands as is common in transition metal catalysis. Especially ILs derived from amino 
acids are thereby of interest as rather cheap, chiral solvents obtainable from renewable 
resouces.321,322 The amino acid precursors can thereby be converted into either the ILs’ 
cation or anion, thus offering synthetic flexibility and adaptability. In some syntheses, 
certain ionic liquids can also act both as solvent and reagent. This was demonstrated, for 
instance, when an IL acts as a save and easy to handle fluorine source in the synthesis of 
fluoridosilicate NPs.323 By this way the usage of highly dangerous and hard to handle 
hydrogen fluoride is avoided.  

Although the striking advantages of ILs in diverse fields are well known, little infor-
mation about the industrial applications of ionic liquids is distributed in the scientific 
community.324 However, there is evidence from the rapidly increasing number of patents 
dealing with ILs and the shift in emphasis towards practical applications that their com-
mercialization will further continue and expand.325,326  

The most widely known and recognized industrial realization of IL usage is probably 
the BASIL-process developed by the BASF.327 The process uses 1-methylimidazole as 
base for the acid scavenging in the production of alkoxyphenylphosphines that are pre-
cursors for the production of photoinitiators applied in UV curing resins.324 The PIL 
1-methyl-imidazolium chloride formed by the neutralization has a quite low melting 
point for a chloride salt (Tm[C0C1IM][Cl] = 75°C) and forms a biphasic liquid system in 
the reaction vessel. The discrete IL phase is easy to remove by simple gravity separation 
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and no thick, dense slurry is formed as it was the case in the former process where tri-
ethylamine was employed as base.95 After separation of the IL-phase, the initial base is 
regenerated with sodium hydroxide and recycled. The improvements made using ILs in 
this procedure are manifold. The process becomes amenable to small jet stream reactor 
vessels improving the reaction rate and space-time yield by several orders of magni-
tude.324 In addition, it was found that the generated IL has a catalytic activity that further 
improved the efficiency of the process. Another successful industrial application of ILs 
was achieved by Degussa (now Evonik Industries) to improve the efficiency of hydrosi-
lylation reactions by recovering the platinum catalyst in a liquid-liquid biphasic sys-
tem.324,328 In the process the platinum catalyst is dispersed in an ionic liquid phase while 
the pure reaction product is separated in a second phase formed in the reaction. This 
allows easy separation and reuse of the catalyst with ultralow leaching and only minor 
loss in catalytic activity for several cycles.328 Evonik Industries has also demonstrated a 
SILP (acronym for ‘supported ionic liquid phase’) process on pilot scale for the hydro-
formylation of olefins by syngas.324 Their SILP technique immobilizes precious metal 
catalysts dissolved in an IL thin film on the surface of porous material by physisorp-
tion.296,329 The advantage of this approach lies in the low amounts of ILs needed, the often 
high catalyst activity and improved or altered kinetics as well as in the reduction of mass 
transfer effects.324 The process management thus combines the advantage of heterogene-
ous and homogeneous reactions as discussed above with considerable extended opera-
tion time making the process more economic and ecological.330 

Another field of high potential for ILs is the area of biological resources and bioactive 
compounds. The further development of biological, carbon-neutral sources is one of the 
main domains of IL research aiming at a more sustainable, ‘greener’ chemistry. These 
efforts are often targeting a synergistic combination of the environmentally friendly 
properties of ILs with the utilization of renewable resources and more sustainable pro-
cessing methods.331 Similar to the other application fields described above, strategies for 
the advantageous usage of ILs with biological compounds are also very versatile. As 
already mentioned, the exceptional and tunable dissolution behavior of ILs allows for 
the dissolution and processing of biopolymers that are insoluble or hardly soluble in 
conventional organic solvents and water.332,333 For example chitin,334,335 keratin,336 su-
berin337 as well as the main components of hardwood, lignin338 and cellulose, belong to 
these poorly soluble biocompounds for which a dissolution in ILs was proven.339 Even 
the complete dissolution of wood in ILs was reported.340,341 The exceptionally high dis-
solution ability of some ILs for biomass compounds is attributed to their usually high 
polarity and H-bond basicity.342,343 These attributes make the ILs capable of breaking hy-
drogen bonds and other intra- and intermolecular interactions that are present in the 
matrices of the macromolecular biomass compounds. With these powerful and adapta-
ble solvents for biopolymers, the separation or purification of individual compounds 
such as the pretreatment of lignocellulosic biomass,344–346 the separation of cellulose and 
lignin196,347,348 or the saccharification of polysaccharides becomes also feasible in or with 
the aid of ILs.349–351 Similar to these strategies is the more environmentally friendly and 
expanded production of biofuels and -chemicals352,353 from renewable sources with the 
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aid of ILs. For example cellulosic ethanol,353–355 furfural,356,357 sugars,358–360 biodiesel361,362 
or fine chemicals363,364 are attractive candidates for the production of which ionic liquids 
were applied. Besides the cracking into useful chemicals also novel materials based on 
renewable sources, composite materials365,366 and processes367 are also enabled by the 
powerful biomass solvents.368–370 These biopolymer derived materials can have beneficial 
mechanical properties and are biodegradable, which allows for substitution of synthetic 
materials based on non-renewable sources, especially polymers.371,372 By using carbon 
neutral sources, the anthropogenic climate change could be attenuated and the problem 
of persistent plastics in the maritime habitats reduced. Furthermore, ILs offer a homoge-
neous reaction medium for the conversion of otherwise hard to handle biopolymers.373,374 
An alternative to the exploitation of macromolecular biocompounds is the extraction of 
bioactive compounds with the aid of ionic fluids. In this way ILs offer a valuable tool for 
the isolation and purification of various classes of bioactive molecules with diverse func-
tions.133,375 This is of particular concern as a source of high-value pharmaceutical mole-
cules376 or enzymes.377 For the latter ones, aqueous biphasic systems (ABSs), which con-
sist of two water-rich phases, are suggested for efficient extractions without organic sol-
vents. The phase behavior of these ABSs can be fine-tuned by the amount and concen-
tration of the applied ILs378 and are often found to maintain enzyme activity.379,380 Enzy-
matic reactions in ionic liquid media are benefiting from the high tunability and uncon-
ventional solvent characteristics enabling conditions and reactions that are not feasible 
in molecular organic solvents.381,382 ILs allow for example the altering of enzyme struc-
tures, activity or enantioselectivity depending on biocatalyst and solution environ-
ment.383 Another important benefit of the molten salt media is that enzyme stabiliza-
tion384 and activity can be retained up to temperatures higher than their usual degrada-
tion temperature in other media.385,386 Besides the attractive chemical and physical prop-
erties of ILs, their biological activity has recently become the focus of many researchers’ 
attention, since they offer novel drug designs and alternative drug delivery systems.387 
Strategies with ionic liquids can take advantage of their dual nature due to their two 
discrete ions to achieve tunable active pharmaceutical ingredients (APIs) that can be liq-
uid under physiological conditions.388 In this way it would be possible to face a range of 
challenges in drug delivery of solid-state APIs, for instance low solubility, bioavailability 
and stability or undesired polymorphic forms as well as non-uniform particle distribu-
tion leading to hardly controllable drug release kinetics.389 The selection of the ion pair 
constituting a potential drug can have a significant influence on the pharmacokinetic 
and -dynamic properties, thus profiting from the tuning offered by the IL toolbox.390 Be-
sides the options of APIs being liquids under pharmacological condition or having even 
dual-active species, the ionic compounds can, for example, also be used as prodrug API-
ILs or for the solubilization of drugs that are poorly soluble under physiological condi-
tions.391,392 

The usage of ILs in analytical chemistry has also developed in recent years together with 
the field of ionic liquids itself, yielding multiple uses of great diversity in the techniques 
of both sample preparation and analysis.393,394 Due to the low-temperature molten salts’ 
negligible vapor pressure, high ionization efficiency, more homogeneous matrix-analyte 
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dissolution as well as high and adaptable solvation efficiency, they are good candidates 
for the use as liquid matrices in matrix-assisted laser desorption/ ionization mass spec-
trometry (MALDI-MS).395 Applying IL-based matrix substances also reduces the for-
mation of hot spots compared to the crystalline low molecular weight compounds usu-
ally used in MALDI-MS and allows for both qualitative as well as quantitative measure-
ments.396,397 The ILs’ interactions with analytes are usually more versatile than those of 
most stationary phases, enabling better resolution in chromatographic methods. Com-
bined with their adjustable selectivity and thermal stability, the ionic fluids can be used 
as novel stationary phases in gas chromatography (GC) for the separation, detection and 
identification of volatile analytes.398 The multiple interactions of ionic liquids are also the 
reason for their widespread investigation in capillary electrophoresis399 or in liquid-chro-
matography for example as mobile phase additives,400 liquid-liquid chromatography401 
or in attachment to mobile phases.402 In addition to the direct use of ionic fluids in ana-
lytical methods they are also examined for the crystallization of proteins.403 An efficient 
crystallization method for proteins is an essential prerequisite to acquire structural in-
formation by X-ray or neutron diffraction methods that are highly important in struc-
tural biology.404 As a result of their controllable surface tension, high thermal stability, 
chemical inertness and negligible vapor pressure, the neoteric solvents are also fre-
quently suggested as versatile probe fluids for surface analysis methods.405 A further 
field of interest for the usage of low temperature molten salts in analytical chemistry is 
their implementation in sensors for instance in the detection of gases,406,407 biomole-
cules,408,409 or ions.410  

The last highlighted field where the low temperature ionic fluids have a strong influence 
is novel, advanced materials enabled by the use of ILs.411,412 For instance, they offer a new 
liquid medium for material production even under vacuum.413 Another notable area of 
IL usage are functional carbon-based materials resulting from thermal treatment of IL 
precursors.414 The combined ionic and fluid nature of ILs enables a simple processing, 
high control over the obtained structures, incorporated heteroatoms and higher yields 
than obtained from thermal pyrolysis of polymer precursors.415,416 The heteroatom- con-
taining carbon materials resulting from the carbonization of ILs often show superior 
properties compared to the pure carbons, which includes higher conductivity, catalytic 
activity and oxidation stability.417 Applications including electrocatalysis or new elec-
trode materials for supercapacitors, batteries and fuel cells were shown to benefit from 
these novel IL-derived carbon materials.243 New highly functional materials based on 
ionic liquids can also be designed by combination of ILs (or their structural motifs in 
polymerized ILs) with other material classes. One of these examples are thermotropic 
ionic liquid crystals (ILCs) that combine the characteristics of liquid crystals (LCs), for 
instance anisotropic physical properties and self-assembled structures, with those of ILs 
(conductivity, stability, adjustable interactions etc.).163 The obtained structural motifs 
and transitions exhibited by the wide range of examined molecular compositions of the 
ILCs are highly diverse and somewhat similar to the molecular LCs.418 Targeted appli-
cations of the ionic mesogens are mainly anisotropically conductive materials, for in-



1. Introduction 

22 
 

stance realized for the conduction of protons,419 ions420 or via delocalized electron hop-
ping.421 A further class of hybrid materials enabled by ionic liquids are ionogels that 
consist of ILs confined in a host network. These matrices can be either of organic (such 
as a low molecular weight gelators and polymers) or of inorganic (for instance carbon 
nanotubes or silica particles) origin.148 By this combination, the main features of the flu-
ids like molecular mobility and ionic conductivity are retained while the confinement 
modifies the phase transition behavior, allows for stable shaping and avoids outflow.422 
The resulting virtually unlimited possibilities are of particular interest for the use in solid 
state electrolytes,423,424 optical devices,421 catalyst retention425 and sensing.426 Low-tem-
perature molten salts based on transition metal complexes are a further interesting class 
of new liquid materials. Most of these MILs show an inherent paramagnetism and allow 
the manipulation of these compounds by an external magnetic field.427 Attractive appli-
cations of these materials that do not suffer from sedimentation, demixing or flammabil-
ity when compared to ferrofluids, can be found in the field of magnetic and magnetorhe-
ological fluids224 or the use as extraction agents428 as well as catalysts.19 Although the 
high thermal and chemical stability of ILs is often highlighted and exploited in many 
uses, there are also researchers that design energetic materials based on ionic liquids that 
can be applied as explosives or propellants. These molten salts are specially designed to 
release the large amount of chemically stored energy when a specific trigger, such as 
heat, shock or friction, is applied.168 These energetic ILs show a captivating property 
combination compared to conventional energetic materials, for instance low melting 
temperature, broad liquid range, thermal stability and often more environmentally 
friendly properties.168 The usually reduced sensitivity to triggers, e.g. heat, shock etc., 
also makes handling, transport and storage safer compared to conventional energetic 
materials. In addition, the problem of polymorphism and shock sensitivity present in 
solid energetic materials is inherently avoided if they can be kept in liquid state.429 The 
volatile hydrazine and its derivatives are often used as hypergolic liquids in rocket pro-
pellant systems despite many concerns about safety, difficulty in handling as well as 
their acute toxicity and cancerogenity.430,431 An alternative to the propulsion with hydra-
zine that avoids these drawbacks is the use of energetic ILs which were reported to ad-
ditionally show high stability, ultra-fast ignition times and good ignition performance.432 
They can be either combined with an appropriate oxidizer as bipropellant (hypergolic 
ILs) or used as single-compound, monopropellant energetic ILs (realized by oxygen bal-
ance compounds).169,433 Using salt propellants instead of liquid hydrazine also increases 
the energetic density, thus providing benefits for satellites such as longer mission dura-
tions, increased payload and simplified processing of the launch. The demonstration of 
a monopropellant based on the ionic liquid hydroxylammonium nitrate as fuel/ oxidizer 
is implemented in the NASA project called ‘Green propellant infusion mission’ 
(GPIM).434 The mission is aimed to prove the decreased toxicity due to the combustion 
to nontoxic gases combined with higher performance of the energetic IL propellant in 
practice. The launch of a satellite bus utilizing the GPIM is planned for March 2019 and 
is aimed to show that energetic ionic liquids might be an alternative propellant of choice 
for next generation launch vehicles or space crafts. 
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To sum this chapter up and to give a retrospective justification of the initial quote1 given 
by Prof. Dr. Hermann Weingärtner, the applications of ILs are extremely diverse, mak-
ing a rational design and tuning of their molecular structure indispensable. Therefore, 
an advanced knowledge about the synthesis, structure-property-relations and macro-
scopic properties of ILs is crucial for the optimization of performance due to the nearly 
infinite possibilities offered by the ionic liquids toolbox. 

1.5 Structural organization in ionic liquids – microscopic effects with 
macroscopic impact 

Liquids are essential in modern technologies and involved in the most different fields 
that include fabrication and production (e.g. pharmaceutics, food, polymers and chemi-
cals), processing (e.g. extractions, analytics, energy storage and surface modifications) 
and transportation processes (e.g. heat, propellants, fuels and lubricants). Yet the de-
scription of the molecular organization in liquids remains a challenge since they form an 
intermediate state of matter between solid and gaseous which still lacks a unified theo-
retical description.86 Since the underlying molecular interactions and structuring of a liq-
uid phase determines the macroscopic behavior, a detailed understanding of their ef-
fects, manifestations and interrelations is important. This holds true for both basic sci-
ence and practical implementations. The underlying molecular design has therefore a 
large impact on the physical and chemical properties of the liquid phase and allows the 
tuning of micro- and macroscopic properties in a desired way. This holds especially true 
for the case of ILs as there is distinct evidence for their pronounced structuring on dif-
ferent time and length scales by theoretical, computational and experimental results.25,435 
However, at the beginning of the research on ILs they were first believed to possess a 
time-averaged homogeneous, irregular structure with the ions undergoing Brownian 
motion in the absence of pronounced structural features. 

Compared to molecular liquids or high temperature molten salts, the low temperature 
molten salts show additional molecular interactions with the Coulomb interactions be-
ing the dominating ones for the macroscopic properties. Nevertheless, the contribution 
of other molecular interactions can also have a significant influence on the ILs’ properties 
and liquid structure, both in the bulk and near to interfaces. The molecular interactions 
in ILs range from weak, isotropic and nonspecific forces, such as van der Waals forces, 
over solvophobic and dispersion forces to specific and anisotropic ones like, e.g. hydro-
gen or halogen bonding as well as dipole-dipole or electron donor-acceptor interac-
tions.25 Overall, the combined strength and diversity of the intermolecular interactions 
existent in ILs are responsible for their behavior differing from conventional molecular 
liquids and the formation of higher order arrangements in the bulk ionic fluids. For the 
case of simple, non-functionalized ILs, a liquid structure with nanoscale ordering of near 
ions and disorder on longer scales is usually observed.43 The near-order arrangement is 
thereby the result of the balance between charge-charge attraction as a result of the Cou-
lombic forces against the translational, rotational and vibrational motions of the consti-
tuting ions. However, for most ILs investigated from a structural point of view so far, 
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the situation seems to be more complicated. Furthermore, the structure is, as already 
mentioned, sensitive to other interactions so that slight changes in molecular structure 
can have a significant influence on the structuring. The structural motifs reported in ILs 
on different length- and time-scales are shown in Figure 7 as an overview. These struc-
tures range from supramolecular aggregates (ion pairs436 and ion clusters437) over 
mesoscopic structures (hydrogen bond networks, multicontinuous networks, formation 
of micelle-like structures) to ILs forming different kinds of mesophases (ionic liquid crys-
tals). Usually the structural motifs found in the liquid state (preferred ion-arrangements, 
H-bonds, domain formation,...) are also often present in the crystalline state, nota bene 
with much higher spatial order.438 This makes the determination of the single crystal 
structure helpful to get insights in the organization in the liquid state where similar 
structuring is present but with a lot more disorganization. Initial hints on the unique 
structuring and solvent behavior of ILs were observed quite early when they were found 
to dissolve both polar and nonpolar compounds. These findings were in contradiction 
with the established models of solvents with uniform polarity that preferably dissolve 
either polar or nonpolar materials according to the ‘like dissolves like’ principle. The 
different, complex interactions and structures present in ILs with polar and nonpolar 
parts could later be attributed to be the cause for this mixing and dissolution behavior.439  

As the structural features are very diverse and sensitive to modifications of the molecu-
lar structure,440 only a general overview of the liquid state structures and trends will be 
given in this section. Likewise, the discussion of the ionic liquid crystal phases that re-
semble the diversity of conventional liquid crystals162,163 are excluded. Furthermore, it 
should be noted that external triggers as the presence of solutes may influence the struc-
turing of the liquid phase.25,441 
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Figure 7: Overview of the different levels of structural organization in ionic liquids with increas-
ing spatial and time scale from top to bottom. a) ion pairs as simplest repeating unit in ILs with 
calculated energetically favorable distances leading to preferred arrangements of ions and hy-
drogen bonding in aprotic ILs. A series of 1-ethyl-3-methyl-imidazolium cations with the anions 
being chloride, tetrafluoroborate, acetate and bis(trifluoromethanesulfonyl)imide is shown 
(adapted from ref.158). b) exemplary formation of ion clusters or aggregates in a common aprotic 
IL (I), a common protic IL (II) and a hydrogen bonding aprotic IL (III) with corresponding molec-
ular structures (adapted from ref.442–444). c) hydrogen bonding networks for ILs with multiple hy-
drogen bond donor and acceptors (adapted from ref.110,442,445). The right hand side graphic shows 
the connections of anion and cation nitrogen in ethylammonium nitrate that build up the net-
work. d) self-assembled liquid structures of various ILs (adapted from ref.446–449). Polar and apolar 
domains are labelled by different colors. 
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Pairs of cations and anions are the smallest building blocks in ionic liquids and their 
interactions and preferred orientation450 is therefore of special concern for the descrip-
tion of the liquid structure of the neoteric solvents. This is somewhat in analogy to con-
ventional high temperature salt melts although there are more diverse interactions pre-
sent in the case of ionic liquids. The type and extent of the interactions between ion pairs 
is also of interest for the rationalization and prediction of key physical properties such 
as melting point and viscosity, for instance.446 Many researchers have tried to describe 
the ionic liquid structure by a heuristic approach in terms of ion pairs with additional 
‘free’ ions.451 Some low temperature molten salts are also reported to evaporate as ion 
pairs452,453 under more extreme conditions, which is a hint that ion pairs might also be 
present in the bulk liquid state. Ion pairing is also well known and described for diluted 
electrolyte solutions454 so that this phenomena of spatially tight, persistent ion pairs can 
be expected to occur also in the concentrated ionic media. Up to date, there are remaining 
controversies about the existence or absence of ion pair or ion aggregates in bulk IL as 
there are experimental and computational results both in favor and against this hypoth-
esis.25,455 Some results by dielectric456 and FTIR-spectroscopy457 as well as multinuclear 
NMR458, NMR dispersion459 and surface force measurements460 support this picture. 
However, the majority of recent scientific results find no evidence for the formation of 
long-lived ion pairs.25 Dielectric spectroscopy measurements that are capable to reveal 
the pico- to nanosecond dynamics in liquid state find no verification for ion pairs on this 
time scale for both protic461 and aprotic462,463 ILs. Similar conclusions were drawn from 
solute phenomena associated with dissolution464 or kinetics induced by the reaction me-
dia.465 A variety of computational results also contradicts the assumption of persistent 
ion pairs by finding no evidences for correlated motions on longer timescales.466–468 The 
MD trajectories reveal that each ion in bulk ILs is surrounded by a counter ion solvation 
shell with charge ordering shells over large distances making an interpretation of neutral 
ion pairs hardly justifiable.466 For the exemplary IL [C4C1IM][PF6], the ion interactions 
could be described by an ionic atmosphere rather than dynamics coupled to a particular 
counterion.467 Contrary to the situation found in undiluted ILs, there are many reports 
about the formation of close ion pairs in IL solutions469–471 or upon dilution with molec-
ular solvents.457 

Similar to molecular liquids and the quantum cluster equilibrium approach,472 the ionic 
liquid state was often modelled by fluctuating clusters of different amount, life-times 
and sizes.25,473 In analogy to the description by ‘ion pairs’ and ‘free ions’, the IL bulk 
structure was attributed to be the sum of different populations of overall neutral and 
charged clusters.438,474 There are indeed analogies in the experimental results, for in-
stance the formation of binary mixtures with molecular liquids.475–477 It should also be 
noted that the interpretation of clusters in ILs’ neat state should be treated with care 
since there are no clear definition criteria of ion clusters. Most of the experimental results 
that point towards the existence of ion aggregates are from electrospray ionization - mass 
spectrometry (ESI-MS).443,478–480 The findings indicate fluctuating polydisperse aggre-
gates with the formula [C]x[A]yx-y in the bulk with a series of postulations drawn, for 
instance the occurrence of certain ‘magic’ numbers479 or empirical descriptions for the 
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association of ions.480 Some researchers pointed out that the violent nature of fragmen-
tation by ESI-MS may have a contribution to the detection of ion clusters and that the 
obtained results require additional proof.25 The observation of shear thinning in rheo-
logical measurements in some ionic liquids also indicates larger persistent aggregates 
that are reduced in size upon shearing or increasing temperature.481 Further evidence for 
ion clustering is provided from vibrational482 and NMR483 spectroscopy and quantum 
chemical calculations that were capable of reproducing experimentally determined IR 
spectra of multiple ion clusters.484 Particular clusters of like-charged ions can also be 
formed by hydrogen bonds if hydroxyl groups are attached to the cations.157,437,444,485,486 
Comparable formation of aggregates at the gas-liquid interface has also been reported 
for both PILs487 and AILs.488 In these systems, the hydrophobic alkyl groups were found 
to shield the charged moieties by their alignment towards the gas phase. Additional ev-
idence for clustering is revealed by computational and neutron scattering methods that 
find a sub-diffusive behavior of ILs in molecular cages on the picosecond time 
scale.435,489–491 The diffusion coefficients on this short time scale are reported to be signif-
icantly higher than the ones measured or computed for higher time scales, similar to the 
diffusion in polymeric networks or supercooled liquids.  

The strength of hydrogen bonds between cation to anion in PILs were detected to be 
commonly in the range of 50 kJ mol-1.492–495 Therefore, the H-bonds in PILs can be classi-
fied as moderate to strong bonds that have a significant contribution to the total interac-
tion energies and to the observed liquid structure.492–495 Furthermore, the time scales on 
which hydrogen bonds exist have a significant contribution to the mobility of ILs.496 It is 
therefore not surprising that there are a variety of reports on ILs forming three dimen-
sional networks via hydrogen bonds that can hence be classified as associated fluids. The 
discovery of three dimensional hydrogen-interconnected ions in ILs was as early as 1982 
by a study on the gas solubilities in ethylammonium nitrate.497 Most of the first reports 
about hydrogen bond interconnected structures were on PILs with two or more H-bond 
donors and acceptors, such as mono-497 or dialkylammonium110 nitrates. Later results 
also confirmed the existence of this structural motive for AILs, especially the ones based 
on imidazolium cations.498–500 In these cations, the three hydrogens attached to the car-
bon atoms in the aromatic ring participate in hydrogen bonding although with different 
contributions.501 The manifestation of the H-bond network in the imidazolium AILs is 
more pronounced when good hydrogen bond acceptors, like halides,502,503 chlorometal-
lates504 or tetrafluoroborates,498 are used.  

The existence of mesoscopic structures that represent an intermediate between molecu-
lar liquids and liquid crystals is nowadays well established and deciphered for a large 
number of low temperature molten salts.25 Regardless of the scientific consensus about 
the presence of this structural motif, there are various terms to designate this higher or-
der structure such as micro-,505,506 nano-25,62 or mesoscopic507,508 structure without clear 
distinction. The understanding of this particular solvent structural feature is regarded 
as a key in understanding their physicochemical properties needed for a focused control 
and tuning of their bulk properties.509 Most of the ILs investigated have a distinct degree 
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of order in the liquid state with heterogeneities on the spatial scales of about a few na-
nometers.26,509 The sophisticated understanding of this phenomenon and its conse-
quences is mainly the result of the synergy between molecular dynamics simulations 
and experimental results based on diffraction methods.508 The unique spatial heteroge-
neity510 is the result of the amphiphilic structure consisting of polar, ionic moieties and 
nonpolar fragments usually comprising of alkyl side chains present in ILs.62,191 This ef-
fects of unfavored interactions of molecular fragments with different polarizabilities are 
often attributed as hydrophobic or lipophobic interactions similar to the macroscopic 
effect of demixing found for solvents with sufficiently large polarity differences. A more 
general term that is also often used is the so called ‘solvophobic effect’. The thermody-
namic origin of the aggregate formation on nanoscale is the minimization of the system’s 
free energy. This amphiphilic nature of most IL ions is also reported to support the self-
assembly of other amphiphiles.62  

A general trend in the bulk structure for 1-alkyl-3-methyl-imidazolium [CxC1IM] ILs is 
the pronounced nanosegregation into polar and nonpolar domains with increasing 
length of the attached alkyl chain, relatively independent of the anion.511 The occurrence 
of nanosegregation in IL with the [CxC1IM] cation was proven for halides,512 [BF4],160 
[PF6],513,514 [NTf2],515 anions as well as for symmetrical [CxCxIM][NTf2] ILs.516,517 For most 
of these imidazolium systems an incorporated butyl side group was sufficiently long to 
induce a mesostructure rather than a globular, uniform distribution of the hydrocarbon 
side chains. This solvophobic effect and the resulting change of liquid morphology with 
increasing nonpolar moieties are visualized by snapshots from molecular simulations in 
Figure 8. For the [CxC1IM] ILs, the change in solvent morphology is also adaptable to 
explain the progression of the melting temperatures with increasing x.160 While short 
alkyl chains (x = 1-3) lead to salts with comparable strong interactions, intermediate 
chain lengths (x = 4-10) show wide liquid ranges and high tendencies to form glasses as 
a result of the more disordered liquid state.160 At higher chain lengths (x > 10) the ionic 
liquids often show a more complex crystalline behavior being the consequence of a more 
stabilized nonpolar nanostructure. Besides the incorporation of elongated alkyl groups 
in the cations which is more commonly applied, it is also possible to obtain the structural 
heterogeneity of polar and nonpolar domains by attaching hydrocarbon moieties of suf-
ficient length to the anion.518  

The presence of mesostructured aggregates is most widely investigated for AILs consist-
ing of imidazolium cations. Similar structural heterogeneities and trends upon increas-
ing the alkyl chain lengths were also found for pyridinium,519 piperidinium,440,520 pyrrol-
idinium,521–523 ammonium521,524,525 or phosphonium526,527 based cations without further 
functionalization. The segregation in nonpolar hydrocarbon domains is suppressed if 
more polar or flexible groups, such as hydroxyls or ethers, are present in the side 
chains.157,528,529 The occurrence of a pronounced nanostructure is not only limited to apro-
tic ILs but also found in a variety of protic ILs where even shorter chains are sufficient 
for domain formation.159 A reason for this finding may be the presence of directional 
hydrogen bonds that stabilize certain anion-cation geometries. In the case of ethylammo-
nium nitrate, the solvophobic separation induced by the ethyl groups was reported to 
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be strong enough to yield long-range structures similar to those of bicontinous micro-
emulsions or L3-sponge phases.157  

 
Figure 8: Snapshots of molecular simulations of 1-alkyl-3-methyl-imidazolium hexafluorophos-
phate ILs [CxC1IM][PF6] (x = number of carbons in the hydrocarbon fragment) with increasing 
alkyl chain length. Each box contains 700 ions at equilibrium. Polar domains (imidazolium core 
of the cation and anion) are colored in red while the nonpolar moieties (hydrocarbon chain at-
tached to the cation) are shown green. The bulk structure shows a gradual transition from glob-
ular distribution of ethyl groups in a polar network ([C2C1IM][PF6]) with increasing domain size 
([C4C1IM][PF6] to [C8C1IM][PF6]) to sponge-like structures with a bicontinuous three-dimensional 
network of polar and nonpolar domains. Boxes are not equal in size due to different cations sizes 
and liquid densities. Figure was adapted from ref.513. Similar structure evolution was also re-
ported when the [NTf2] anion is used.530 

Most of the reports about the bulk mesoscopic nanostructure mentioned above are the 
combined results of experimental scattering data from either X-ray or neutron diffraction 
methods as well as computational results that generally complement each 
other.25,526,531,532 A common finding of the ILs’ diffraction patterns from small-angle scat-
tering techniques is the occurrence of two or three peaks. The three characteristic peaks 
found for ILs are a result of atomic environment (adjacency peak, high values of the 
scattering vector q), the charge alternation of cation and anion (charge peak, intermedi-
ate q values) and the mesoscopic organization (polarity peak, low q values).515,533 The 
first two features were found for all types of ILs unless the peaks and antipeaks do not 
cancel each other due to the same spatial periodicity but phase offset.522,526 The polarity 
peak at low q values (thus larger real space distances) is only found if sufficiently long 
alkyl groups are present in either the anion or cation.25,160,515,531,534 This polarity peak was 
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shown to be the result of the segregation into polar and nonpolar domains with different 
polarity on molecular scale.533 Exemplary small-angle X-ray diffraction patterns and 
computational results are shown in Figure 9.  

 
Figure 9: Experimental small-angle X-Ray diffraction patterns of a) [CxC1IM][NTf2] ILs and b) 
[CxC1IM][Cl] with increasing carbon numbers x in the alkyl tail at 298 K. The patterns show a 
peak at low values of the scattering vector q as an indicator for the formation of hydrocarbon 
domains leading to nanoscale segregation (adapted from ref.515 and 160). Roman numerals in a) 
indicate the three characteristic peaks found in the diffraction patterns of ILs (I: polarity peak; II: 
charge peak; III: adjacency peak). The occurrence of the polarity peak in b) for the butyl side 
chains shows that hydrocarbon tails equal to and larger than butyl induce a nanostructure with 
polar and nonpolar domains. Furthermore, it can be seen that the structure becomes more pro-
nounced with increasing length of the hydrocarbon fragment. The resulting structure function 
S(q) for c) a series of ionic liquids and d) conventional molecular liquids (adapted from ref.533). In 
the case of ILs, three peaks are observable in reciprocal space: The peak at high q values is asso-
ciated with adjacency correlations of neighboring atoms (adjacency peak) whereas the one at in-
termediate q is the result of the charge alternation inherently present in ILs (charge peak). The 
peaks at the lowest q values are assigned to the polarity alternation as a cause of the microsegre-
gation present in the bulk state (polarity peak). In contrast to that, the molecular solvents only 
show an adjacency peak. Note that the absence of the peak at intermediate q values for the imid-
azolium [BF4] IL is the result of the peaks and antipeaks that cancel each other out and does not 
mean that this structural feature is absent. 
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Besides these methods for the direct detection of the domain size by scattering methods, 
there is also a large variety of other experimental techniques that confirm the existence 
of nanoscale aggregation. This includes spectroscopic methods such as NMR,535,536 
EPR,537 Raman,538 or dielectric relaxation,539 as well as optical Kerr effect studies.539 A 
direct consequence of the non-uniform nanoscale structure is the observation of dynamic 
heterogeneities in ILs483,540,541 that lead to altered relaxation dynamics.542 The addition of 
perfluorocarbon groups either to the anion or cation leads to another solvophobic inter-
action in addition to the ones usually present in bulk ionic liquids which in consequence 
alters the nanostructure. These triphilic ionic liquids,543 consisting of polar-ionic, nonpo-
lar hydrocarbon and nonpolar fluorocarbon domains, will be discussed in more detail 
in the following section. 

1.6 Ionic liquids with fluorinated alkyl groups – synergy from ex-
tremes? 

The replacement of hydrocarbon moieties with perfluorinated groups is a long used 
method in chemistry for selective modification of the structure and properties of mole-
cules, complexes or active pharmaceutical ingredients.544,545 The special characteristics of 
the carbon-fluorine bond are the underlying reason for the altered properties of the flu-
orocarbon groups compared to the hydrocarbon analogues. With an average binding 
energy of 480 kJ mol-1 the covalent bond between carbon and fluorine is one of the 
strongest single bonds in organic chemisty.544 This leads to the high thermal stability and 
chemical inertness of fluorocarbon compounds. With bond lengths around 1.4 Å the C-
F bond is also relatively short. Due to the small van der Waals radius of the fluorine 
substituent (RVdW(F) = 1.47 Å89), which is shorter than any other substituent and close the 
one of hydrogen (RVdW(H) = 1.10 Å89), there is no strain in perfluorinated carbon chains. 
This is a further reason for the high thermal stability of fluorous groups on the one hand 
and leads to a shielding of the carbon atoms from reactive species on the other hand. As 
a result of the comparably large difference in the electron negativity of carbon 
(χ(C) = 2.55 by Pauling scale89) and fluorine (χ(F) = 3.98 by Pauling scale89), the C-F bond 
has a high dipole moment of 1.41 D.544 As the polarizability of the fluorine atom in the 
ground state is the lowest of all elements with a value of 0.56 × 10-24 cm3,89 the dispersion 
forces between perfluorinated molecules are very weak. This usually leads to lower boil-
ing points than observed for the analogous hydrocarbons as well as simultaneous hydro- 
and lipophobicity, often referred to as fluorophilicity.546  

By increasing the amount and length of perfluoro groups, the fluorophilicity of a mole-
cule, complex etc. can thus be selectively adjusted. The incorporation of these so called 
fluorous tags or ponytails in the periphery usually does not change the reactivity of a 
particular compound. This enables a liquid phase chemistry orthogonal to the one in 
conventional hydrocarbon-based solvents. The fluorophilicity of the perfluoro-segments 
leads to miscibility gaps in the binary phase diagrams of perfluoro and hydrocarbon 
solvents with upper critical solution temperatures as a common finding.547 Therefore, 
biphasic systems that form a homogeneous single phase at elevated temperatures are 



1. Introduction 

32 
 

commonly observed when fluorous solvents and conventional organic solvents are com-
bined.548 This temperature regulated mixing behavior can for example be exploited for 
catalyst retention in biphasic reactions (often termed ‘fluorous biphasic catalysis’549) or 
for selective extractions. Observations similar to the thermoregulated macroscopic mix-
ing and demixing behavior of fluorous liquids with other liquids can be made on the 
molecular scale. For example, mixtures of short-chain perfluorinated alcohols and water 
have been shown to segregate strongly into highly lipophilic perfluoroalkyl domains 
and into highly hydrophilic domains consisting of water clusters, a finding not observed 
for small hydrocarbon alcohols.550  

Perfluorinated compounds are of high technical relevance in spite of environmental 
problems associated with the use of some representatives.551 This mainly includes the 
ozone depletion potential of volatile fluorous liquids and the persistence of ionic repre-
sentatives, such as salts of the perfluorooctane sulfonic acid, that were widely used as 
surfactants until being listed in Annex B of the Stockholm Convention on persistent or-
ganic pollutants.552 Properties, interactions and phase behavior similar to the ones ob-
served for molecular species with fluorinated parts mentioned above are also found for 
ionic liquids either in bulk (chemical and thermal stability, strong electron withdrawing 
character of fluorine substituents, fluorophilic interactions, inertness of perfluorinated 
groups) or in mixtures with other compounds (interactions with and structuring at sur-
faces, mixing/demixing behavior towards other liquids). 

Ionic liquids that contain fluorinated alkyl groups can be divided into two large sub-
classes according to the influence of fluorous segments on the structure and physico-
chemical properties. The first class consists of ILs with short fluorocarbon segments of 
the general formula -(CF2)nF with n ≤ 3 while the other group contains perfluorinated 
moieties with longer perfluorocarbon chains (n ≥ 4).553 The latter group is often denoted 
as fluorinated ionic liquids (FILs),553 whereas for very high amounts of fluorine the term 
fluorous ILs554 is occasionally used, however without clear differentiation criteria. It 
should be noted that although the distinction is somewhat arbitrary, it is nevertheless 
quite helpful to distinguish from a physicochemical property point of view. The differ-
ence between the two classes is mainly in the pronounced structuring due to solvopho-
bic/fluorophilic interactions if chains of four or more fluorinated carbons are present. 
This generally leads to stable microscopic structures along with increased melting 
points,555 surface activity556 and viscosities557 as well as to high gas solubilities558 and 
densities.553 

Short perfluorocarbon groups, the trifluoromethyl moiety being the most frequent, are 
commonly applied in a wide range of IL-forming anions, as the obtained low tempera-
ture molten salts show in general beneficial properties. The resulting ILs do not show 
any marked characteristics associated with fluorous behavior (besides the fact that they 
are usually hydrophobic) which distinguishes them from the FILs discussed in the next 
paragraph. Often used perfluorinated anions are, for instance bis(trifluoromethanesul-
fonyl)imide ([NTf2] or [N(SO2CF3)2]), trifluoromethanesulfonate ([OTf] or [SO3CF3]), tri-
fluoroacetate ([TFA] or [CO2CF3]). The similar structural motifs are also frequently ap-
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plied in asymmetric combinations such as the trifluoro-N-(trifluoromethanesulfonyl)ac-
etamide559 ([N(SO2CF3)(COCF3)]) or trifluoromethanesulfonyl-N-cyanoamide560 
([N(SO2CF3)(CN)]) as well as homologues with elongated fluorinated chains, for in-
stance the bis(pentafluoroethanesulfonyl)imide561 ([BETI] or [N(SO2(CF2)2F)]), bis(per-
fluorobutanesulfonyl)imide562 ([NNf2] or [N(SO2(CF2)4F]), nonafluorobutanesul-
fonate,557 ([SO3(CF2)4F]) and perfluoroalkylcarboxylate558,563 anions ([CO2(CF2)xF]). Less 
frequently used are anions like the tris(pentafluoroethyl)trifluorophosphate564 ([FAP] or 
[P((CF2)2F)3F3]), bis[bis(pentafluoroethyl)phosphinyl]imide565 ([N(PO((CF2)2F)2)2]), 
bis(trifluoromethyl)phosphinate560 ([PO2(CF3)2]), perfluorotrifluoroborates566,567 
([B((CF2)xF)F3]), perfluoroalkyltricyanoborates568 ([B((CF2)xF)(CN)3]), perfluoroalkylcy-
anofluoroborates568 ([B((CF2)xF)(CN)yFz] with x ≥ 1 and y+z = 3) and tris(trifluoro-
methanesulfonyl)methanide569,570 ([C(Tf)3]). The very strong electron withdrawing char-
acter of the perfluoroalkyl groups also makes stable hydrophobic ILs with perfluoroal-
koxides, such as the perfluoro-tert-butoxide anion571 ([OC(CF3)3]), accessible.571 These an-
ions utilize the high electronegativity of the fluorine atoms to achieve a diffuse negative 
charge and poor participation in hydrogen bonding.572 A direct result of the very low 
polarizability of the fluorinated groups and the absence of H-bonds in ILs with these 
anions is that they are usually hydrophobic. The formation of a biphasic mixture in com-
bination with water is therefore a common finding although the measured polarities of 
these ILs are relatively high compared to hydrophobic molecular solvents.28 The incor-
poration of the small trifluoromethyl group yields small anions with a comparably low 
degree of symmetry. Therefore ILs based on these anions tend to have beneficial prop-
erties such as low melting points or only glass transitions, along with low viscosity and 
high conductivity.573 In general the utilization of slightly longer perfluorinated segments 
in the anions has a negative effect on the transport properties568 but may nevertheless be 
beneficial to decrease melting points or increase hydrophobicity. Furthermore, ILs with 
these anions generally show high chemical, electrochemical and thermal stability as a 
result of the inertness and electron withdrawing character of the perfluorocarbons.572,574 
Hydrolysis is also not reported for anions with perfluorocarbon segments, as it was 
found for other fluorine containing anions such as [BF4] and [PF6].575 As a consequence 
of this favorable combination of properties, the trifluoromethyl group is present in many 
ILs with high performance, especially in those used for electrochemical applications. 

Notwithstanding the widespread presence of short fluorinated alkyl groups in the anion, 
these structural motifs are seldom utilized in the cations. The reason for this is the strong 
electron withdrawing character of the fluorine atoms that increases the localization of 
the positive central charge leading to a negative impact on their properties. In particular 
this holds true when compared to the nonfluorinated hydrocarbon analogues. For ex-
ample the melting point of 1-methyl-(3,3,3-trifluoropropyl)-imidazolium hexafluoro-
phosphate was found to be 75°C576 and by that notably larger than the one for 1-methyl-
3-propyl-imidazolium hexafluorophosphate (Tm([C3C1IM][PF6]) = 38°C),577 although the 
perfluoro functionalization is spaced by two methylene units. However, the influence 
on other physicochemical properties is only sparsely studied and only selective investi-
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gations are given in the literature. One example is the viscosity of 1-methyl-3-(2,2,2-tri-
fluoroethyl)-imidazolium [NTf2] (η35 °C([(F3CCH2)C1IM][NTf2]) = 55.1 mPa s)578 that is 
nearly twice as high as the one of the comparable alkyl IL (η35 °C([C2C1IM][NTf2]) = 
23.7 mPa s)579 while at the same time the conductivity of the fluorinated IL 
(σ35 °C([(F3CCH2)C1IM][NTf2]) = 1.92 mS cm-1) is significantly lower than for the alkyl one 
(σ35 °C([C2C1IM][NTf2]) = 11.9 mS cm-1).580 

Contrary to the ILs mentioned above, the attachment of perfluorocarbon tags leads to 
pronounced nanostructural organization that is the reason for the highly altered macro-
scopic properties of FILs.581 The resulting compounds combine IL-specific characteristics 
as well as properties that stem from their partial fluorous nature, making them an out-
standing class of new liquid materials.553,557,581 Similar to the attachment of sufficiently 
large alkyl segments, the incorporation of perfluorinated moieties induces segregation 
into polar and nonpolar nanodomains, as a result of solvophobic interactions.582 As the 
fluorous groups are even more lipophilic and show enhanced chain stiffness than the 
hydrocarbon analogues, this structuring is more pronounced in the case of the FILs,25 
which was attributed to increased dispersion interactions.583 However, this does not nec-
essarily lead to a stabilized crystal structure as the symmetry of cations might be de-
creased by introduction of both fluorocarbon and hydrocarbon chains.584 If both alkyl 
and fluorous groups of sufficient length scales are present, some ILs were found to yield 
self-assembled nanostructures consisting of polar-ionic, nonpolar hydrocarbon and non-
polar flurorocarbon domains.585 Accordingly, the FILs show an advanced tunability and 
highly controllable solvent properties that are defined by the size of the three 
nanodomains and the contribution of the different interactions.586 As a result of the seg-
regation into three domains, the FILs are also frequently termed triphilic materials.543  

The domain formation, for example, was proven for a series of PILs with perfluorocar-
boxylate anions, whereas a similar structuring was not found for the corresponding non-
fluorinated hydrocarbon carboxylates.587 The nanosegregation of FILs in bulk was 
proven by MD-simulations,532,581,582,585,588 X-ray543,581,587–589 and neutron scattering experi-
ments581,588,589 as well as NMR spectroscopy190,543,581 for both protic and aprotic IL repre-
sentatives. Exemplary experimental scattering patterns and snapshots of simulation 
boxes are shown in Figure 10. The nanostructural organization into polar, hydrogenated 
apolar and fluorinated apolar domains was also reported for mixtures of FILs with alkyl 
alcohols in dependence on their ratio.590 These unique structural features of FILs are also 
believed to be the reason for the rich phase behavior of some representatives that show 
different solid-solid transitions.582,585  
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Figure 10: Scattering patterns of the diethylmethyl(2-methoxyethyl)ammonium ([DEME]) cation 
paired with imide anions of the composition [N(SO2(CF2)xF)2] (0 ≤ x ≤ 4) obtained by a) medium 
angle X-ray and b) small-angle neutron scattering experiments at ambient conditions (adapted 
from ref.581 and 589). The indicated low q-peak is emerging in the neutron scattering patterns for 
x being equal or greater than 3. This peak at low q-position is a fingerprint for the fluorous do-
mains that are only formed if the perfluorinated chains are long enough. It is therefore absent for 
x ≤ 2. c) Snapshot of a simulation box for [DEME][[N(SO2(CF2)4F)2].589 Perfluorinated segments 
are colored in green whereas all other molecular fragments are red. d) Molecular dynamics (MD) 
simulation snapshot of 1-hexyl-3-methyl-imidazolium nonafluorobutanesulfonate.585 Ionic subu-
nits are given in red (negative charge) and blue (positive charge) and represent the polar network. 
Grey spheres are the hydrogenated nonpolar domains, while green spheres correspond to the 
fluorinated nonpolar domains. e) Single filament of butylammonium pentadecafluorooctanoate 
from MD simulations.532 The hydrogen bonded filaments are a section of a continuous triphilic 
network (see the insert). Cationic alkyl tails are colored in red and fluorous tails in the anion in 
green. 

The FILs were also demonstrated to reduce the impact of the addition of water to the 
ILs’ ability for hydrogen bond acceptance compared to conventional ILs, yielding task-
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specific materials with enhanced solvent quality and tunability.586 As a result, the FILs 
were suggested for the dissolution of biomolecules, extractions or material design.586 In 
addition, the unique interactions of FILs can also be used in combination with carbohy-
drates to create aqueous biphasic systems as benign alternatives for extractions.591 FILs 
were also investigated for drug delivery of the protein lysozyme since they had no neg-
ative effect on its stability and were able to retain the enzyme’s hydrolytic activity.592 As 
a result of the inherent amphiphilicity through the presence of both an ionic and a highly 
apolar part in one ion, the FILs are often highly active surfactants.556,593,594 This allows for 
example the emulsification of molecular perfluorinated compounds in conventional 
non-fluorinated ILs.593 In addition, it was shown that FILs with fluorinated groups in 
both anion and cation reduce the surface tension of water to a much greater extent than 
a single perfluoro fragment in either the cation or the anion.595 A general trend found for 
the FILs is the comparably high gas solubility596 similar to the gas-philic properties of 
molecular fluorinated compounds.597,598 This has been mainly investigated for oxygen,558 
but also for other gases to some extent.599,600 Consequently, the FILs were proposed as 
electrolytes in metal-air-batteries558 or oxygen therapeutic emulsions.553,601 The high gas 
solubility of the FILs also can be applied for gas separation in FIL-polymer membrane 
composites.602,603 If enough and sufficiently long perfluorocarbon segments are intro-
duced into the molecular structure, the resulting ILs show a high fluorophilicity with 
some properties similar to perfluorinated solvents.604,605 These highly fluorophilic ILs 
can, for instance, be utilized in biphasic catalysis to form a non-volatile fluorous phase554 
or for the preparation of composite materials with PTFE that do not suffer from bleeding 
out of the FIL plasticiser.605 Other possible applications of fluorinated ILs are the use as 
coatings to achieve superhydrophobic surfaces by either covalent606 or non-covalent 
bonding.607,608 

1.7 Correlation of transport properties in ionic liquids – reminiscence 
of electrolyte solutions 

The determination of transport properties of fluids is an important field in science dating 
back to the works of Isaac Newton in 1687.609 The measurement of transport properties 
is a routine method to gain understanding of molecular motion, momentum, charge, 
mass and heat transfer as well as the underlining molecular interactions.610 For fluids, 
the transport properties of highest interest cover the physical quantities of self-diffusion 
coefficient Ds (molecular motion), viscosity η (momentum transport), electrical conduc-
tivity κ (charge transport), chemical diffusion coefficient D (mass transport) and thermal 
conductivity λ (heat transport). The detailed knowledge about the transport properties 
of fluids is essential for their successful implementation in processes and products.611 In 
the case of ionic liquids, the first three quantities are the most interesting for the deter-
mination of liquid association that in turn is desired to be minimized to achieve high 
conductivities. The electrical conductivity of ILs is conventionally determined by imped-
ance spectroscopy while viscosities are measured by various rheological techniques. The 
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self-diffusion coefficients of cation and anion are generally determined by NMR meas-
urements either using pulsed612 or steady field613 gradient experiments. They can also be 
determined by quasi-elastic neutron scattering614,615 and potentially by tracer-diffusion. 
However, the obtained self-diffusion coefficients differ depending on the measurement 
method which is believed to be a result of scale-dependence.435 It is reported that ILs 
show a sub-diffusive behavior on short timescales (picosecond range) that are investi-
gated by computational chemistry and neutron scattering techniques while on larger 
time scales a linear relationship (regular diffusion – the mean squared displacement of 
the diffusing species is a linear function of time) is found.433,487–48  

The usage of ILs in advanced electrochemical devices is one of the most promising and 
developing fields and requires the optimization of conductivity by tuning the intermo-
lecular interactions.243 The benefits of ILs in electrochemical applications have already 
been discussed in section 1.4. Changes of the ILs’ conductivity without impacts on other 
transport properties are not feasible since these are correlated by different empirical re-
lations. A scheme of the correlations between the transport properties of low tempera-
ture molten salts is shown in Figure 11. It should be noted that these empirical interrela-
tions were initially derived for electrolyte solution and molecular liquids but are also 
applicable to ILs and therefore seem to be quasi-universal.610 

The most important transport property relations applied in the field of ionic liquids are 
the Walden, Nernst-Einstein and Stokes-Einstein-Sutherland (SES) relation. The Walden 
relation (1) links the molar conductivity Λ୑ of an electrolyte solution to its inverse vis-
cosity η (fluidity) at a given temperature T and can be written as: 

 Λ୑ ∝ ሺηିଵሻ୲ (1) 

With t being a fractional exponent necessary to fit the data for both molecular electrolyte 
solutions and ionic liquids. The SES equation (2), that is more commonly written in the 
non-fractional version (3) (valid for particles with a diffusion coefficient D that are sig-
nificantly larger than the solvent molecules), connects the self-diffusion Dୗ with the tem-
perature depended viscosity of fluids. 

 Dୗ

T
∝ ሺηିଵሻ୲  (2) 

 
D ൌ  

kT
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  (3) 

With t being a fractional exponent necessary to fit the data for real solvents that do not 
meet the assumptions of the simple SES model of particles moving in a nonmolecular 
medium,617 k the Boltzmann constant, n being either 4 (β = 0: no slip boundary condi-
tions) or 6 (β = ∞; slip boundary conditions) in dependence of the Stokes frictional pa-
rameter β limits and r the hydrodynamic radius of the diffusing particle.610 The Nernst-
Einstein equation (4) on the other hand relates the conductivity of a fluid to the self-
diffusion coefficients of the charge carriers i and was derived for dilute, non-interacting 
electrolyte solutions that are regarded as an ‘ideal behaving electrolytes’. 
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Figure 11: a) Scheme of the relations for important IL transport properties. Representative graphs 
of b) Walden relation, c) Stokes-Einstein-Sutherland relation and d) deviation parameter of the 
Nernst-Einstein relation that is frequently interpreted as an indicator for ion pairing in ILs. 
(Graphs of the transport property relations are adapted from ref.616). 
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Where F is the Faraday constant, R the gas constant, ν the stoichiometric coefficient, z 
the charge and Dୗ the self-diffusion coefficients of the species i. For every investigation 
of the ILs’ transport properties, there are deviations found when the experimental con-
ductivity Λ୑,୉୶୮ is compared to the one calculated from the Nernst-Einstein relation 

(therefore denoted as Λ୑,୒୉ in the following section). This difference between the diffu-
sive and electrical mobilities can be quantified with either the Haven ratio Hୖ (5),612,618–

621 the Nernst-Einstein deviation parameter Δ୒୉ (6)616,617,622 or the ionicity Iୌୖ (7) that is 
the reciprocal Haven ratio and quantifies the amount of ‘free’, non-aggregated ions. 
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Both the deviation from Walden and Nernst-Einstein behavior were used in the litera-
ture to quantify the deviation of ILs from an ideally behaving electrolyte which is often 
termed ‘ionicity’. In the Walden plot, the deviation from the so called ‘ideal KCl line’ is 
regarded. This line was obtained from the temperature dependent conductivity and vis-
cosity of a 0.01 M aqueous KCl solution where the ionic interactions are regarded as 
negligible. The discrepancy from ideality can be quantified by the fractional Walden ap-
proach (8) that relates conductivity and fluidity by the introduction of an additional pa-
rameter α.623,624 This parameter describes the deviation from the relation proposed by 
Walden in which t is equal to unity (C being a fitting constant).  

 log
Λ୑ mol
S cmଶ ൌ log C ൅  t log

0.1 Pa s
η

 (8) 

The ionicity based on the Walden relation is obtained from the vertical difference of the 
measured conductivity Λ୑

ୣ୶୮ to the one of the ‘ideal KCl line’ Λ୑
଴ .625 In this way the ion-

icity from the Walden plot I୛ at a certain temperature is obtained according to equation 
(9). 
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Based on the degree of deviation, the Walden plot is also commonly used to group ILs 
into ‘good’ (high ionicity – usually obtained for AILs) and ‘poor’ (low ionicity – often 
obtained for PILs with low pKa difference between the IL constituting acid and base).120 
The origin of this deviation from an ideally behaving electrolyte is still a matter of debate 
in the scientific literature.626 Some research groups postulate that the reason for this phe-
nomena is the formation of ‘ion pairs’ or ‘ion aggregates’ that are overall neutral units 
and therefore do not contribute to the conductivity.623 This effect is assumed to be similar 
to the investigated and well-known formation of ion pairs in solution.454 There are op-
posing evidences for and against the hypothesis of ion aggregation.626,627 Results from 
dispersion NMR459 and electrophoretic NMR619 as well as MD simulations628 for instance 
point towards some sort of aggregated species. On the contrary, Harris argues that there 
are no hints for ion aggregation in the vast majority of low temperature molten salts 
when the Laity resistance coefficients are considered.622 Other groups concluded from 
theoretical studies that the lifetimes of ion-ion contacts as well as their correlated mo-
tions are too low to justify the existence of neutral subunits in ionic liquids.627 Further 
approaches rationalize the experimentally observed deviation of calculated and meas-
ured electrical conductivity with the assumption of charge transfer (CT) between cation 
and anion. This CT would lead to fractional charges that are lower than the integer 
charges in the Nernst-Einstein equation (4) and would also suppress the aggregation of 
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oppositely charged ions.629 It should be noted that for protic ILs, the presence of neutral 
subunits as a result of proton back transfer to the molecular precursors is a common 
finding, leading to a comparable description in terms of ‘ionicity’.630–632  

Further rationalizations for the deviation of ILs from an ideally behaving electrolyte and 
a standalone interpretation of IL transport properties are anticorrelated motions of 
ions.633 This description has its origin in momentum conservation that is different for 
diluted electrolytes and ILs or molten salts since the momentum is distributed among 

solvent molecules in the former case.634 The distinct diffusion coefficients (DDC) D୧୨
ୢ (i,j = 

+ in case of the cation or – for the anion; eq. (10-12)) or equally the velocity cross-corre-
lations (VCC) f୧୨ (eq. (13)) are calculated from the same experimental quantities as 

needed for the calculation of the Haven ratio or Nernst-Einstein deviation parameter. 
For ILs with single charged ions, the DDC in the mass-fixed635 or barycentric reference 
frame are given by:636 

                    Dାି
ୢ ൌ െ
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ୢ M
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with Mା the molar mass of the cation, Mି the molar mass of the anion, M the molar mass 
of the ionic liquid and Dୗ୧ the self-diffusion coefficient of either cation (i = +) or anion (i 
= i).These equations for the DDC deviate from the McCall-Douglas-Hertz VCCs637,638 that 
are time and ensemble averages of the Kubo VCCs.617,635 For the unlike ions, the DDC 

Dାି
ୢ  are proportional to the molar conductivity whereas for the like-charged anions (Dାା

ୢ  
and Dିି

ୢ ) they contain conductive and diffusive terms. Both DDC and VCC are negative 
quantities in pure ILs as a result of momentum conservation.616 

In order to determine if there is ion association present in conventional molten salts or 
ionic liquids, the Laity resistance coefficients639 (LRC) 𝑟௜௝ are occasionally applied.613,640 
The LRC are phenomenological coefficients obtained from non-equilibrium thermody-
namics describing the flow of the ions. They are functions (eq. (14-16)) of the ionic 
charges and stoichiometry as well as the transport quantities. For an ionic system con-
sisting of only one component one obtains: 
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(16) 

The values for the unlike LRCs rାି are necessary positive whereas rାା and rିି might 
have both positive and negative values. Negative values in molten salts and ionic liquids 
are thereby regarded as indicator for ion association.622 

Even though the origin of the ILs’ deviation from ideal electrolyte behavior is still a mat-
ter of debate in scientific literature, the quantification is of high importance especially 
for the design of optimized electrolytes with maximum conductivity.  
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This cumulative thesis is based on the following seven publications in peer-reviewed 
journals, with me as first author or equally contributing first author. 

Publication A:  Daniel Rauber, Frederik Philippi, Josef Zapp, Guido Kickelbick, 
Harald Natter, Rolf Hempelmann, Transport properties of protic 
and aprotic guanidinium ionic liquids, RSC Adv., 2018, 8, 41639-
41650. 

Publication B:  Frederik Philippi, Daniel Rauber, Josef Zapp, Rolf Hempelmann, 
Transport properties and ionicity of phosphonium ionic liquids, 
PCCP, 2017, 19, 23015-23023. (Daniel Rauber as equally contrib-
uting first author). 

Publication C:  Daniel Rauber, Peng Zhang, Volker Huch, Tobias Kraus, Rolf 
Hempelmann, Lamellar structures in fluorinated phosphonium 
ionic liquids: the roles of fluorination and chain length, PCCP, 
2017, 19, 27251-27258. (Peng Zhang as equally contributing first 
author). 

Publication D:  Daniel Rauber, Frederik Philippi, Rolf Hempelmann, Catalyst re-
tention utilizing a novel fluorinated phosphonium ionic liquid in 
Heck reactions under fluorous biphasic conditions, J. Fluor. Chem., 
2017, 299, 115-122. 

Publication E:  Daniel Rauber, Florian Heib, Michael Schmitt, Rolf Hempelmann, 
Trioctylphosphonium room temperature ionic liquids with perflu-
orinated groups – Physical properties and surface behavior in 
comparison with the nonfluorinated analogues, Colloids Surf. A, 
2018, 537, 116-125. 

Publication F:  Daniel Rauber, Florian Heib, Tobias Dier, Dietrich A. Volmer, Mi-
chael Schmitt, Rolf Hempelmann, On the physicochemical and 
surface properties of 1-alkyl 3-methylimidazolium bis(nonaflu-
orobutylsulfonyl)imide ionic liquids, Colloids Surf. A, 2017, 529, 
169-177. 

Publication G:  Daniel Rauber, Florian Heib, Michael Schmitt, Rolf Hempelmann, 
Influence of perfluoroalkyl-chains on the surface properties of 1-
methylimidazolium bis(trifluoromethanesulfonyl)imide ionic li-
quids, J. Mol. Liq., 2016, 216, 246-258. 

In Publication A and B the thermal behavior and important transport properties of novel 
ILs with less frequently used, but promising cation subclasses were investigated. 

 In Publication A the focus was on the synthesis and characterization of protic and apro-
tic cations that are derivates of the superbase tetramethylguanidine. ILs originating from 
superbases are of particular interest for practical applications since they usually show 
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higher thermal, electrochemical and chemical stability. Different cation substitution pat-
terns and anions from acids with broadly varied pKa values were investigated. The ob-
tained transport quantities (viscosity, conductivity and self-diffusion coefficients) were 
analyzed according to different models for their correlation such as the Nernst-Einstein, 
Walden and Stokes-Einstein-Sutherland relation. The deviation from fully dissociated, 
‘ideal behaving’ electrolytes was quantified in terms of the ionicity as reciprocal Haven 
ratio or as obtained from the Walden plot. Both the protic and aprotic guanidinium ILs 
were found to have transport properties values similar to other IL cations with compa-
rable molecular weight and high ionicity values, especially in the case of the protic ILs. 
The most promising transport properties and ionicity values were found for the anions 
with small perfluorinated groups. Elongated perfluorocarbon segments that are present 
for instance in the bis(pentafluoroethanesulfonyl)imide anion or nonfluorinated anions, 
such as the methanesulfonate, show a more pronounced undesirable transport behavior 
when compared to anions with trifluoromethylgroups, such as the bis(trifluoromethane-
sulfonyl)imide [NTf2] or trifluoromethanesulfonate [OTf]. 

In Publication B the transport properties for a series of mostly novel phosphonium-based 
ionic liquids in dependence on the cation substitution pattern or anion were measured. 
As model system the bis(trifluoromethanesulfonyl)imide was chosen since ILs contain-
ing this anion with perfluorinated groups usually show low melting points, good 
transport properties and high stabilities. These characteristics are the result of the high 
charge delocalization enabled by the strong electron withdrawing character of the per-
fluorinated moiety. Phosphonium ILs are of special interest for practical applications 
since they show some beneficial characteristics compared to other cation classes. For in-
stance, they show higher chemical and electrochemical stability than imidazolium- or 
pyridiunium-based ILs and usually improved transport properties compared to ammo-
nium analogues with the same substitution pattern. The [NTf2]-ILs were found to have 
the highest ionicity values and the most favorable transport properties compared to 
other anions. Furthermore, short alkyl side chains and the utilization of ether groups in 
the cation had a beneficial influence on the ILs’ transport behavior. 

Publication C deals with the supramolecular structure and resulting macroscopic prop-
erties of phosphonium ILs with perfluorinated groups in the cation and compares the 
results to the nonfluorinated ones. For this purpose several novel ILs with varied length 
of perfluorinated or hydrocarbon side chain and the weakly coordinating dicyanamide 
anion were synthesized. Small-angle X-ray scattering (SAXS) revealed the formation of 
lamellar structures with long-range order in the liquid state for all fluorinated ILs while 
the alkylated ones only showed the general features found for most ILs that contain po-
lar-ionic and nonpolar hydrocarbon domains. The long-range ordered structure is the 
result of fluorophilic interactions and therefore the more pronounced, the longer the per-
fluorinated moieties are. Furthermore, the effect of the micro-structuration on the mac-
roscopic properties was investigated. The fluorinated ILs were found to have higher 
melting points and viscosities that are about one order of magnitude larger than the al-
kylated ILs. In addition the incorporation of perfluorocarbon segments leads to non-
Newtonian shear thinning contrary to the hydrocarbon ones that showed only Newto-
nian flow behavior. 
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The application of a highly fluorous IL for the immobilization of a fluorous catalyst was 
the subject of Publication D. Highly fluorous ionic liquids combine the fluorophilic char-
acteristics of perfluorocarbon solvents with non-volatility to avoid the problem of evap-
oration of fluorous compounds. Although the novel highly fluorinated IL had a melting 
point above room temperature, it remained in the liquid state to form a fluorous phase 
when combined with DMF in a thermoregulated biphasic system. This mixture could be 
exploited in fluorous biphasic catalysis for the immobilization and reuse of a perfluoro-
tagged Pd-catalyst. As model system the Heck reaction as example for a widely used C-
C coupling reaction was used. The reaction of iodobenzene and methyl acrylate gave 
83% yield of coupling product after 20 runs with minimal loss of fluorous phase. 

Publications E to G contain the investigations on the general physicochemical properties 
of novel or rarely investigated ILs with elongated perfluorinated chains in either the cat-
ion or anion. For these ILs the dynamic and static wetting behavior on different surfaces 
was investigated by the High precision Drop Shape Analysis (HPDSA). 

As many practical applications of ILs include some sort of solid-liquid interfaces an ad-
vanced insight in their static and dynamic wetting behavior on different surfaces is 
highly demanded for tailored modifications. In Publication E the general properties of 
trioctylphosphonium cations with attached perfluorinated chains of different length and 
the low coordinating anions [N(CN)2], [C(CN)3] and [NTf2] were measured. The results 
were compared to the alkylated ILs with similar side chain length to show the influence 
of the perfluorinated segments directly. The fluorinated ionic liquids were found to have 
diverse thermal transitions, anion-dependent decomposition temperatures, similar sol-
vent polarities, higher overall viscosities and a shear dependent non-Newtonian thin-
ning behavior. Furthermore, the fluorinated ILs showed an altered wetting behavior on 
a hydrophobic modified surface leading to higher static uphill and downhill contact an-
gles and stronger pinning on the surface. The general physical properties of 1-alkyl-3-
methyl-imidazolium-ILs with the highly fluorinated anion bis(nonafluorobutyl-
sulfonyl)imide [NNf2] and their wetting behavior on hydrophilic and hydrophobic sur-
faces was the subject of Publication F. The resulting properties of this fluorinated ILs 
were compared to the imidazolium-ILs with the widely used [NTf2] anion. The [NNf2]-
ILs had melting points near ambient temperature, high decomposition temperatures and 
wide liquid ranges. Their polarities decreased with increasing side chain length and 
were slightly higher than the values of the [NTf2]-ILs with similar alkyl chains. The vis-
cosities of the [NNf2] were significantly higher than the ones found for the [NTf2]-ILs 
and the crystal structure of 1-decyl-3-methyl-imidazolium [NNf2] revealed the for-
mation of three different domains (polar ionic, nonpolar-hydrocarbon and nonpolar-
perfluorocarbon; see also chapter 1.6) by favored homogeneous interactions. Analysis of 
the wetting characteristics by the high-precision drop shape analysis (HPDSA) approach 
revealed only minor differences in the static wetting behavior of the [NNf2] and [NTf2] 
samples on hydrophobic and hydrophilic surfaces. However, the two anion classes 
showed noticeable differences in their dynamic wetting properties on both types of sur-
faces leading to a stronger pinning on the surface in case of the [NNf2]-ILs. Publication G 
deals with the important physicochemical properties and wetting properties of a series 
of 1-(1H,1H,2H,2H-perfluoroalkyl)-3-methyl-imidazolium [NTf2] ILs in comparison with 
the 1-alkyl-3-methyl-imidazolium [NTf2] analogues. The fluorinated ILs were found to 
have an altered phase transition behavior compared to the nonfluorinated cations, high 
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decomposition temperatures and wide liquid ranges. The viscosity o the FILs was about 
one order of magnitude higher and showed a much stronger dependence on the side 
chain length than the alkyl-imidazoles, which is the result of the higher degree of charge 
localization in the cation, as indicated by the increased solvatochromic polarity, com-
bined with the increased stiffness and solvophobic interactions of the perfluoroalkyl 
moieties. The solvophobic interactions were also observable in the crystal structure of 1-
(1H,1H,2H,2H-perfluorodecyl)-3-methyl-imidazolium [NTf2] that revealed an ionic and 
a fluorous domain. The HPDSA was applied to investigate the wetting behavior on dif-
ferent surfaces. While the alkylated ILs showed wetting characteristics similar to con-
ventional organic test liquids with small surface tension the fluorinated ionic liquids had 
a strong pinning and higher wetting of all investigated surfaces. In applications as elec-
trolyte in electrochemical devices the wetting of the ionic liquid electrolyte on the elec-
trode material is of great importance for the charge transfer process and thus for the 
operation of the electrochemical device.  
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2.1 Publication A 

 

Transport properties of protic and aprotic guanidinium ionic li-
quids 

Daniel Rauber, Frederik Philippi, Josef Zapp, Guido Kickelbick, Harald Natter, 
Rolf Hempelmann.  

RSC Adv., 2018, 8, 41639-41650. 

 

Reproduced with permission of the Royal Society of Chemistry. 
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2.2 Publication B 

 

Transport properties and ionicity of phosphonium ionic liquids  

Frederik Philippi, Daniel Rauber, Josef Zapp, Rolf Hempelmann.  

Phys. Chem. Chem. Phys., 2017, 19, 23015-23023. 

 

Reproduced with permission of the PCCP owner societies. 
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2.3 Publication C 

 

Lamellar structures in fluorinated phosphonium ionic liquids: 
the roles of fluorination and chain length  

Daniel Rauber, Peng Zhang, Volker Huch, Tobias Kraus, Rolf Hempelmann.  

Phys. Chem. Chem. Phys., 2017, 19, 27251-27258. 

 

Reproduced with permission of the PCCP owner societies. 
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2.4 Publication D 

 

Catalyst retention utilizing a novel fluorinated phosphonium io-
nic liquid in Heck reactions under fluorous biphasic conditions 

Daniel Rauber, Frederik Philippi, Rolf Hempelmann.  

J. Fluor. Chem., 2017, 299, 115-122. 

 

Reproduced with permission of Elsevier. 
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2.5 Publication E 

Trioctylphosphonium room temperature ionic liquids with per-
fluorinated groups – Physical properties and surface behavior in 
comparison with the nonfluorinated analogues 

Daniel Rauber, Florian Heib, Michael Schmitt, Rolf Hempelmann. 

Colloids Surf. A, 2018, 537, 116-125. 

Reproduced with permission of Elsevier. 
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2.6 Publication F 

 

On the physicochemical and surface properties of 1-alkyl 3-me-
thylimidazolium bis(nonafluorobutylsulfonyl)imide ionic liquids  

Daniel Rauber, Florian Heib, Tobias Dier, Dietrich A. Volmer, Michael Schmitt, 
Rolf Hempelmann. 

Colloids Surf. A, 2017, 529, 169-177. 

 

Reproduced with permission of Elsevier.  
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2.7 Publication G 

 

Influence of perfluoroalkyl-chains on the surface properties of 1-
methylimidazolium bis(trifluoromethanesulfonyl)imide ionic li-
quid 

Daniel Rauber, Florian Heib, Michael Schmitt, Rolf Hempelmann. 

J. Mol. Liqu., 2016, 216, 246-258. 

 

Reproduced with permission of Elsevier.  
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