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I. Zusammenfassung

|. Kurzzusammenfassung

Ionische Fliissigkeiten (ILs) sind eine vielseitig abstimmbare neue Materialklasse, die
eine einzigartige Eigenschaftskombination fiir ein grofies Spektrum an Anwendungen
bietet. Die immense Anzahl an mdoglichen ILs fiir die Einbindung in fortgeschrittene
Technologien erfordert ein detailliertes Wissen tiber deren Synthese, physikochemische
Eigenschaften und mikroskopische Wechselwirkungen, die das makroskopische Verhal-
ten bestimmen. Die Einfiihrung fluorierter Alkylgruppen kann die Eigenschaften von
ILs auf verschiedene, vorteilhafte Weisen dndern.

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

Die Einfiihrung langer Perfluorokohlenstoff-Ketten in Kation oder Anion von ILs fiihrte
zu hoheren Schmelzpunkten und Viskositdten sowie einer verdnderten Nanostruktur
durch die ausgepragtere Bulk-Strukturierung. Dartiber hinaus zeigten die FILs ein deut-
lich verdandertes Benetzungsverhalten auf verschiedenen Oberfldchen 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 stiarkere Ladungsdelokalisation.

VI



Il. Abstract

[l. 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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lll. 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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V1. Abbreviations

PO((CF2)2F)2)o]
SO,CF3)(CN)])
SO,CF3)(COCEF3)]
SOCFs)a]
SO(CF,)F)]
SO(CF2)<F)a]
OC(CFs)3]

OMs]

~ o~ o~ o~ o~ o~

P(CF»)2F)sFs]
PFe]

PO,(O(CH,),H),]

PO»(O(CH>)H)(CH.),yH]

Anion
Bis(pentafluoroethanesulfonyl)imide anion
Perfluoroalkyltricyanoborate anion
Perfluoroalkylcyanofluoroborate anion (x > 1; y+z = 3)
Perfluorotrifluoroborate anion (x = 1)
Tetracyanoborate anion

Tetrafluoroborate anion
Tricyanomethanide anion

Chloride anion

Perchlorate anion

Carboxylate anion (x = 0)

Trifluoroacetate anion
Perfluoroalkylcarboxylate anion (x > 1)

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

Tris(trifluoromethanesulfonyl)methanide anion
Tris(pentafluoroethyl)trifluorophosphate anion
Dicyanamide anion

Nitrate anion
Bis[bis(pentafluoroethyl)phosphinyl]imide anion
Trifluoromethanesulfonyl-N-cyanoamide anion
Trifluoro-N-(trifluoromethanesulfonyl)acetamide anion
Bis(trifluoromethanesulfonyl)imide anion
Bis(pentafluoroethanesulfonyl)imide anion
Bis(perfluoroalkylsulfonyl)imide anion
Perfluoro-tert-butoxide anion
Methanesulfonate anion
Trifluoromethanesulfonate anion
Tris(pentafluoroethyl)trifluorophosphate anion
Hexafluorophosphate anion

Alkylphosphonate anion (x 21, y 2 0)
Dialkylphosphate anion (x = 1)
Bis(trifluoromethyl)phosphinate

Thiocyanate anion

Alkylsulfonate anion (x > 1)
Trifluoromethanesulfonate anion

Nonafluorobutanesulfonate anion

Xl



IV. Abbreviations

[SO4(CH.),H]
[TFA]

AIL
API
BASIL
DSSC
DMF
EDLC
ESI-MS
EWG
FIL

GC
GPIM
HPDSA
HPLC
IL

ILC

LC
MALDI-MS

MD
MILs
NP
NTf,
OTf
PEMEFC

PIL
RTIL
SAXS
SILP
TGA
Tf
VOC

Alkylsulfate anion (x > 1)

Trifluoroacetate

Aprotic ionic liquid

Active pharmaceutical ingredient

Biphasic acid scavenging utilizing ionic liquids
Dye-sensitized solar cell
Dimethylformamide

Electrochemical double-layer capacitors
Electrospray ionization - mass spectrometry
Electron withdrawing group

Fluorinated ionic liquid

Gas chromatography

Green propellant infusion mission
High-precision drop shape analysis
High-performance liquid chromatography
Ionic liquid

Ionic liquid crystal

Liquid crystal

Matrix-assisted laser desorption/ ionization - mass spec-

trometry

Molecular dynamics
Metal-containing ionic liquids
Nanoparticle
Bis(trifluoromethanesulfonyl)imide
Triflate

Proton exchange membrane fuel cell
Negative logarithmic acid dissociation constant
Protic ionic liquid

Room temperature ionic liquid
Small-angle X-ray scattering
Supported ionic liquid phase
Thermogravimetric analysis

Triflyl/ trifluoromethanesulfonyl

Volatile organic compound

Xl



1. Introduction

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> or ‘task-specific liquids’. As ILs are composed solely of ions, the coulombic
forces are the dominating intermolecular interactions.” 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 (AH,) resulting in a negligible vapor pressure, insignificant vol-
atility and non-flammability.8° 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.?

Property

Organic solvents

Ionic liquids

Number of representatives

Adjustability

Vapor pressure

~108

Limited range of solvents
available

Obeys Clausius-Clapeyron

>108

Functionalizable in a very
wide range

Negligible under ambient con-

equation ditions
Flammability Often flammable Non-flammable
loptogee ol e i
Density 0.6-1.6 g cm?3 0.8-3.3 gcm?3
Functionality Usually monofunctional Often multifunctional
Catalytic activity Rare Common and tunable

Structuration in bulk and Often highly structured on dif-
Usually poorly pronounced

at surfaces ferent length scales

Intrinsic paramagnetism in

M ti ti N ti
AGNENC Propertes onmagnete metal-containing ionic liquids
Chirality Very rare Large variety of chiral ILs
2-100 ti th t of molecu-
Market price Usually cheap Hmes Fhe cost of moect
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 magnetic!4-19 or chiral20-2? 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.?* 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




1. Introduction

van der Waals to the strong Coulombic interactions and often include specific, aniso-
tropic forces, such as hydrogen bonding and dipole-dipole interactions.?> Although there
are more intermolecular interactions present in ILs than in molecular solvents, the Cou-
lomb interaction plays the most dominant role.2¢ 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 solvents? with polarity values? ranging from slightly less polar than water, for
example found for ethylammonium nitrate [EtNH;3][NOs],?° 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.?® The
structural formulae of commonly used cations and anions are sketched in Figure 1.

Cations Anions
R1
N , : e © ©
[C-D> Imidazolium-  ¢1© 5® 19 Halide © :
N Na Nitrate
-2 a = oo
N==8 Thiocyanate a— N
<G-)N—R1 Pyridinium- N _ : GAI-"CI Tetrachloroaluminate
N///G\\N Dicyanamide c’ a
3 4
R\N’R Cl
RlN)@}N’RS & hidinium- N\\\ ///N Tricyanes @/)l(QICI Tetrachlorometallate
R e methanide c’ “ci X=Mn,Fe, Co
|If Main and transition

@R! N Pseudohalides | < :
CN/ B Rolidinium- - /| metal-containing anions

O
2 ( I|: & R1—/< Carboxylate
® | ) (?BQ'F Tetrafluoro- 0®
N Ammonium- FF'F borate o
RISSRS - RI-8—o@ Alkylsulfonate
R2 ol Hexafluoro- 5
N F—,'T_F phosphate
(P-\""R3 Phosphonium- | F ¢ i O ©O0  Bis(trifluoro-
RY R Inorganic weakly F.c-S~N=8_- methanesulfonyl)
Fo (& coordinating anions ) "3~ W I 3 imide
= H, alkyl group or
functionalized
\ alkyl group }
lonic liquids

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.3+35 In most cases the different types of this
‘anti-crystal engineering approach’?® 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.3” 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.3

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 m-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.® 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 ([NTf;]) 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 [BFs] or
hexafluorophosphate [PF¢], cyano-groups? in the dicyanamide [N(CN).] or tricyano-
methanide [C(CN)s], chlorine atoms in metal-containing anions as well as fluorinated
alkyl groups for instance realized in the [NTf:] or the trifluoromethanesulfonate ([OTf])4
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.#2 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.#® 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.#-47

Due to the frustrated lattice packing, only glass transition temperatures T, are observed
for many ILs.484% 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.5° Similar thermal behaviors are also
often observed in eutectic mixtures of ILs%! 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.>*-5> 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 [CxCiIM][A] is shown in Figure 2.

a)  C,-alkyl-3-methyl-imidazolium ILs [C,C,IM][A] D)

Hydrophobic
~ Conventional salts region;
100 d—e- Increasing
A lanic liauid van der
onic liquids WAEIE
O = maA . % s .;x interactions
£ |vom g begce
8 -V e e D e e e e -
a e = X m o ® Room-
D g4
S ?*? * K w s t'em.pe!'atlljre Symmetry-
o) ionic liquids breaking
= 50 [PFs] & [C]] Jproion
-50 - o
Usuallyonly T, 4 -
® .g - ® [BF,] v [OTf]
*x oty * * [NTf,
10+ Charge-rich
O 3 6 9 12 15 18 fragment

Number of carbon atoms x in the [C,C,IM] cation <

Figure 2: a) Melting point (Tr) progression in dependence of the attached side chain length in 1-
alkyl-3-methyl-imidazolium [C.C1IM][A] ILs with different commonly used anions [A] from lit-
erature values.3756-61 The dashed lines show the boundaries between the conventional molten
salts (T > 100°C), ionic liquids (T < 100°C) and room temperature ionic liquids (Tm < 25°C). For
some examples, solely glass transitions T are observed. Commonly observed values for T, are in
the range of -100°C to -50°C. b) Sketch of the [C1¢C:1IM] cation showing the structural regions
relevant for the melting point progression.? 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 [CCiIM][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.t2 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.?> This also means that

5



1. Introduction

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 lig-
uids, conventional molten salts and metallic fluids.?

Fluid Molt Liquid
Cll::lss Molecular liquid Ionic liquid soalfn r:g;l
Property
Exam- [C.CiIM] [Poge14] Molten
Water n-Hexane Hg
ple [NTf,] [C1] NaClv)
Appear- Clear, Clear, Clear, Clear, Clear, sil
ilver
ance Colorless  Colorless  Colorless Colorless  Colorless y
M / g mol?! 18.02 86.18 419.36 519.31 58,33 200.59
Tm / °C 0 -95 -463 -66%4 801 -39
T/ °C 100 69 439¢) 65 320¢) 66 1465 356.65
p/ gcm? 0.997 0.661 1.43767 0.89368 1.556 13.534
n/ mPas 0.890 0.300 51.2269 168368 1.02970 1.526
AH,
/ 40.66 28.85 139.1571 - 226.472 59.11
kJ mol!
Negligi- Negligi-
P/ Pa 3169 17600 celel &gl 59.773 0.261
ble ble
np 1.3334 1.3727 1.426774 1.48317 1.41376 -
YLv /
72.7 18.4 30.777 29.678 110.279 485.5
mN m!
Cm/
75.375 265.2 59580 772.481 67.282 28.0
J mol! K-
A 0.607 0.1167 0.12683 0.16184 0.49785 8.514
WmtK-1
E¥ 1.00086 0.00986 0.55287 0.44488 - -

a) Data values from standard literature compendium?®® 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; Ty: boiling point; p: density; 1 viscosity; AH.: en-
thalpy of vaporization; P: vapor pressure; np: refractive index; yLv: surface tension of liquid-vapor
interface; Crn: molar heat capacity; \: thermal conductivity; EY': 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.?

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.

Direction of fundamental research

T NF& NTd NFT N

Molecular structure |(Intermolecular forces|[ IL nanostructure IL properties IL applications

. SN E\ﬁ (-] ~Bg p,D, A
)Q—“}’}AO ﬁ;‘, )b 7 ../WN\\/\.. n/ e’ V;

Molecular scale Mesoscopic scale Macroscopic scale

Reverse design for desired application

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.”? However, such innovative efforts in turn demand a multiscale thinking
about the different spatial and temporal connections from molecular to macroscopic
scales.?2 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%9 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.%5% Some important uses of ILs will be discussed
more detailed in section 1.4.

1.2. lonic 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, fragile glass-formers®”
over supramolecular fluids® with heterogeneous structures and dynamics® (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.

Proton donating ability
- Protic/ aprotic IL

Physicochemical properties - Acidic/neutral/ basic ILs Chemical structure
- Hydrophilic/ hydrophobic ILs - Cation structure (imidazolium, pyrrolidinium,
- Room-temperature ILs ﬁ ammonium, phosphonium,...)
- Solvent polarity [% &] - Anion structure ([NTf,]-ILs, halide-ILs,...)
p - Attached chemical groups (ether-ILs, metal-
. . containing ILs, fluorinated ILs,...
Combinations lonic 9 )
- BulkILs liquid &)\ Charge amount and localization
- Binary and higher order ILs (mlxtures) - Multiple charged ions (dications, dianions...)
- Supported ionic liquids \Q Q] - Zwitterionic ILs
- IL based composites (lonogels,...)

- Polymerized ILs (polyelectrolytes,...)

Supramolecular assemblies Particular abilities
- Hydrogen bond network ILs - Task-specific properties (chiral, magnetic, energetic,...)
- lonic liquid crystals - Chemical functionalities (extraction, CO, capture,...)
- Domain forming ILs

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 ILs02 relevant to catalytic properties'® or in the two big subclasses of protic and
aprotic ILs.104105 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 Brensted acid to a Brensted
base. The first RTIL ever described was the PIL ethylammonium nitrate [EtNH;3][NOs]106
which melts at 12°C.17 It was discovered as early as 1914 by the German-Latvian-Rus-
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sian chemist Paul Walden.10¢ This was preceded by the first report on the PIL ethano-
lammonium nitrate [HO-(CHb>)>-NH3][NOs] melting at 52°C107 in 1888.10° An outstanding
feature of some PILs is the existence of H-bond donor and acceptor sides that can result
in hydrogen bonded networks!® due to the presence of strong, directional interac-
tions.!1! The occurence of these interactions influences properties, such as thermal con-
ductivity,'12 thermal stability?3 or solvation characteristics.!4-116 This leads to inherent
diverse properties of PILs compared to aprotic ILs (AILs) since there is always a reversi-
ble proton transfer possible,'17 opening an evaporation or decomposition pathway and
leading to an equilibrium of ionic and neutral species!!8 especially if the pK. difference
of the precursors is comparably small.’® The consequences of the equilibrium between
ionic and non-ionic species are altered properties, especially in the case of volatility and
conductivity.1? 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).121122 The first detailed research on AILs was con-
ducted from the 1950s to the late 1980s by the U.S. Air Force.312® 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.124125 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.12 In the early and mid-1990s, the discovery of AlLs 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.123127-129 The AlLs
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.65131.132 This classification is particularly of interest for their use in extrac-
tions, 133 [L separation or recovery,13+13 biphasic systems including water!36137 or appli-
cations where moisture uptake needs to be avoided.!3® Comparable considerations hold
true for the classification by solvent polarity!39-141 that is important to control the misci-
bility of fluids for instance in extractions'¥2 or multiphasic reactions.!43144 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.146147 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 ionogels!*s 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’) catalysis!491%0 or the removal of contaminants.’5! This allows the usage of low
levels of both catalyst and IL, facile product separation, interface controlled dynamics
and continuous reaction processes.’®2 Binary or ternary composites including confined
ILs are also of great interest for energy applications including supercapacitors,!5 fuel
cells!54 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.?> The already discussed hydrogen bonding
(that is also present to some extend in several aprotic ILs'*) is also relevant to the for-
mation of networks!” and related phenomena, such as reaction kinetics and dissolution
of biomass compounds.’> 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.159160 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.1¢? 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.16?

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 attributes!64
encompass for example chiral ILs,22165 photon-upconversion,!¢® redoxactivity,'¢” ener-
getic ILs (ILs that have a large amount of chemical energy stored),168169 magnetism!7° or
luminescence.171172 Also, ILs tailored for specific purposes, such as CO, capture!”? or bi-
ological activity,'”# 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 ILs!75176 that show higher melting temperatures, densities and viscos-
ities compared to the monocharged ones,'77178 while there are only little reports of dian-
ionic ILs.17 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-
plications?80181 or as surface active compounds.'82 Polymerized ILs, polymeric ILs or
poly(ionic liquids),!83 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.’8¢ They can either be synthesized from ionic monomers with
polymerizable groups or by modifying polymeric structures with ionic groups.18> Re-
search on the polymerized ILs focuses mainly on the use in catalysis,!84 electrochemical
energy conversion's¢ or the use as stimuli-responsive substances!s4 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,!® leading to new systems with altered characteris-
tics,1% 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.l! 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.19!

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.l 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.

[A]: charge delocalized anion

Direct synthesis by alkylation
with appropriate leaving group

R-A
A = OMs, OTf, SO4R, OTs,..
One step synthesis

Precursor molecule C

Alkylation with alkyl

Aprotic ILs [C-R][A]

- Anions that have high pK, value or
act as good leaving groups

- Stable towards bases

- Neutral reaction in aqueous medium
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Protonation of anion
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or magnetic properties

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
Brensted base or nucleophile forming the cationic part during the neutralization or nu-
cleophilic substitution.’* 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.’?” 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.19>

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.1% The ILs
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obtained this way share the characteristics of incompatibility towards bases and an
acidic reaction in aqueous medium.

AlLs, 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.1% 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(CHb>),H],° alkylsulfonates [SO3;(CH2)xH],2% tosylates
[OTos], 2 trifluoromethanesulfonate [OTf],202 dialkylphosphates [PO2(O(CH.).H)],203.204
alkylphosphonates [PO»(O(CH>).H)(CH2)yH]?5 or the fluorinated bis(perfluoroalkyl-
sulfonyl)imides [N(SO2(CF2).F)2].2%¢ The Meerwein’s salt derivatives based on the trial-
kyloxonium [O((CH>).H)s] cation with the tetrafluoroborate [BF4] or hexafluorophos-
phate [PF¢] anion can also act as strong alkylation agents for the direct synthesis of apro-
tic ILs, but are comparably expensive.2” The direct synthesis of 1-alkyl-3-methyl-imid-
azolium nitrates [CxCiIM][NOs] by alkylation with alkyl nitrates is also feasible, but re-
quires explosive starting materials.2%8 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 [PFs] anion.2” 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.2l® 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 salts211212 or silver salts.123213 Also, the preparation by addition
of the conjugate acid of the desired anion is feasible in some cases.122214 This pathway
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demands a sufficiently high pK, 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,?!¢ or on the physicochemical?!” 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 [CO(CH>).H], perfluoroalkylcarboxylates [CO»(CF.).F], tet-
racyanoborate [B(CN)4], the pseudohalides thiocyanate [SCN], dicyanamide [N(CN)],
tricyanomethanide [C(CN)s] as well as perchlorates [ClO4] or metal-containing anions.
Additionally, anion exchangers can be an efficient tool for the preparations of AlILs.21
The AILs without functional groups show a greater alkaline stability and form neutral
solutions in aqueous media. As already discussed, their thermal??0 and electrochemical
stability??! is usually higher and directed hydrogen bonds are only present to minor ex-
tent,22 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 bulk?? or solution.??* The MILs have typically
highly symmetric anions that usually adapt tetrahedral??* or octahedral??> 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.2?” For these ILs, an equilibrium of different
anionic species/complexes is often observed if the Lewis acids are added in non-stoichi-
ometric amount.*22822 Many more representatives of transition'#170230 and rare earth
metall723122 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.2®
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.1% More environmentally friendly alterna-
tives utilize, for example, solvent free, sonochemical?** or microwave assisted?® 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.2s Furthermore, the environmental persistence and toxicity of many ILs are
still subject to controversy.93236-238
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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.? 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,?323
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.

Electrochemistry
@ Electrolytes

Engineering @ Fuel cell app.li.cations . Synthesis
@ Metal deposition and coatings
@ [ubricants v Supercapacitors @ Functional solvents
@ Surfactants/ © Various types of batteries ¢ Multiphasic catalysis
dispersing agents ¢ Nanoparticle synthesis
@ Thermal or working fluids @ Extractions
@ Gas separation ﬁ @ Chiral induction media
¢ Membranes @ |ndustrialimplementation
¢ Electroactive polymers & i a (BASIL process from BASF)
lonic
Analytics @ |IQUIdS % Biological molecules
¢ Matrices for mass ¢ Biomass pretreatment/
spectrometry processing (cellulose, lignin,...)
@ Stationary phases for ¢ Production of chemicals from
GC/ HPLC Novel materials renewable sources
 Protein crystallization ¢ Enzyme stabilization/ catalysis
& Probefluids * N-doped carbon (and other e Active pharmaceutical
- dopings) ingredients (APIs)
@ [onic liquid crystals ¢ Drug delivery
@ Paramagnetic liquids

@ |onogels
@ Hypergolic liquids (NASA project
Green Propellant Infusion Mission)

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,24 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
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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).24 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, [Ls2%324 can perform different additional duties besides the use as safe and
highly stable, solvent-free electrolytes.2> This includes for example the use as conductive
plasticizer in ternary gel-electrolytes,!> improvement of lithium diffusion in electrolytes
bases on polymerized ionic liquids2# 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,2*® Li-ion2492%, Li/air?! or Li/S?2
batteries, over cells that are based on sodium/sodium-ion?%324 or magnesium?2525% to
redox-flow batteries.?7.258 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.?59-21 For the polymer electrolyte membrane fuel cells
(PEMEFC), 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 265266 or thermal fluids,267.268 as
neat lubricants?® or lubricant additives.3® Their remarkable protective effect against
wear and the significantly reduced friction coefficients are believed to be the result of
structured tribofilms?70271 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.272273 The latter properties are also closely
connected to the wetting behavior of ILs?”* which’s analysis is necessary to judge the
interfacial behavior of ILs for applications in heterogeneous systems.?’5> 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 ILs?7¢ by
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either physical?’7 or chemical mechanisms?7® as well as by IL-supported or IL-derived
membranes.?”? Carbon capture processes utilizing ILs as substitute for volatile amine so-
lutions are also widely investigated.173280 These auspicious technologies aim for an im-
provement of the economic efficiency over the amine-based ones currently used for CO»
separations on industrial scale.28! 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.283284 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.28¢ 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.28”

The use of ionic liquids in synthesis is one of the oldest research topics.1?” 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 solvents?? or polar, but weakly coordinating
solvents2?0291 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.22 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.2 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 reactions?* or liquid-liquid extractions.?%> 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.1452% 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.® 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.?” 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 Bronsted-2%82% or Lewis-acidic3® as well as Lewis-basic3%! 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.30530% 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.3” 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.30
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.’!! 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%13 The low surface tension of many ILs often leads to high nucle-
ation rates and consequently small particles that are generally desired.3* 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.435122127300,316-318 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.3? 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 medial¢> 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.?21322 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.32 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.32 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.325326

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.32* The PIL
1-methyl-imidazolium chloride formed by the neutralization has a quite low melting
point for a chloride salt (Tm[CoCiIM][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.” 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.3 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.324328 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.32¢ 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.32¢ Their SILP technique immobilizes precious metal
catalysts dissolved in an IL thin film on the surface of porous material by physisorp-
tion.2%632° 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.32* 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.3%! 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.332333 For example chitin,3343% keratin, su-
berin337 as well as the main components of hardwood, lignin®# and cellulose, belong to
these poorly soluble biocompounds for which a dissolution in ILs was proven.3* Even
the complete dissolution of wood in ILs was reported.34034 The exceptionally high dis-
solution ability of some ILs for biomass compounds is attributed to their usually high
polarity and H-bond basicity.34234 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,344-34 the separation of cellulose and
lignin196347,348 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 -chemicals?23% from renewable sources with the
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aid of ILs. For example cellulosic ethanol,353-35 furfural, 356357 sugars,338-360 biodiese]361362
or fine chemicals363364 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 materials3¢53% and processes3¢” are also enabled by the
powerful biomass solvents.?8-370 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.371372 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.133375 This is of particular concern as a source of high-value pharmaceutical mole-
cules®¢ or enzymes.3”7 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 ILs%8 and are often found to maintain enzyme activity.37938 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.31382 J[Ls allow for example the altering of enzyme struc-
tures, activity or enantioselectivity depending on biocatalyst and solution environ-
ment.38 Another important benefit of the molten salt media is that enzyme stabiliza-
tion3 and activity can be retained up to temperatures higher than their usual degrada-
tion temperature in other media.?538¢ 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.38”
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.3® 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.3? 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.3% 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.391392

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.?3% 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).3% 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.?03%7 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.3% The multiple interactions of ionic liquids are also the
reason for their widespread investigation in capillary electrophoresis®® or in liquid-chro-
matography for example as mobile phase additives,*®? liquid-liquid chromatography*0
or in attachment to mobile phases.2 In addition to the direct use of ionic fluids in ana-
lytical methods they are also examined for the crystallization of proteins.40? 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 .24 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.*5 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,40647 biomole-

cules, 408409 or jons.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.#11412 For instance, they offer a new
liquid medium for material production even under vacuum.4* Another notable area of
IL usage are functional carbon-based materials resulting from thermal treatment of IL
precursors.#* 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.415416 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.#17 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.2¥3 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.#8 Targeted appli-
cations of the ionic mesogens are mainly anisotropically conductive materials, for in-
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stance realized for the conduction of protons,* ions* 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.8 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,42342¢ optical devices,#2! catalyst retention*?> and sensing.*2¢ 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.#?” 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 fluids?> or the use as extraction agents*? as well as catalysts.l9 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.1®8 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.1¢¢ 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.*?” 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.#0431 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.*32
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).109433 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).#3* 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 quote! given
by Prof. Dr. Hermann Weingéartner, 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.8¢ 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.2543
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.? 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.#3 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 pairs** and ion clusters*) 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.#3 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.43

As the structural features are very diverse and sensitive to modifications of the molecu-
lar structure,*4 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 crystals!¢2163 are excluded. Furthermore, it
should be noted that external triggers as the presence of solutes may influence the struc-
turing of the liquid phase.?5441
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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.1%). 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). ¢) hydrogen bonding networks for ILs with multiple hy-
drogen bond donor and acceptors (adapted from ref.110442445) 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.#46-44%). 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 orientation*? 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.#4¢ Many researchers have tried to describe
the ionic liquid structure by a heuristic approach in terms of ion pairs with additional
‘free’ ions.#5! Some low temperature molten salts are also reported to evaporate as ion
pairs*245% 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 solutions#* 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.254% Some results by dielectric5 and FTIR-spectroscopy*” as well as multinuclear
NMR#8, NMR dispersion®® and surface force measurements*0 support this picture.
However, the majority of recent scientific results find no evidence for the formation of
long-lived ion pairs.? 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 protic#! and aprotic#2463 [Ls. Similar conclusions were drawn from
solute phenomena associated with dissolution#¢* or kinetics induced by the reaction me-
dia.#5 A variety of computational results also contradicts the assumption of persistent
ion pairs by finding no evidences for correlated motions on longer timescales.46-468 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.4¢ For the exemplary IL [C4CiIM][PFs], the ion interactions
could be described by an ionic atmosphere rather than dynamics coupled to a particular
counterion.#” Contrary to the situation found in undiluted ILs, there are many reports
about the formation of close ion pairs in IL solutions°-47! 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.?5473 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.#8474 There are indeed analogies in the experimental results, for in-
stance the formation of binary mixtures with molecular liquids.47>-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).443478-480 The findings indicate fluctuating polydisperse aggre-
gates with the formula [C]i[A]y*y in the bulk with a series of postulations drawn, for
instance the occurrence of certain ‘magic’ numbers*® or empirical descriptions for the

26



1. Introduction

association of ions.#80 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.2> 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.*! Further evidence for
ion clustering is provided from vibrational*$2 and NMR*? spectroscopy and quantum
chemical calculations that were capable of reproducing experimentally determined IR
spectra of multiple ion clusters.#8* Particular clusters of like-charged ions can also be
formed by hydrogen bonds if hydroxyl groups are attached to the cations.157437,444485486
Comparable formation of aggregates at the gas-liquid interface has also been reported
for both PILs*7 and AILs.48 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.#35489-491 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 k] mol1.492-4% Therefore, the H-bonds in PILs can be classi-
tied as moderate to strong bonds that have a significant contribution to the total interac-
tion energies and to the observed liquid structure.#2-4% Furthermore, the time scales on
which hydrogen bonds exist have a significant contribution to the mobility of ILs.4% 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.*” 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-#7 or dialkylammonium?!0 nitrates. Later results
also confirmed the existence of this structural motive for AILs, especially the ones based
on imidazolium cations.4%8-500 In these cations, the three hydrogens attached to the car-
bon atoms in the aromatic ring participate in hydrogen bonding although with different
contributions.? The manifestation of the H-bond network in the imidazolium AILs is
more pronounced when good hydrogen bond acceptors, like halides,502503 chlorometal-
lates>™ or tetrafluoroborates,* 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-,5055% nano-2>62 or mesoscopic57.508 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.5® 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.26509 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.?8 The unique spatial heteroge-
neity>!0 is the result of the amphiphilic structure consisting of polar, ionic moieties and
nonpolar fragments usually comprising of alkyl side chains present in ILs.62191 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.t2

A general trend in the bulk structure for 1-alkyl-3-methyl-imidazolium [C.C1IM] ILs is
the pronounced nanosegregation into polar and nonpolar domains with increasing
length of the attached alkyl chain, relatively independent of the anion.5!! The occurrence
of nanosegregation in IL with the [CiCiIM] cation was proven for halides,>2 [BF,],160
[PFe], 513514 [NTf,],515 anions as well as for symmetrical [CxC.IM][NTf,] ILs.516517 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 [C.C1IM] ILs, the change in solvent morphology is also adaptable to
explain the progression of the melting temperatures with increasing x.1%0 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,5!° piperidinium, 0520 pyrrol-
idinium,521-52 ammonium?521524525 or phosphonium?26527 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.157528529 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.!®® 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 Ls-sponge phases.!57

[C,C4IM][PF] [CeC1IM][PF] [C12C4IM][PFe]

Globular |

Sponge-like,
Increasing hydrocarbon chain > bicontinuous

distribution network

i

[C4C4IM][PFe] [CeC4IMI[PF]

Figure 8: Snapshots of molecular simulations of 1-alkyl-3-methyl-imidazolium hexafluorophos-
phate ILs [C<C1iIM][PFs] (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 ([C2CiIM][PF¢]) with increasing domain size
([C4C1IM][PF¢] to [CsC1IM][PFs]) 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.>3, Similar structure evolution was also re-
ported when the [NTf;] anion is used.50

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.25526531,532 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).515533 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.522526 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.25160515531,534 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.® Exemplary small-angle X-ray diffraction patterns and
computational results are shown in Figure 9.
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Figure 9: Experimental small-angle X-Ray diffraction patterns of a) [CxC1IM][NTf,] ILs and b)
[CCIM][CI] 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.5> and 1¢0). 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
5(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 [BF,] 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,53553%
EPR,¥7 Raman,>® or dielectric relaxation,5° as well as optical Kerr effect studies.53° A
direct consequence of the non-uniform nanoscale structure is the observation of dynamic
heterogeneities in ILs#83540541 that lead to altered relaxation dynamics.5#2 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,>3 consisting of polar-ionic, nonpo-
lar hydrocarbon and nonpolar fluorocarbon domains, will be discussed in more detail
in the following section.

1.6 lonic 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.54454 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 k] mol! the covalent bond between carbon and fluorine is one of the
strongest single bonds in organic chemisty.>* This leads to the high thermal stability and
chemical inertness of fluorocarbon compounds. With bond lengths around 1.4 A the C-
F bond is also relatively short. Due to the small van der Waals radius of the fluorine
substituent (Rvaw(F) = 1.47 A%9), which is shorter than any other substituent and close the
one of hydrogen (Rvaw(H) = 1.10 A%), 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
(x(C) = 2.55 by Pauling scale®®) and fluorine (x(F) = 3.98 by Pauling scale®), the C-F bond
has a high dipole moment of 1.41 D.5# As the polarizability of the fluorine atom in the
ground state is the lowest of all elements with a value of 0.56 x 10-2¢ cm3,% 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.54

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.>*” Therefore,
biphasic systems that form a homogeneous single phase at elevated temperatures are
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commonly observed when fluorous solvents and conventional organic solvents are com-
bined.5*¢ This temperature regulated mixing behavior can for example be exploited for
catalyst retention in biphasic reactions (often termed “fluorous biphasic catalysis’>#) 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.55

Perfluorinated compounds are of high technical relevance in spite of environmental
problems associated with the use of some representatives.®! 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.532 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 -(CF).F 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),55% whereas for very high amounts of fluorine the term
fluorous ILs%* 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,> surface activity¢ and viscosities®™ as well as to high gas solubilities>8 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 ([NTfz] or [N(SO2CFs)2]), trifluoromethanesulfonate ([OTf] or [SOsCFs]), tri-
fluoroacetate ([TFA] or [CO>CFs]). The similar structural motifs are also frequently ap-
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plied in asymmetric combinations such as the trifluoro-N-(trifluoromethanesulfonyl)ac-
etamide®®  ([N(SO.CF;)(COCFs)]) or trifluoromethanesulfonyl-N-cyanoamide>%0
(IN(SO2CF3)(CN)]) as well as homologues with elongated fluorinated chains, for in-
stance the bis(pentafluoroethanesulfonyl)imide5¢! ([BETI] or [N(SO2(CF2)2F)]), bis(per-
fluorobutanesulfonyl)imide®2 ([NNf;] or [N(SO2(CF2)4F]), nonafluorobutanesul-
fonate, 57 ([SO5(CF2)4F]) and perfluoroalkylcarboxylate58563 anions ([CO2(CF2)<F]). Less
frequently used are anions like the tris(pentafluoroethyl)trifluorophosphate¢* ([FAP] or
[P((CF2)2F)sFs]),  bis[bis(pentafluoroethyl)phosphinyl]imide>5  ([N(PO((CF2)2F)2)2]),
bis(trifluoromethyl)phosphinate56 ([PO2(CFs)2]), perfluorotrifluoroboratess66.567
([B((CF2)xF)Fs]), perfluoroalkyltricyanoborates>8 ([B((CF2)xF)(CN)s]), perfluoroalkylcy-
anofluoroborates®8 ([B((CF2)<F)(CN)yF.] with x=1 and y+z=3) and tris(trifluoro-
methanesulfonyl)methanide5¢570 ([C(Tf)s]). 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 anion>! ([OC(CFs)3]), accessible.>”! 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.5” In general the utilization of slightly longer perfluorinated segments
in the anions has a negative effect on the transport properties># 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.572574
Hydrolysis is also not reported for anions with perfluorocarbon segments, as it was
found for other fluorine containing anions such as [BF4] and [PFe].5> 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([C3CiIM][PFe]) =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] (13 “¢([(FsCCH2)CiIM][NTf,]) = 55.1 mPa s)578 that is
nearly twice as high as the one of the comparable alkyl IL (135 °¢([CoCiIM][NTf,]) =
23.7mPas)> while at the same time the conductivity of the fluorinated IL
(0% °C([(Fs3CCH2)C1IM][NT®2]) = 1.92 mS cm?) is significantly lower than for the alkyl one
(0% °C([C2GIM][NTH,]) = 11.9 mS cm-?).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.58! 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.553557.581 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.®2 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,%
which was attributed to increased dispersion interactions.>83 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.> 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.58> 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.5¢ As a result of the seg-
regation into three domains, the FILs are also frequently termed triphilic materials.5*3

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.58” The nanosegregation of FILs in bulk was
proven by MD-simulations,532:581,582585588 X-ray543,581587-589 and neutron scattering experi-
ments581588589 a5 well as NMR spectroscopy:543581 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.5® 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.>82585
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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).F)2] (0 < x < 4) obtained by a) medium
angle X-ray and b) small-angle neutron scattering experiments at ambient conditions (adapted
from ref.5! and 5%). The indicated low g-peak is emerging in the neutron scattering patterns for
x being equal or greater than 3. This peak at low g-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. ¢) Snapshot of a simulation box for [DEME][[N(SO2(CF>)4F)2].58° 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.5> 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.?32 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.5¢ As a result, the FILs
were suggested for the dissolution of biomolecules, extractions or material design.>8 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.5! 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.>2 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.556595% This allows for
example the emulsification of molecular perfluorinated compounds in conventional
non-fluorinated ILs.5% 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.5%> A general trend found for
the FILs is the comparably high gas solubility> similar to the gas-philic properties of
molecular fluorinated compounds.>75% This has been mainly investigated for oxygen,>
but also for other gases to some extent.5600 Consequently, the FILs were proposed as
electrolytes in metal-air-batteries® or oxygen therapeutic emulsions.553601 The high gas
solubility of the FILs also can be applied for gas separation in FIL-polymer membrane
composites.®02603 [f 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.004605 These highly fluorophilic ILs
can, for instance, be utilized in biphasic catalysis to form a non-volatile fluorous phase>*
or for the preparation of composite materials with PTFE that do not suffer from bleeding
out of the FIL plasticiser.®%> Other possible applications of fluorinated ILs are the use as
coatings to achieve superhydrophobic surfaces by either covalent®® 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 1687.6%° 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.60 For fluids,
the transport properties of highest interest cover the physical quantities of self-diffusion
coefficient Ds (molecular motion), viscosity 1] (momentum transport), electrical conduc-
tivity x (charge transport), chemical diffusion coefficient D (mass transport) and thermal
conductivity A (heat transport). The detailed knowledge about the transport properties
of fluids is essential for their successful implementation in processes and products.t! 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 pulsed®? or steady field®!3 gradient experiments. They can also be
determined by quasi-elastic neutron scattering¢14615 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.®> 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.433487-48

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.23 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.c10

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 Ay of an electrolyte solution to its inverse vis-
cosity 1 (fluidity) at a given temperature T and can be written as:

Ay < (71" 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 Dg with the tem-
perature depended viscosity of fluids.

oyt @)
kT
b= nmr G)

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,®” k the Boltzmann constant, n being either 4 ( = 0: no slip boundary condi-
tions) or 6 (3 = «; slip boundary conditions) in dependence of the Stokes frictional pa-
rameter (3 limits and r the hydrodynamic radius of the diffusing particle.t'® 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.619).

F2
Aw, = o7 Zvi z{ Dg; (4)
i=1

Where F is the Faraday constant, R the gas constant, v the stoichiometric coefficient, z
the charge and Dg 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 Ay gxp is compared to the one calculated from the Nernst-Einstein relation
(therefore denoted as Ay g in the following section). This difference between the diffu-
sive and electrical mobilities can be quantified with either the Haven ratio Hy (5),612618-
621 the Nernst-Einstein deviation parameter Ayg (6)610617.622 or the ionicity Iygr (7) that is
the reciprocal Haven ratio and quantifies the amount of ‘free’, non-aggregated ions.
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AMNE

Hp = —MNE 5
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Ayg = 1-—- HR_l (6)
A

Iy = HR ™' = ﬁ (7)

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 KCI 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 a.62362¢ This parameter describes the deviation from the relation proposed by
Walden in which t is equal to unity (C being a fitting constant).

l AMmol_l Ct tl 0.1Pas
%8 S em 8 8

2 (8)
The ionicity based on the Walden relation is obtained from the vertical difference of the
measured conductivity Ay," to the one of the ‘ideal KCl line” A};.6% In this way the ion-

icity from the Walden plot Iy at a certain temperature is obtained according to equation
©)-

Ay AFP(T) mol n®*P(T)

Iw(T) = — = 9
w(T) AS, Scm?  0.1Pas ©)

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 pK, 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.62 This effect is assumed to be similar
to the investigated and well-known formation of ion pairs in solution.*>* There are op-
posing evidences for and against the hypothesis of ion aggregation.6260627 Results from
dispersion NMR#> and electrophoretic NMR¢19 as well as MD simulations¢? 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.®? 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.6?” 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.®? 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.® 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.®* The distinct diffusion coefficients (DDC) Dic} ij=
+in case of the cation or - for the anion; eq. (10-12)) or equally the velocity cross-corre-
lations (VCC) fj; (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-fixed®?> or barycentric reference
frame are given by:036

2RT Ay M, M_

d _
pd_ = = vE (10)
4 _ 2RTAy M2 0 (11)
TRz Mz OUSt
4 _ 2RTAy M2} 0 (12)
T F2 Mz ST
Di M (13)
ij = 20

with M, the molar mass of the cation, M_ the molar mass of the anion, M the molar mass
of the ionic liquid and Dg; the self-diffusion coefficient of either cation (i = +) or anion (i
=i).These equations for the DDC deviate from the McCall-Douglas-Hertz VCCs637638 that
are time and ensemble averages of the Kubo VCCs.617.635 For the unlike ions, the DDC
DY_ are proportional to the molar conductivity whereas for the like-charged anions (D¢,
and DY _) they contain conductive and diffusive terms. Both DDC and VCC are negative
quantities in pure ILs as a result of momentum conservation.16

In order to determine if there is ion association present in conventional molten salts or
ionic liquids, the Laity resistance coefficients®® (LRC) r;; are occasionally applied.613640
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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2.V, (zy + |2_|) F? (14)
ry_ = A
1 (zy+ |z_])RT (15)
Fyy = IZ_| Ds = lzqlryz
- +
1 (z4 + |z_|)RT 7| (16)
r__ = — |z_|ry_
|z | Dg_ "

The values for the unlike LRCs r,_ are necessary positive whereas r,; and r__ 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:

Publication B:

Publication C:

Publication D:

Publication E:

Publication F:

Publication G:

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.

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).

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).

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

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.

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.

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. Lig., 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 pK. 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 [NTf;] 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 [NTf]-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);] and [NTf.] 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 [NNf,] 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 [NTf,] anion. The [NNf]-
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 [NTf;]-ILs with similar alkyl chains. The vis-
cosities of the [NNf,] were significantly higher than the ones found for the [NTf,]-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 [NNf,] and [NTf;]
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 [NNf;]-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 [NTf] ILs in comparison with
the 1-alkyl-3-methyl-imidazolium [NTf,] 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 [NTf,] 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.
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Reproduced with permission of the Royal Society of Chemistry.
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guanidinium ionic liquidst
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Harald Natter®™ and Rolf Hempelmann ® *

lonic liquids (ILs) are a promising class of solvents, functional fluids and electrolytes that are of high interest
for both basic as well as applied research. For further fundamental understanding of ILs and a successful
implementation in technical processes, a deeper insight into transport properties and their interrelations
is of particular importance. In this contribution we synthesised a series of mostly novel protic and aprotic
ILs based on the tetramethylguanidinium (TMG) cation that is a derivative of the superbase guanidine.
Different substitution patterns and anions from acids with broadly varied pK, values were investigated.
We measured general properties, such as thermal transitions and densities of these ILs, as well as their
transport quantities by means of rheology, impedance spectroscopy and NMR diffusometry. Different
models for the correlation of the transport properties, namely the Nernst—Einstein, Walden and Stokes—
Einstein—Sutherland relations were applied. The deviation from ideal behaviour of fully dissociated
electrolytes, often termed as ionicity, was quantified by the reciprocal Haven ratio, fractional Walden rule
and ionicity obtained from the Walden plot. Velocity cross-correlation coefficients were calculated to
gain further insight into the correlation between ion movements. Both protic and aprotic TMG ILs show
transport properties comparable to other ILs with similar molecular weight and high ionicity values
especially in contrast to other protic ILs. Lowest ionicity values were found for the protic ILs with
smallest ApK, values between constituting acid and base. This can either be explained by stronger
hydrogen bonding between cation and anion or lower anti-correlations between the oppositely charged
ions. These results aim to provide insight into the properties of this interesting cations class and a deeper

rsc.li/rsc-advances

Introduction

Ionic liquids (ILs) are a very diverse and promising class of
advanced functional fluids which show a unique property
combination beneficial for a number of practical applications.
These include synthesis,' electrochemistry and energy conver-
sion” or engineering and processing.>* For implementation in
existing or new technologies the detailed knowledge about their
transport properties is of essential importance®® since they limit
the achievable performance. The immense number of possible
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This journal is © The Royal Society of Chemistry 2018

understanding of the transport properties of ILs and their interrelations in general.

ILs and functionalisations makes deeper understanding of their
physicochemical properties, the correlation between these
properties and their molecular structure essential. Insights into
structure-property-relations are the foundation for further
optimisation of their transport properties along with the design
of novel ILs with tailored characteristics. The Coulomb inter-
actions inherently present in these low temperature molten
salts are the dominant intermolecular force, however the
contribution of other intermolecular interactions such as sol-
vophobic interactions® or hydrogen bonding” are reported to
have significant impact on the liquid mesostructure and
therefore on the macroscopic quantities. Systematic investiga-
tions on structural modifications are crucial, especially due to
contradictions in the scientific community.®

In this contribution, we report the synthesis of a series of ILs
based on the tetramethylguanidinium (TMG) cation paired with
anions from acids covering a wide range of pK, values. To the
best of our knowledge most of these ILs have never been re-
ported before. Molecular structures and nomenclature of
cations and anions investigated in this work are shown in
Scheme 1. We synthesised both protic (PILs) and aprotic (AILSs)
species to investigate the influence of hydrogen bonds on their

RSC Adlv., 2018, 8, 41639-41650 | 41639
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physicochemical properties. The literature often distinguishes
between these two large IL subclasses due to significant differ-
ences in synthesis and characteristics.” Since the acid-base
neutralisation reactions used in the preparation of PIL systems
are reversible, neutral species and more or less acidic protons
are present.'"” The latter can act as H-bond donors, often
resulting in expanded hydrogen bond networks." Contrary to
this, AILs are formed by nucleophilic substitution reactions and
subsequent anion exchange, making the synthesis less atom-
efficient and more time-consuming. It was shown by Wata-
nabe et al. that the difference in pK, values (ApK,) in PILs has
a significant influence on the strength of hydrogen bonds
between cation and anion.'> They found that for higher ApK,
values a stronger bond between the precursor base and the acid
proton is formed as confirmed by "H-NMR and FT-IR spec-
troscopy. The TMG cations are derivatives of the organic
superbase tetramethylguanidine (pK,[HHTMG] = 13.6 in
aqueous solution®®), ensuring comparably large ApK, values
between the IL constituting cation and anion (pK, for the
conjugate acids of the anions:"* pK,[HNTf,] = —10.0; pK,[HOT(]
= —7.0; pK,[HOMs] = —2.0; pK,[HTFA] = 0.5). Large ApK,
values between the Brgnsted acids and bases forming the PILs
are reported to result in a complete proton transfer and
suppress reverse proton transfer to the molecular species at
elevated temperatures thus leading to increased thermal
stabilities."”” For the AILs equilibria of ionic and neutral species
as well as strong, directional hydrogen bonds are absent. This
makes a comparison of the PILs physicochemical properties
with those of their AIL counterparts interesting for fundamental
investigations. The TMG cation has a delocalised m-electron
system similar to the intensively investigated imidazolium and
pyridinium cations. The difference is that the resonant system
is in Y-shape in the former and cyclic in the latter. Furthermore,
the guanidinium cation has more substituents at the core
allowing for a larger degree of synthetic possibilities for modi-
fication or functionalisation.” Guanidinium-based ILs were
reported to have promising properties as reaction media,'® high
electrochemical and thermal stability,"” as well as high gas
absorption capacities.' In contrast to imidazolium and pyr-
idinium cations, the central moiety in guanidinium cations is
more easily distorted from planarity.” This bears the potential
to induce axial chirality when side chains of high sterical
demand are used.

Protic ILs (PILs)
L

B Uy Bl s P

Aprotic ILs (AlLs)
L

N N N
ions: A
Cations: \Td\’i‘/ R \']‘)J'\’i‘/ \T)J'\’i‘/ \T)J'\T/
[HHTMG] [C;HTMG] [C,HTMG] [C4C,TMG] [C4C4TMG]
9 -9 Qe ? 2 9
— §-N-g___ FiC-c-S~N~S_-CF; T0-S-CF; "0-S-CH; -
Anions: F3C'3\é) C,?\CFg = D T 0)1\(;.:3
[NTH,] [BETI] [OTf]  [OMs]  [TFA]

Scheme 1 Molecular structures of the IL cations and anions investi-
gated in this work. C, denotes the number of carbons in the attached
alkyl side chains (x = 1: methyl; x = 4: butyl).
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The focus in this work is put on small cations with side chain
lengths not larger than butyl. Elongated alkyl-chains were found
to generally increase the viscosity of ILs* making these repre-
sentatives less attractive for most technical implementations.
For these mostly novel ILs, determination of thermal transitions
revealed that most of them are liquid or supercooled at ambient
temperature. For these samples, the most important transport
properties were determined by stress-controlled rheology
(momentum transport/viscosity), impedance spectroscopy
(charge transport/conductivity) and NMR-diffusometry (mass
flux/self-diffusion). The obtained results were analysed using
different models to investigate correlation of transport proper-
ties such as the Walden (1), Nernst-Einstein (2) and Stokes-
Einstein-Sutherland (3) relations that can be written as:

A e (1/n)' )
P .
Ane = (ﬁ) Z’_:Zi“DSi
and (2
Ay = AngHr 7' = Ang(l — dng)
Dsi/T o(1/n)’ ®3)

where A, is the molar conductivity directly obtained from
experiment, 7 the viscosity, /yg the molar conductivity calcu-
lated by the Nernst-Einstein equation, F is the Faraday
constant, R the gas constant, T the absolute temperature, z; the
charge number of a particular ion and Ds; (cation: i = +; anion: {
= —) are the self-diffusion coefficients of the cation and anion.
The Nernst-Einstein parameter 4y and the Haven ratio Hy are
deviation parameters introduced as a correction between the
molar conductivities obtained from diffusive and electrical
mobilities. Note that 4y is not present in the simple Nernst-
Einstein equation since the model was derived for infinitely
diluted electrolyte solutions. The fractional exponents ¢ were
found to be necessary for the fitting of molecular solvents and
ionic liquids.** The first two relations are established methods
in the literature to quantify the deviation of ILs from ideally
behaving electrolytes, although they lack an underlying
theory.>*?* This ‘deviation from ideality’ or ‘ionicity I’ is often
attributed to ion-pairing or ion aggregation in the bulk liquid
leading to decreased measured conductivities since the overall
neutral species are assumed to not contribute to charge trans-
port.> For the quantification of this discrepancy from ideal
behaviour with temperature the fractional Walden approach (4)
was also applied.**?* This method relates molar conductivity to
fluidity by means of introducing an additional parameter « that
accounts for deviation from the relation initially proposed by
Walden in which « is equal to unity.

Ay mol 0.1 Pas
logm =logC+ « logT (4)

The vertical difference of the measured conductivity data to
the ‘ideal’ KCl-line (A%, that is regarded an ideal behaving,
fully dissociated electrolyte, can also serve as a measure for

This journal is © The Royal Society of Chemistry 2018
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Table 1 Thermal transitions of the investigated ionic liquids including densities and molar volumes of the RTILs

Tonic liquid Tare TR o Tlos T eGe p*° Clg mL? V&3 “°/mL mol !
[HHTMG][NTY,] -1 — — — 49 — —
[HHTMG][BETI] — -71 —40 18 25 1.569 316
[HHTMG]OTf] -17 — — — 43 — —
[HHTMG][OMs] — —44 1 - 117 — -
[HHTMG][TFA] 17 - - 15 39 — =
[C{HTMG][NTf,] —47 — — — 17 1.452 283
[CHTMG][BETI] —58 — — — —-13 1.530 334
[C;HTMG][OTH] —-22 — — — 32 1.312" 213
[C;HTMG][OMs] 30 — — — 68 — -
[C;HTMG][TFA] —4 — — — 28 1.220" 199
[C4HTMG][NTS,] — -83 — — — 1.354 334
[C,HTMG][BETI] —29 — — — 31 1.429" 387
[C,HTMG][OTH] — -70 -17 — 10 1.218 264
[CsHTMG][OMs] — -53 — — 1.109 241
[C;HTMG][TFA] — —-76 -17 — 10 1.138 251
[C4CTMG][NTH,] — —86 — — — 1.338 349
[C4C,TMG][BETI] = — — — 28 1.416" 400
[C4C,TMG][OTH] 20 — — — 52 - -
[C4CLTMG][OMS] 56 — — — 113 — —
[C4C,TMG][TFA] 22 — — — 39 — —
[C4C4TMG][NTH,] — -75 — — — 1.276 398
[C4C4TMG][BETI] — -70 -8 - 23 1.351 451
[C4C4TMG][OTH] — —58 -7 18 19 1.160 325
[C4C4TMG][OMS] — —40 — — 1.063 304
[C4C4TMG][TFA] 15 — — — 44 — —

“ Crystallisation temperature at —1 °C min~

coolmg rate.
4 Solid-solid transition. ¢

ionicity. In this way the ionicity Iy from the Walden plot at
a particular temperature is obtained according to eqn (5).>*

Am AN (T) mol P (T)

(1) = /T(,f,l—: S cm? % 0.1 Pas 5)

Another quantification parameter frequently applied in the
framework of this ion aggregation assumption is that the
ionicity Ik as defined by Watanabe et al.>® (6) is the reciprocal
of the Haven ratio Hg. It describes the amount of unpaired/
dissociated ions similar to the Nernst-Einstein parameter Axg
used for the degree of aggregated species.>”

[IIR — j—:i:: HR71 and ANE =1 - H_R (6)

Whether the assumption of paired or clustered ions in ionic
liquids is valid for ILs is still the subject of ongoing discussions.
There are contrary experimental and theoretical results for and
against this hypothesis.*** For example NMR dispersion* or
electrophoretic NMR* show evidence for certain types of ion
clustering while Harris*" argues that for the large majority of ILs
there are no hints for ion association when the Laity resistance
coefficients are considered. Other authors report nearly quan-
titative ionicity values for chloride ILs based on measurements
of the **Cl~ quadrupolar coupling constants.** Based on theo-
retical studies, Kirchner et al. concluded that the lifetimes of
ion-ion contacts and their collective motions are far too low for

This journal is © The Royal Society of Chemistry 2018

b Glass transition temperature.
Melting point./ Measured in supercooled state.

¢ Cold crystallisation temperature in the heating step.

a verification of neutral ion pairs in ionic liquids.*® Other
approaches rationalise the experimentally proven deviation of
IL conductivities from those calculated by the simple Nernst—
Einstein equation with the assumption of charge transfer (CT)
between cation and anion. The CT leads to fractional charges
lower than the integer charges in the Nernst-Einstein equation
and suppresses association of oppositely charged ions.**
Another possible explanation given in the literature for the
discrepancy between diffusive and electrical mobilities are
anticorrelated motions of ions due to momentum conserva-
tions. The momentum conservation law is satisfied for diluted
electrolytes by solvent and ions which is significantly different
to the situation of ILs or molten salts where the conservation
law must be satisfied solely by the constituting ions.* The
distinct diffusion coefficients (DDC), D (l,] = + or —) can be
calculated from experimentally avallable quantities by equa-
tions deviated from the McCall-Douglas-Hertz velocity cross-
correlation coefficients (VCC).**** For the unlike ions
(DY) they are proportional to the molar conductivity while for
the like ions the DDCs (DY, and D? ) contain conductive and
self-diffusive terms. The VCC are time and ensemble averages of
the Kubo cross-correlation functions.** The DDC/VCC approach
is based on statistical mechanics and thus produces clearly
defined quantities that can be calculated using molecular
dynamics. In the case of a pure ionic liquid with single charged
ions one obtains eqn (7)-(9) for the three distinct diffusion
coefficients Dg- in the mass-fixed or barycentric reference
frame*” and the VCC f;; according to eqn (10).**
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Pi=-"F i @)

2RT Ay M ?
By = —7— zm — % (®)

2RT Ay M,?
DCL . TM A/[Jrz - 2DS— (9)

DIM
fi = 2 (10)

Here, M; is the molar mass of a certain ion, M the molar mass of
the IL. Regardless of the current debate detailed knowledge
about the transport properties is important for the utilisation
and optimisation of these advanced materials in technical
applications. The same applies to the deviation from ideal
behaviour and quantification of this.

In this contribution we want to categorize the TMG ILs based
on their transport properties in comparison to other PIL and
AIL classes and show that the PILs derived from small super-
bases behave as ‘pseudo alkylated’ ILs.

Experimental

Additional details on the experimental methods, measured data
and applied fittings as well as the syntheses of the investigated
ILs, NMR spectra and parameters are given in the ESIf. Products
were identified by multinuclear NMR spectroscopy. Prior to each
physicochemical measurement the samples were dried in high
vacuum at elevated temperatures for about 24 h and further
handled in a glove box. Absence of halides was checked by testing
the bulk samples with AgNO; solution and ion chromatography.
Water content as determined by Karl Fischer titration was found
to be below 100 ppm. Temperature dependent values for the
viscosity, molar conductivity and self-diffusion coefficients were
fitted following the Vogel-Fulcher-Tammann equation®* (11)
and the Litovitz equation* (12) that were both found in the
literature to be suitable for IL transport properties®™** since
deviations from Arrhenius type behaviour are usually found.

Y = A exp <%>

B/
Y = Aexp (ﬁ)

The variable Y can either be the dynamic viscosity 7, the
molar conductivity Ay or the self-diffusion coefficients Dg; (i =
+, —) while Ay, B and T, (Vogel temperature) as well as A and B’
are material dependent parameters (B, B > 0 for n; B, B’ < 0 for
Ay and Dg;). Since the VFT fitting is more frequently used for ILs
only the VFT parameters are included in the main manuscript.

(1)

(12)

Thermal transitions

Thermal behaviour of the samples was analysed using differ-
ential scanning calorimetry on a DSC 1 STARe (Mettler Toledo,

41642 | RSC Adv., 2018, 8, 41639-41650
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Giepen, Germany) equipped with a liquid nitrogen cooling
system. Slow scan rates of +1 °C min~" were applied to ensure"
correct determination of the thermal transitions and to.
suppress supercooling observed for high scanning rates.** Each
DSC trace was recorded on samples of about 10 mg mass that
were hermetically sealed in aluminium crucibles under inert
atmosphere. The applied temperature program started with
+10 °C min ' heating from 25 °C to 150 °C with isothermal
treatment at this temperature for 10 min. Afterwards the
samples were cooled at —1 °C min~ ' to —125 °C followed by
a 10 min isothermal period. The samples were then subjected to
dynamic heating with a heating rate of +1 °C min™" to 150 °C,
held at this temperature for 10 min and cooled again to 25 °C.
Thermal transitions are given as extrapolated onset tempera-
tures beside glass transitions that were obtained by the
midpoint method.

Density measurements

Densities were measured with a Reischauer-type pycnometer
(Neubert Glas, Geschwenda, Germany) of 5 mL nominal
volume. Volume calibration in the investigated temperature
range was performed using octane; the volume calibration was
confirmed with purified water. The largest deviation from
literature values for water densities obtained was 0.1%.* The
pycnometer was rinsed several times with acetone and dried in-
vacuum prior to weighing before the measurement. For each
density measurement the IL sample was carefully placed in the
pycnometer with a cannula at ambient temperature until the
liquid level was slightly above the mark. The pycnometer was’
then sealed, placed in a thermostat bath (max. temperature’
deviation 40.01 °C) at 25 °C and allowed to equilibrate for at:
least 20 min. The liquid level was adjusted to the mark with!
Pasteur pipettes and the pycnometer weighted after cooling to:
ambient temperature. The procedure was repeated in 10 °C
steps up to 75 °C. '

Table 2 Viscosity at 25 °C of the RTILs and VFT fitting parameters

Tonic liquid 7”® “/mPa s no/mPa s B/K To/K -
[HHTMG][BETI] 206.5 0.390 549.1 210.6
[C{HTMG][NTf,] 66.4 0.277 636.6 182.0°
[C,HTMG][BETI] 155.4 0.116 829.4 182.9:
[C,HTMG][OTf] 171.4 0.207 724.6 190.3.
[C,HTMG][TFA] 116.7 0.832 357.6 225.8.
[C,HTMG][NTf,] 82.8 0.203 705.0 180.8,
[C,HTMG][BETI] 174.2 0.116 829.4 182.9'
[C,HTMG][OTS] 233.9 0.172 793.6 188.2°
[C,HTMG][OMs] 1237 0.974 376.8 227.8.
[C,HTMG][TFA] 163.9 0.472 513.7 210.3*
[C4C,TMG][NTT,] 93.1 0.430 567.0 192.7
[C4C,TMG][BETI] 175.1 0.283 674.4 193.2,
[C4C,TMG][TFA] — 0.117 770.7 197.7
[C4C4TMG][NTH,] 135.3 0.131 885.6 170.6°
[C4C4TMG][BETI] 250.1 0.106 932.2 178.2.
[C4C4TMG][OTH] 433.0 0.131 891.5 188.1
[C,CATMG][OMs] 1454 0.333 584.7 228.4,
[C4C,TMG][TFA] - s 0.230 636.4 209.2

This journal is © The Royal Society of Chemistry 2018.
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Dynamic viscosity

Temperature dependent viscosities were determined on
a stress-controlled MCR 301 Rheometer (Anton Paar, Graz,
Austria) using cone-plate geometry with CP50-1 cone (49.95 mm
diameter, cone angle 1°) and 0.101 mm gap size. All measure-
ments were conducted under dry N, atmosphere applying shear
rates from 5-150 s ' in linear steps with 30 data points
measured overall. Since there were no shear rate or time
dependent effects visible, i.e. only Newtonian behaviour was
observed, the data points were averaged. Before each
measurement the temperature was allowed to equilibrate for at
least 15 min. The first measurement was performed at 25 °C and
the temperature raised in 10 °C steps to 95 °C. Maximum
temperature deviation was +0.1 °C. Estimated uncertainty is
+3% as judged by commercial viscosity standards.

Specific and molar conductivity

Specific conductivities of the samples were measured by means
of impedance spectroscopy in a closed electrochemical cell
using a SP-150 potentiostat (BioLogic, Seysinnet-Pariset,
France). The conductivity probe (WTW, Weilheim, Germany)
consisted of two platinised platinum electrodes of rectangular
geometry fixed in glass with a nominal cell constant of 0.5 cm ™.
The cell constant was determined using commercial standards.
Temperature was controlled with a Proline RP 1845 thermostat
(LAUDA, Lauda-Ko6nigshofen, Germany) with a maximum devi-
ation of +0.01 °C. Before each measurement the temperature
was allowed to equilibrate at least 30 min. Conductivity
measurements were performed in 10 °C steps from 25 °C to
75 °C. Impedance spectra were recorded at applied voltage
amplitudes of 5, 10 and 15 mV and frequencies from 200 kHz to
1 Hz in 50 logarithmic steps. Determined resistances used for
the calculation of the specific conductivity x were averaged with
deviations of max. +1.0%. The molar conductivities can then be
calculated with eqn (13) if the specific conductivities and the
densities are known.

= = (13)

Estimated uncertainty for the specific conductivity is +2% as
judged by commercial conductivity standards.

Self-diffusion coefficients

Self-diffusion coefficients were determined using a NMR pulse
sequence based on the pulsed field-gradient stimulated echo
(PFGSTE) as developed by Wu et al.*” incorporating bipolar field
gradients g and an additional longitudinal eddy current delay
Te. The simpler pulsed field gradient spin echo (PFGSE) is
unsuitable for more viscous systems such as ILs since it has
some drawbacks and artefacts.’®** The PFGSTE experiment
minimises eddy currents that are the consequence of the
currents used to generate the magnetic field gradients.*»*** In
the periods when the macroscopic magnetisation is stored in
the direction of the magnetic field, spoiler gradient pulses are
used to remove transverse magnetisation. This method

This journal is © The Royal Society of Chemistry 2018
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Fig.1 Temperature dependent viscosities of (a) the protic TMG ILs and
(b) the aprotic, hexaalkylated guanidinium salts. Solid lines are the fits
using the VFT eqn (11).

minimises effects like inaccurate pulses or undesired coherence
pathways.*®**** Further experimental details and the visual-
isation of the pulse program are reported in a former publica-
tion.”” NMR spectra for the determination of the individual self-
diffusion coefficients of the bulk ILs were recorded in argon-
filled, sealed NMR tubes on an AVANCE II 400 NMR spec-
trometer (Bruker, Billerica, USA) with 5 mm BBFO probe. The
gradient was calibrated using pure water since this self-
diffusion coefficient is well known from other techniques.>**
Self-diffusion coefficients were determined using the 'H
nucleus for cations and the '°F nucleus for the anion with the
exception of the methanesulfonate anion which was also
measured by "H NMR utilising the separated signal of the anion
protons. Temperature was allowed to equilibrate for at least 1 h.
The probe was tuned and shimmed manually after every change
of sample, nucleus or temperature. Gradient pulse durations for
sufficient signal attenuation as well as a rough estimation of the
longitudinal relaxation time T, were determined manually.

RSC Adv., 2018, 8, 41639-41650 | 41643
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Table 3 VFT fit parameters of the TMG IL's molar conductivity and value at 25 °C

Tonic liquid A3 /S em? mol ! rio/S em® mol ™! B/K To/K

[HHTMG][BETI] 0.247 250.2 —772.4 186.1
[C;HTMG][NTT,] 1.01 213.8 —686.3 170.1
[C;HTMG][BETI] 0.344 165.1 —643.0 194.0
[C;HTMG][OTT] 0.378 165.3 —644.5 192.1
[C;HTMG][TFA] 0.394 144.2 —643.3 189.1
[C4HTMG][NTE,] 0.721 360.7 —846.7 161.6
[C,HTMG][BETI] 0.310 230.9 —~765.3 182.5
[C4sHTMG][OTH] 0.240 183.6 —~735.0 187.8
[C,HTMG][OMs] 0.039 277.5 —866.6 200.4
[C,HTMG][TFA] 0.192 106.6 —696.8 187.9
[C4CiTMG][NTH,] 0.690 341.5 —873.3 157.5
[C4C,TMG][BETI] 0.294 198.5 —741.8 184.2
[C4CLTMG][TFA] — 85.5 —422.4 230.3
[C4C4TMG][NTH,] 0.421 339.4 —895.6 164.3
[C4C4TMG][BETI] 0.201 229.4 —813.5 182.6
[C4C,TMG][OTS] 0.119 491.7 -1014.7 176.4
[C.C4TMG][OMS] 0.034 303.5 —781.0 212.1
[C4C,TMG][TFA] — 237.5 -762.3 191.3

Relaxation delay together with the acquisition time was chosen
as 5 to 7 times the value obtained for 7. For each single self-
diffusion coefficient determination 16 spectra were recorded
in total with 16 scans each. The raw spectra were subjected to
manual phase an automatic baseline correction followed by
integration. Plotting In(7/I,) versus Q following the Stejskal-
Tanner eqn (14) then results in a straight line from which the
self-diffusion coefficient Dg; can be obtained as the slope.

11’1]—10 = —DSi’)’Z(Szg2 (A — g = %) = DSiQ (14)
where I is the signal intensity with gradient applied, I, the initial
signal intensity, v the gyromagnetic ratio of the investigated
nucleus, ¢ the overall gradient duration, g the applied gradient
strength, 4 the diffusion time and 7 the gradient interspacing. It
should be noted that the gradient interspacing due to the
bipolar gradients does not appear in the original equation.>*
Estimated uncertainty for the self-diffusion coefficients is £5%
by comparison to viscous calibration liquids suggested in
literature.”®

Results and discussion
Thermal transitions and densities

Knowledge about the thermal transitions of ILs is important
since the solidification point puts limits on many applications.
Thermal transitions of the samples were determined by means
of DSC yielding a broad range of different thermal behaviours.
The determined crystallisation T, glass transition T, cold
crystallisation 7., solid-solid Tss and melting 7}, temperatures
along with the densities p and molar volumes Vy; at 25 °C are
reported in Table 1. The obtained DSC traces include the three
types of IL thermal behaviour commonly found in the litera-
ture.*” These are (a) only glass formation, for example found in
all [NTf,] salts with butyl chain; (b) crystallisation upon cooling
and melting transition with often wide temperature ranges

41644 | RSC Adv., 2018, 8, 41639-41650

where the IL remains in supercooled state, as found for all
investigated ILs with [C;HTMG] cation; (c) no crystallisation
upon cooling and crystallisation upon reheating (cold crystal-
lisation) followed by melting transition, for example found in
[C4C4TMG][BETI]. Furthermore some samples were also found
to have additional solid-solid transitions. Most of the samples
were room temperature ionic liquids (RTILs) or could be ob-
tained in supercooled state at ambient temperature. All ILs with
the [HHTMG] cation with the exception of [HHTM]|[BETI] were
solids at 25 °C. The methanesulfonate ILs with [HHTMG] and
[C4C,TMG] cation even have melting points exceeding 100 °C.
As for many other classes of ILs there are no clear trends
regarding the phase transition behaviour as these are complex
and sensitive interplays of symmetry, lattice effects and
molecular interactions.”” This also makes the comparison with
other cation classes rather difficult. The IL densities showed
a decrease with molecular weight and an increase with fluorine
and sulphur content. With temperature the decrease in density
showed a linear behaviour (Fig. S1 and S27). For the ILs with the
[C4HTMG] cation the densities decreased in the anion order
[BETI] > [NTf,] > [OTf] > [TFA] > [OMs].

Viscosity

The viscosity of ionic liquids is of high concern for the potential
applications in a large number of processes. This quantity puts
limits on procedures like separation and mixing as well as the
demands for the equipment, for example, of heat exchangers or
pipelines. Compared to conventional molecular solvents, ILs
are moderate to highly viscous liquids with viscosity values at
least about an order of magnitude larger. The temperature
dependence of the viscosities can be describe by the Vogel-
Fulcher-Tammann eqn (11); the obtained fitting parameters for
TMG ILs and the viscosities 1 at 25 °C are given in Table 2. The
temperature dependent viscosities are plotted in Fig. 1. The
lowest viscosity at ambient temperature was found for
[C,HTMG][NTT,].

This journal is © The Royal Society of Chemistry 2018
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For [NTf,] ILs the viscosity correlates with the cation size in
the order [C;HTMG] < [C;HTMG] < [C,C,TMG] < [C,C,TMG].
This is believed to be a combination of the increase in cation
size and van der Waals interaction® that lead to the manifes-
tation of a mesostructure with polar-ionic and nonpolar-
hydrocarbon domains in the bulk ILs.® This structuration is
the result of solvophobic interactions and becomes the more
pronounced the longer the alkyl chains attached to the anion or
cation are.”® For the [C;HTMG] cation the viscosity increases in
the order [NTf,] < [TFA] < [BETI] < [OTf] < [OMs]. For the
[C,HTMG] cation the viscosity increases in the order [NTf,] <
[TFA] < [BETI] < [OTf] < [OMs]. All [OMs] ILs that were liquid at
ambient temperature had viscosity values approximately one
order of magnitude higher than those with other anions. The
viscosities seem to depend primarily on the size of the ions;
there is hardly any distinct effect of H-bonding on the viscosity
in the PILs visible. This is believed to be the result of the very
high ApK, between the IL forming acid and base leading to
highly localised protons on the cation. The resulting PILs
behave as ‘pseudo-AlILs’. Similar trends were also reported for
viscosities of PILs with the organic superbase 1,8-diazabicyclo-
[5,4,0]-undec-7-ene (DBU)"” and AILs with phosphonium
cations.” Besides the [OMs] ILs the TMG ILs can be classified as
moderately viscous ILs, making them equivalent candidates to
other IL cations for applications. The viscosity values of the AIL
[C4C, TMG][NTf,] compared with other ILs consisting of
aromatic cations such as the 1-methyl-3-octyl-imidazolium
[CsCyIm] and octyl-pyridinium [CgPy] of similar weight are in
the same range (n*° “([C4C,Im][NTf,]) = 92.5 mPa s** and 7**
“C([CsPy][NTf,]) = 104.1 mPa s*). The IL [C,C,Pyrr][NTf,] based
on the 1-butyl-1-methyl-pyrrolidnium cation is between
[C;HTMG][NTf,] and [C,C;TMG][NTf,] in both molecular
weight and viscosity (n** “°([C4C,Pyrr][NTf,]) = 76.5 mPa s*).
The phosphonium IL triethylpentylphosphonium [NTf,]
with similar molecular weight is also in the same viscosity
range as [C,C;TMG][NTf,] (n*® “([P1225][NTf,]) = 98.0 mPa s*’).
Triethylammonium [NTf,] as a representative of PILs is reported
to have a comparable viscosity (7*° ““([Et;NH][NTf,]) = 63 mPa
s)* to the PIL [C;HTMG][NTf,] although the molecular weight of
the latter is higher.

Conductivity

Another property of interest is the conductivity of ILs since it is
an intrinsic property of this material class. A vast amount of
proposed implementations are in the field of electrochemistry
and electronic devices® where often high charge transport is
desired. Therefore, overall conductivity as well as the connec-
tion of an ILs' conductivity to its structure in accordance with
deviation from ideal behaviour is essential for optimisations
when used as electrolyte. The parameters for the VFTs fit of the
TMG ILs' molar conductivity 4y, and their values at 25 °C are
listed in Table 3.

Usually the VFT fitting is applied to the specific conduc-
tivity®® (see ESIT) but can also be applied to the molar conduc-
tivity as there are only minor, linear changes in density with
temperature. The resulting plots of /4, against temperature are
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shown in Fig. 2. All examined ILs show moderate to good
conductivities with exception of the [OMs] anion where the
values are one order of magnitude lower. The highest molar
conductivity value was found for [C;HTMG]|[NTf,]. For this
anion the molar conductivity shows the opposite trend to the
viscosity and is related to the molecular weight where
[C;HTMG] > [C,HTMG] > [C,C;TMG] > [C,C,TMG]. The
decreasing molar conductivity values with elongation of the
attached alkyl chains of the TMG ILs is a trend found also for
most other reported IL cations®* although there are often no
clear tendencies in the VFT fitting parameters visible.®”” Molar
conductivities for the anions paired with the [C;HTMG] cation
decrease in the order [NTf,] > [BETI] > [OTf] > [TFA] > [OMs]
which is different from the trends observed for viscosity. The
conductivity of the PIL [C;HTMG][NTf,] is similar to an
ammonium IL with comparable molecular weight (437 “([Ets-
NH][NTf,]) = 1.05 S ecm* mol )%, Also the values for AILs with

molecular weights comparable to the [C,C,TMG] are
a) 0/°C
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Fig. 2 Molar conductivities of the ILs at different temperatures for (a)
protic ILs and (b) aprotic representatives. Drawn lines are the corre-
sponding VFT fits (eqn (11)).
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considerably lower underlining the interesting properties of the
guanidinium ILs (43 “([CsC; Im][Nsz]) = 0.49 S cm® mol ;%
A% “((CsPy] [NTE]) = 035 S em® mol 5% A% “([Passs)]
[NTf,]) = 0.63 S cm® mol ')*”. The molar conductlvity and
molecular weight of the IL [C,C,Pyrr][NTf,], which often used in
electrochemical applications, is between the values of
[C;HTMG][NTf,] and [C,C,TMG][NTf,] (43 “([C4C,Pyrr]
[NTf,]) = 0.834 S cm” mol ")** similar to its viscosity values.

NMR diffusometry

The individual self-diffusion coefficients Dg; of IL's anions and
cations are a measure for the movement of molecular units of
the species i in absence of external electric fields or concen-
trations gradients. The self-diffusion coefficients are inherently
connected to the conductivity through linear response theory as
both can be expressed in terms of velocity correlation functions.
Conclusions about the microscopic structure can be drawn
based on this connection. This allows for the control of the
structure-property-relations that are required for desired
properties. Studying the individual contributions and ratios of
the conducting species (or the diffusion of dissolved
compounds) reveals more detailed information than macro-
scopic measurements. The self-diffusion coefficients of the
TMG ILs from single temperature measurements, their ratios,
the calculated Nernst-Einstein parameters Ayg and ionicities
Iy as reciprocal Haven ratios along with the ionicities Iy ob-
tained from Walden plot are summarised in Table 4. Due to
experimental limitations and absence of pronounced super-
cooling, the values for the methanesulfonate ILs and aprotic
trifluoroacetates were only accessible at elevated temperature
(45 °QC).

The deviations from ideal behaviour show only minor
sensitivity in the investigated temperature range as discussed
below so that these can be used for a rough comparison. The
highest self-diffusion coefficients found were those for
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[C;HTMG][NTf,] in accordance with the lowest viscosity and
highest conductivity at this temperature. For the [C;HTMG]
cations both the anion and cation's diffusion coefficients follow
the order [NTf,] > [TFA] > [OTf] > [BETI] similar to the molar
conductivities at 25 °C. Upon elongation of the attached alkyl
chain the order for the Ds, of the [C;HTMG] cation is changed to
[NTf,] > [BETI] > [TFA] > [OTf] and to [NTf,] > [TFA] > [BETI] >
[OTf] for the case of Dg_. For the [NTf,]-series both cation and
anion self-diffusion coefficient show a decrease with increasing
cations size in the order [C;HTMG] > [C,HTMG] > [C,C,TMG] >
[C,C,TMG]. The ratio of the diffusion coefficients for the
[C;HTMG] and [C,HTMG] ILs decreases by [BETI] > [NTf,] >
[OTf] > [TFA] corresponding to decreasing size of the anions. In
most PILs the cation diffuses faster than the anion, whereas for
the AlLs, except [C,C,;TMG][BETI], the anion has a higher self-
diffusion coefficient. The self-diffusion coefficients of
[C4CiTMG][NTf2] for both cation and anion are higher
compared to an imidazolium IL with comparable molecular
weight (D °([C4C,Im][NTf,]) = 9.08 x 10 ** m?> s}
D¥ "“([C4C4Im][NTH,]) = 8.99 x 10> m* s~ *)* which may be
related to the known nanoscale structuring of IL with long alkyl
chains.*®

These results show the complicated interplay of intermo-
lecular forces, molecular size and shape of the ions in bulk ILs.
To gain a more detailed insight in the progression of the self-
diffusion coefficients, temperature-dependent diffusion
measurements for the PILs [C;HTMG][NTf,] and [C;HTMG]
[TFA] as well as the AIL [C,C,TMG][NTf,] were performed. These
three samples were chosen to compare the influence of the
anion in PILs as well as the PILs to the AILs. The temperature
dependent Ds; could also be fitted with the VFT eqn (11). The
resulting fit parameters are listed in Table 5 and the measured
diffusion coefficients are shown in Fig. 3. The ratio of the self-
diffusion coefficients (see Table S19t) does not change with
temperature for the AIL and shows only a minor decrease with
temperature for the PILs.

Table 4 Cation and anion self-diffusion coefficients Ds; of the ionic liquids, their ratio, Ds,/Ds_ the Nernst—Einstein deviation parameter Ay,
ionicities /iy, expressed as reciprocal Haven ratio and ionicity /y according to the Walden plot

Tonic liquid e D167 mPis™1 Ds_ /107" m*s™! D./Ds_ Axis Lur/Hg * T

[HHTMG][BETI] 25 5.86 4.16 1.41 0.34 0.66 0.51
[C;HTMG][NTE,] 25 20.5 15.7 1.30 0.26 0.74 0.67
[C;HTMG][BETI] 25 7.83 5.34 1.47 0.30 0.70 0.53
[C;HTMG][OT] 25 8.18 6.53 1.25 0.32 0.68 0.65
[C;HTMG][TFA] 25 11.0 10.3 1.07 0.51 0.49 0.46
[C4HTMG][NTE,] 25 13.9 13.0 1.08 0.29 0.71 0.60
[C4HTMG][BETI] 25 6.73 5.33 1.26 0.32 0.68 0.54
[C,HTMG][OTf] 25 5.13 4.73 1.08 0.35 0.65 0.56
[C,HTMG][OMs] 45 5.13 5.88 0.87 0.55 0.46 0.50
[C4HTMG][TFA] 25 6.08 6.13 0.99 0.58 0.42 0.32
[C4C TMG][NTS,] 25 12.1 12.5 0.97 0.25 0.75 0.64
[C4C, TMG][BETI] 25 6.28 5.63 1:12 0.34 0.66 0.52
[C4CiTMG][TFA] 45 15.5 18.0 0.86 0.36 0.64 0.50
[C4C,TMG][NTS,] 25 6.63 8.70 0.76 0.27 0.73 0.57
[C4C,TMG][BETI] 25 3.67 4.14 0.89 0.31 0.69 0.50
[C4C4TMG][OTH] 25 1.95 2.48 0.78 0.29 0.71 0.51
[C4C,TMG][OMs] 45 3.43 5.29 0.65 0.37 0.63 0.50
[C4C,TMG][TFA] 45 14.1 14.9 0.95 0.43 0.57 0.46

41646 | RSC Adv., 2018, 8, 41639-41650

This journal is © The Royal Society of Chemistry 2018

54



2. Main Part

Paper

Table 5 VFT fit parameters of the self-diffusion coefficients Dsg;
(cation: i = +; anion: j = —)

Tonic liquid i Dsi,0/1077 m?* mol ! B/K To/K
[C;HTMG][NTH,] + 1.05 —620.7 1993
[C;HTMG][NTH,] - 0.339 —409.0  223.0
[C;HTMG][TFA] + 30.4 —1647 136.3
[C;HTMG][TFA] - 189 —1446 150.3
[C4CiTMG]NTE,]  + 0.337 —488.0  212.2
[C4C,TMG][NTH,] 0.376 —504.0  210.4

Nernst-Einstein and Walden relation

As mentioned earlier, the Nernst-Einstein parameter 4y and
ionicity Iy as reciprocal Haven ratio are important and simple
quantities for the optimisation of ILs, although their interpre-
tation is a matter of debate. The Iyr values obtained for all
cations follow the order [NTf,] > [BETI] > [OTf] > [OMs] > [TFA]
(besides [C,C,TMG] where [BETI| and [OTf] are interchanged),
corresponding to a decrease in the pK, values of the anion's
conjugate acids. For the anions [NTf,], [BETI] and [OTf] the I
values are all in the same range, independent of being PILs or
AlLSs. The Iy values for the protic methanesulfonate and protic
trifluoroacetate ILs are significantly lower than those of their
aprotic counterparts. This might indicate a more pronounced
hydrogen bond due to the lower difference in pK, between the
precursors, leading to a formally neutral species that does not
contribute to the macroscopic conductivity. These findings are
in accordance to literature findings that a high ApK, is neces-
sary to obtain ILs with high ionicities."** Watanabe et al. also
found similar trends but lower ionicity values for ILs from the
larger superbase DBU."* The observed reciprocal Haven ratios of
the protic TMG ILs are also considerably higher than those of
other PILs such as ammonium’®”* or amidinium** underlining
its correlation with the highly basic nature of the precursor.'> To
the best of our knowledge these are also the highest Ij;x values

6/°C

10710

Ds, [C{HTMG][NTf,]
Dg. [C{HTMG][NTf,]
Ds. [C{HTMG][TFA]
Dg [C,HTMG][TFA]
Ds, [C,C,TMG][NTf,]
Dg. [C,C,TMG][NTf,]

Dg; / m?s™

oceppronm

10"

2.9 3 3.1 32 33
1000 T/ K™

Fig. 3 Temperature-dependent individual self-diffusion coefficients
of the TMG ILs. Solid lines are the VFT fits for the cations, dashed ones
for the anions.
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reported for PILs so far. Compared to other classes of ILs, most
of the TMG-based ILs show high values for the reciprocal Haven
ratio making them very interesting for electrochemical appli-
cations.” The Iy values reported for imidazolium, for instance,
range from 0.52 to 0.76,”> those of phosphonium ILs from 0.47
to 0.71 (ref. 27) and those of ammonium from 0.06 to 0.62.”
Values reported for AILs consisting of aromatic cations with
similar molecular weight to the [C,C;TMG] cation are signifi-
cantly lower (Iyr([CsC;Im][NTf,]) = 0.32; 1-methyl-1-octyl-
pyrrolidinium NTf,: Iir([CsC,Pyrr]|[NTE,]) = 0.41).%

Due to its simplicity and easy interpretation, the Walden
plots are also widely used in the literature.> The Walden plots
of the investigated ILs are shown in Fig. 4. Analysis of the PILs
and AILs according to the fractional Walden rule (4) yield
straight lines with slopes approximately unity (values given in
Table S207). Although being quite a straightforward approach,
the findings for the ionicity trends quantified by the reciprocal
Haven ratio are well reproduced. The ILs with the highest
ionicities show the highest values for the parameter log(C) and
vice versa. Since the Walden plot uses macroscopic parameters
it can be seen as a practical measure for overall performance in
which the highest log(C) values belong to highly conductive and
highly fluid ILs. From the ratio of the measured molar
conductivity to the ideal conductivity, the ionicity Iy according
to the Walden plot can be calculated (5). However this method
remains a more qualitative approach. The obtained values for
the single point measurements are listed in Table 3 and are in
good agreement with the general trends of the ionicities Iy but
smaller in their overall values, with [C;HTMG][OMs] being the
only exception. The temperature dependent progression of the
Iyr and Ly are shown in Fig. 5. Both show a slight decrease with
temperature that is a bit more pronounced for the reciprocal
Haven ratio. The highest overall Iy value was found for the AIL
followed by the protic [NTf,] IL with minor interspacing. The
protic [TFA] IL shows distinct lower reciprocal Haven ratios and
Iy values than the [NTf,] ones at all temperatures. Marginally
decreasing or constant Iy values with temperature and a strong
dependence on the pK, of the protonated anion are also found
for a number of other IL systems such imidazolium,**”* phos-
phonium*” and ammonium.”

Stokes-Einstein-Sutherland relation, velocity cross-
correlation and distinct diffusion coefficients

The Stokes-Einstein-Sutherland (SES) plot is an empirical
viscosity correlation that relates the diffusion coefficients to the
reciprocal viscosity (fluidity).>* The obtained SES-plot of the
individual self-diffusion coefficients is shown in Fig. 6. All of the
investigated ILs yield straight lines in the SES plot with slopes
around unity (Table S217). The exponents found for the cations
were observed to be smaller than the ones for the anions in the
same IL. Analogous plots can be performed for the viscosity
scaling of the distinct diffusion coefficients Df,'v calculated from
the velocity cross-correlation coefficients (VCC) fj; (7-10). These
quantities are another interpretation of IL transport properties
if self-diffusion and conductivity data are experimentally avail-
able. Contrary to the situation usually found in electrolyte
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solutions, the Dg- and VCC are all negative quantities in bulk ILs
so that the velocities of the ions are anti-correlated in the
ensemble as a result of the momentum conservation.® The SES
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Fig. 6 Stokes—Einstein—Sutherland plot of the self-diffusion coeffi-
cients Ds; as a function of fluidity (inverse viscosity). Solid lines are the
linear fits for the cations, dashed ones for the anions.

plot for the distinct diffusion coefficients is shown in Fig. 7 and
their values could also be fitted linearly (see Table S22 and
S23%). The VCC of the [NTf,] ILs obey the order f < f.. <f.

consistent with the findings for a number of other [NTf,] ILs
investigated.”>*" In the protic [TFA] IL the order of f__ and fi. is
reversed with smaller difference between the two quantities at
all viscosities. As the anion-anion VCCs are largest in magni-
tude and most negative for the [NTf,] ILs, the anti-correlations
of the ion velocities averaged over an ensemble are largest for
these interactions. Then again for [C;HTMG][TFA] the cation-
cation VCC are dominant. At the same viscosity the unlike-
charged ions VCC f._ is the least negative in [C;HTMG]|[TFA].
This means that the anti-correlation of cation and anion is less
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Fig. 7 Stokes—Einstein—Sutherland plot of the distinct self-diffusion
coefficients D,j’ as a function of fluidity (inverse viscosity). Note that all
distinct diffusion coefficients are negative quantities so that 7D,‘f is
plotted and the order of the VCCs is reversed. Solid lines are the linear
fits for the DS _, dashed ones for the DS, and dotted for D° _ lines are
the linear fits for the DY _, dashed ones for the D¢, and dotted for D2 _.
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pronounced leading to a higher discrepancy between expected
and measured conductivity. Harris reported that the order of
the like-ion VCCs may be related to the ion size and liquid
structure and that the magnitude of 4y is proportional to the
difference between f; _ and the arithmetic mean of the like-ionic
VCCs f__ and f.,.*" This large difference compared to both the
protic and aprotic [NTf,] IL is also found in [C;HTMG][TFA]. It
reproduces the findings and quantifications of the larger devi-
ation from ideal behaviour found by other approaches above
although there are other assumptions about their origin in
literature. However the findings also show that the deviation is
related to the anion-cation combination and not to the differ-
ence of protic and aprotic ILs per se.

Conclusions

We synthesised a series of protic and aprotic ILs based on the TMG
cation. The used anions stem from a variety of acids with different
PK, values. Although this type of IL shows beneficial characteristics
for several implementations it is has not been comprehensively
investigated so far. The cations are derivatives of super strong
bases and have a delocalised 7-system like the intensively inves-
tigated and applied imidazolium and pyridinium cations. The
length of the attached alkyl side chain was varied for the sake of
a systematic investigation. Most of these ILs have, to the best of our
knowledge, not been reported in the literature before. We
measured important fundamental properties such as thermal
transitions and densities as well as the transport quantities
viscosity, conductivity and self-diffusion coefficients. The ILs show
a wide range of diverse phase-transition behaviours and many of
them are RTILs or exhibit supercooled states. Temperature
dependence of viscosity, molar conductivity and self-diffusion
coefficients are empirically well described by the VFT (11) or
Litovitz eqn (12). Scaling of and correlation between the transport
properties were analysed by the Nernst-Einstein, Walden and
Stokes-Einstein-Sutherland relations. The discrepancy between
ideal electrolyte behaviour and experimental quantities was
quantified by means of the ionicity Iy as reciprocal Haven ratio,
fractional Walden approach and ionicity Ly from Walden plot. All
the TMG ILs show transport properties comparable to other ILs
subclasses together with high ionicities, especially when compared
to other PILs with more acidic cation protons/lower pK, values of
the constituting base. Lower ionicity values were also found for the
PILs that incorporate anions from acids with higher pK, values.
Also the velocity-cross-correlation coefficients of the unlike-ions in
[C;HTMG][TFA] exhibit less anticorrelation. This is the cause for its
reduced conductivity in relation to the diffusive properties
compared to the [NTf,] ILs. The results show that smaller
discrepancies between expected and measured conductivity can be
achieved for PILs with high ApK, between constituting acid and
base. Furthermore the TMG PILs and AILs show comparable
transport properties which are more related to the size of the
cation rather than to the occurrence of an acidic proton in the PILs.
These ‘pseudo AILs’ show characteristics similar to their alkylated
analogues. This makes the TMG-based PILs promising candidates
for practical applications that combine the advantages of PILs,
such as economic synthesis and improved transport properties,

This journal is © The Royal Society of Chemistry 2018
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due to lower molecular weight with the higher ionicity values
usually found for AILs. These results provide a better under-
standing of guanidinium-based ILs, the difference between the PIL
and AIL subclasses and the interrelations of their transport
properties.
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Transport properties and ionicity of phosphonium
ionic liquidsT
F. Philippi,#* D. Rauber,#®® J. Zapp® and R. Hempelmann () %2

lonic liquids (ILs) are promising electrolytes and many efforts have been made in basic scientific research as
well as in applied research. In this contribution, we synthesised a variety of partly novel phosphonium ILs
with different anions as well as with different compositions and lengths of the side chains of the cations.
We measured a variety of their important transport properties such as viscosity, conductivity and diffusivity
by means of stress-controlled rheology, impedance spectroscopy and PFGSTE NMR diffusometry. The
results are analysed with respect to different models for derivation from ideal behaviours such as the
ionicity and the (fractional) Walden rule depending on their molecular structure. These models are well
established in the literature and are herein applied to rarely investigated but promising phosphonium ILs,
with a particular emphasis placed on the effect of ether side chains. In comparison, the models show a
qualitative correlation but distinct deviation in the quantification especially in the temperature dependent
values and with other IL systems. These results aim to facilitate a better understanding of the IL properties
depending on the molecular composition and by this way help to choose the ILs with optimal properties

rsc.li/pccp for practical applications.

Introduction

Ionic liquids currently receive high attention throughout the
fields of science because of their unique, enhanced properties
and immense possibilities for tuning and optimisation." The
particular interest concerning applications in electrochemistry
such as battery and capacitor technology is due to their relati-
vely wide electrochemical windows, especially those based on
phosphonium cations,>* and a high concentration of free ions.
Furthermore major advantages are their negligible vapour
pressure together with low flammability resulting in an intrinsic
gain in safety, even if the issue of toxicity is not yet fully
resolved.”® An enormous flexibility arises from the many avail-
able structural motifs and variations. They therefore have the
potential to exhibit a better performance compared to many
established systems, but it becomes challenging to ‘“‘choose

“Institute of Physical Chemistry, Saarland University, Campus B 2 2,
66123 Saarbriicken, Germany. E-mail: r.hempelmann@mx.uni-saarland.de
" Transfercenter Sustainable Electrochemistry, Saarland University and KIST Europe,
Am Markt, Zeile 3, 66125 Saarbriicken, Germany
¢ Institute of Pharmaceutical Biology, Saarland University, Campus C 2 3,
66123 Saarbriicken, Germany
§ Electronic supplementary information (ESI) available: Experimental setup,
detailed pulse sequence and parameters, further information about calibration
and raw data processing. Experimental data for specific conductivity, molar
conductivity, self-diffusion coefficients and densities together with the fit results.
Detailed protocols for the synthesis of all compounds and the corresponding
NMR spectra. See DOI: 10.1039/c7cp04552b
i Frederik Philippi and Daniel Rauber are equally contributing authors.
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the best”, i.e. the IL which shows the optimal behaviour for a
desired application.?

The development of key strategies for systematic customisa-
tion and optimisation of ILs is therefore of high significance.
For almost all practical applications, for example separation,
synthesis or electrochemistry, the knowledge of the transport
properties is of crucial importance. This especially holds true
for ionic liquids, whose, in most cases, higher viscosities may
limit their applicability. In addition to the impulse transport
embodied by the viscosity #, the self-diffusion coefficient D is of
interest as a measure for microscopic transport processes and
therefore the ion mobility. In electrochemistry there is hence the
need for ion combinations showing high mobility and conduc-
tivity (as a measure of charge transport) paired with electroche-
mical stability. For pure undiluted ILs deviations from the ideal
charge transport are consistently found and consequently the
knowledge about structure-property relationships is important
to achieve maximum conductivity.”*

All herein investigated ionic liquids are based on quaternary
phosphonium cations and their structures are displayed in
Scheme 1 together with the corresponding anions. The series
was chosen to directly investigate the influence of molecular
structure on the properties of this IL subclass in correlation with
the choice of anion and incorporated side chain compositions as
well as the asymmetric side chain length. Despite their sometimes
superior properties, phosphonium-based ionic liquids are still
much less commonly investigated compared to the very widely
used imidazolium and ammonium ILs. Phosphonium-based ILs

Phys. Chem. Chem. Phys., 2017, 19, 23015-23023 | 23015
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Scheme 1 Structure of ions investigated in this publication.

show for example a higher chemical stability compared to the
imidazolium ILs that were found to react with certain bases,
electro- and nucleophiles.’ Surprisingly, they often exhibit good
stability towards alkaline media, even as strong as Grignard
compounds.'® Furthermore phosphonium ILs are in general
less viscous and slightly more stable towards electrochemical or
thermal degradation than the ammonium based IL analogues.'"

The introduction of ether groups is partly at the expense
of (thermal) stability."" It nevertheless goes hand in hand
with a higher mobility and allows for a fine adjustment of the
properties.'” The scientific discourse concerning the more con-
troversial topics mainly focused on imidazolium based ionic
liquids so far, although phosphonium ionic liquids are readily
accessible in high purity as long as the initial phosphines are
protected from oxygen.

The (industrial) synthesis proceeds via alkylation of tertiary
phosphines in nearly quantitative yield with leaving groups
being mostly halides but also others like tosylates."* With halides
as leaving groups, the desired anion has to be introduced in
another step, usually via salt metathesis. Problems may then arise
from the residual halide content. Unlike quaternisation, which
can be carried out in bulk, salt metathesis generally requires the
use of molecular organic solvents. Avoidance of the latter, how-
ever, is one of the aims in using ionic liquids."* Solvent free
methods to eliminate halides are described in the literature, we
just mention the use of methyl triflate as a possible method at this
point.'* Attractive from an economical point of view is the
introduction of an anion in the quaternisation."®

Diffusometry and ionicity

Self-diffusion coefficients presented in this work were obtained
by means of NMR diffusometry. The measurements are not
straightforward, but nevertheless feasible. Therefore some back-
ground information about the underlying principles and the
obtained results is given here. For ionic liquids as rather viscous
systems, the simple pulsed field-gradient spinecho experiment
(PFGSE) is inappropriate due to several drawbacks and
artifacts.'®'” The pulse sequence shown in Fig. 1, which was
developed by D. Wu et al.,'® is more robust. It is based on a
pulsed field-gradient stimulated echo (PFGSTE) experiment
incorporating bipolar pulsed field gradients g and an additional
longitudinal eddy current delay 7.. The purpose of the latter is to
minimise disturbing eddy currents, which result from the large
currents that have to be switched on and off to gencrate the
required magnetic field gradients.'®'? During the two periods

23016 | Phys. Chem. Chem. Phys., 2017, 19, 23015-23023
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Fig. 1 PFGSTE pulse sequence used for self-diffusion measurement.

where the macroscopic magnetisation is stored along the direction
of the static magnetic field, suitable gradient pulses gy,oi should
be applied to wipe out any transverse magnetisation. These spoiler
gradients are thus of great help in reducing the negative effects of
inaccurate pulses or undesired coherence pathways.'®**

It is favourable to keep the total experiment time fixed
throughout every separate measurement as in this case signal
attenuation due to relaxation does not have to be taken into
account. The signal intensity I then obeys the well-known Stejskal-
Tanner equation shown below.'**"?

lnli0 = —Dy*5’g? (A - g - %) =DQ (1)
Appropriate values for diffusion time 4 as well as for the overall
gradient duration ¢ have to be determined prior to the actual
measurement. It is worth mentioning that the gradient inter-
spacing 7, which is due to the bipolar gradients, does not appear
in the original equation.'®>" Restrictions arise from the depen-
dence of the gyromagnetic ratio y as nuclei with rather small
values of y like *C require specialised equipment to produce
sufficient gradient strengths. This poses no problem as the nuclei
'H and '°F are inherently present in most ILs and are accessible
to high resolution NMR with a z-gradient probe.

Quantitative knowledge of self-diffusion coefficients together
with the viscosity and conductivity of the system hence provides a
good starting point for selective optimisation, for example regarding
CO, capture.* While viscosity is measured directly using rheological
experiments, the molar conductivity 4y is easily obtained from
measurements of specific conductivity x and density p as given
by the following equation.***®

Ajg =

-= @

K KM
c P

Assuming that the motion of diluted spherical ions with charge
z;in the bulk is entirely uncorrelated, the theoretical molar con-
ductivity Anwr is expected to obey the familiar Nernst-Einstein

equation:**
FZ
ANMR =ﬁZZ,D: ®3)
Ionic liquids as neat salt melts are far from being diluted, and more

than cver far from being ideally diluted. Considerable devia-
tions owing to correlated motion and structuring are therefore

This journal is © the Owner Societies 2017
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anticipated, and the molar conductivity is in most cases smaller
than predicted from the Nernst-Einstein equation. In rather
diluted solution, ion pair formation is believed to be the reason
for this finding. Consequently the Haven ratio is frequently used
to quantify “ionicity”, similar to the Nernst-Einstein parameter

Ay for “aggregation’’:>**
A
Hg = M and Ang = 1 — Hg (4)
ANMR

Whether this holds true for ionic liquids is still lively dis-
cussed.”® Kashyap et al. reported that anticorrelated motion
of ions with the same charge should be regarded as a reason for
the decrease of conductivity instead of associates or ion pairs.>®
In contrast to this, Holloczki et al. suggested charge transfer as
the reason for lowered conductivity rather than any sort of
correlation or anticorrelation.®® Another experimental approach
using surface force measurements indicated a very dilute nature
of ionic liquids, with the resulting ionicity being tremendously
different from other models.>" However recent considerations
addressed several issues of the surface force measurements,
implying a very short lifetime of ion pairs, if there are any at
all.>* To put it in a nutshell, the debate is far from settled.
Countless contrary contributions to these topics have been
published, all consistent in themselves. Nonetheless, proper-
ties like molar conductivity, viscosity or self-diffusion provide
valuable information about the system of interest. The Haven
ratio is in this context used as a criterion for ionicity or - less
controversial - “deviation from ideality”’. Together with the other
properties, it shall serve as the linchpin for further optimisa-
tions. Another established model is the Walden plot, which is
appealing in its simplicity. It is derived from viscosity and molar
conductivity and suits as another rough estimate for the devia-
tion from ideality. Several more detailed models based on
Walden’s rule were proposed, such as the adjusted Walden plot
and the fractional Walden rule.**** In contrast to the adjusted
Walden plot — which considers ionic radii and only contains C as
a parameter - the fractional Walden rule used in this work is
obtained from the original equation by introduction of « as an
additional parameter:

1
log Ay = 10gC+o¢logE (5)

This additional parameter shows the deviation from the original
relation as found by Walden, in which o equals unity. From the
vertical distance AW in the Walden plot, another measure of
ionicity can be obtained comparing Ay to the conductivity at the
ideal KClI line A%;:**

L jog
= . Wy ("’g"’b“) — 108% (6)
Ay 1/n
Results and discussion
Thermal transitions and densities

Melting points Ty and glass transition temperatures T are
important to know as they often become a limit for practical

This journal is © the Owner Societies 2017
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Table 1 Thermal transitions; densities and molar volumes at room

temperature
T)°C Tg/°C Tu/°C p** “lgmL™" ¥ZC/mL mol™!

Pzzzzoz][Nsz] =10 36 1.340 352
P2225][NTf2] —BF — 21 1.302 361
P)os)[NTH, ] - -82 — 1.243 411
Pias02)[TFA]  — -76  — 1.057 368
Pi1a202)[OMs] — —63 — 1.027 361
Pi41202][NTE,] — —78 1.224 454
Piia202 [OTE]"  — -75 1.110 382
P44 ][NTH] 9 — 1.244 411
P444ﬁ][NTf2] — —81 1.183 480
P4448][NTf2] — —80 s 1.162 513
Piao][NTE)? —  —81 18 1.141 546

“ Cold crystallisation point at —41 °C. ? Cold crystallisation point at
—29 °C.

applications. Thermal transitions found via dynamic scanning
calorimetry are listed in Table 1 together with their densities
and molar volumes at 25 °C. All of the investigated ionic liquids
are liquids at room temperature, two of them remain in a
supercooled state for extended times with crystallisation tem-
peratures T, significantly below the respective melting points.
For the cations without ether groups, melting points were
found for short ([P4445][NTf,]) and long ([P44410][NTf,]) chains,
whereas for intermediate chain lengths only glass transitions
were found.

[Pa44202][OTf] was the only IL of those with [P,4450,] as a
cation which exhibited a melting point. While having the same
chain length as [Py,,5][NTf,], the melting point of [Py,5,0,][NTf,]
was found to be 15 °C higher.

Molar volumes Vy and glass transition temperatures
(if observed) are comparable to similar ammonium based ILs.**
Densities exhibited a linear increase with temperature, with the
parameters listed in the ESL{ It should be pointed out that the
molarity of the ionic liquids is about 2 to 3 M, which is only half
as much as that of over 5 M of saturated aqueous sodium
chloride.?® The ion concentration is therefore far below the one
for conventional molten salts, although the solvent is of course
replaced by the periphery of the ions.

Conductivity

As one of the fundamental transport properties, molar conduc-
tivity is especially relevant for electrochemical applications and
is later on used for the calculation of the Haven ratios. The
resulting fit parameters according to (6) for the molar conduc-
tivity and the values at 25 °C can be found in Table 2, whereas
the corresponding plot is shown in Fig. 2. Apparently the curves
deviate from the linear behaviour in the Arrhenius plot, which is
why they were fitted with the Vogel-Fulcher-Tammann eqn (6).
The latter was found to be applicable to several transport proper-
ties of a broad range of ionic liquids.>” By far the highest value
has been found for [Ps5505][NTf]. It is followed by [Py,,5][NTf]
as an IL of the same size but without the ether group. Lower
conductivity values were found for [P,445|[NTf,], [Paaszo][NTE,]
and [Py,,6][NTf,]. High conductivity seems to be correlated with
small cations containing ether groups. At least for the NTf, anion,

Phys. Chem. Chem. Phys., 2017, 19, 23015-23023 | 23017
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Table 2 VFT fit parameters of molar conductivity and the value at room
temperature

& AM,(]/
A€ /Sem? mol™' S em® mol ' B/K To/K
Pr22202][NTf,]  1.179 256.1 743.8 160.11
Poops|INIE,]  0.630 531.2 -1012.2 147.81
Pyosg|[NTE,]  0.367 347.8 —947.9 159.79
Paiazoz][TFA]  0.170 712.8 —1245.7 148.99
P,44202][OMs]  0.038 1413 —1533.1 152.02
Paiazoz|[NTE,]  0.347 411.0 —973.6 160.99
P,a4002][OT]  0.105 488.0 —1147.4 162.20
Pup][NT,]  0.326 568.3 —1105.9 149.51
Paaa6)[NTf,]  0.188 1457 —1546.3 125.52
Puaas)[NTf,]  0.157 6187 —2278.2  82.937
Pasaro)[NTf,]  0.123 1235 —1533.9 131.58
0/°C

75 65 55 45 35 25

10°3 -
5
&
NE + [P222202][NTf2]
[§) ’ +[P2225][Nsz]
9 107 —A—[P,,, JINTf,] B
= —¥—[P020,l[TFA] —— [P, JINTf,]
< [P, JOMs]  —k— [P, JINTF]
—4— [P 444200lINTT,] —8— [P, JINTf,]
10_2_ —>— [P-a«zoz][OTf] —— [wa][Nsz] |
2.9 3 31 32 33 34
1000 T" /K

Fig. 2 Molar conductivity of the investigated phosphonium ionic liquids
depending on temperature.

elongation of the side chain in the [P,4,] series leads to
reduced molar conductivities.

The remaining ILs with anions other than [NTf,] follow
interspacing. The lowest molar conductivity was observed for
[P444202][OMs] which is two orders of magnitude below the value
for [Py2,02|[NTf,]. Molar conductivity data for the ammonium
based ionic liquids [N22220][NTf,] and [Ny44202][NTf,] have been
reported in the literature.*®

The values of molar conductivity of 0.87 S cm® mol " and
0.61 S cm” mol " at room temperature fall below and above the
ones of their phosphonium analogues, so there is no clear
benefit in either of the systems concerning conductivity.

Comparison with imidazolium systems is less reliable because of
the vast structural difference. The positive charge in phosphonium
ILs is more or less sterically shielded, while the much more
accessible imidazolium cations naturally allow for more inter-
actions. To name two examples, the molar conductivities found
in the literature range from 1.15 S cm* mol " for [C,MIM][NTf,]
to 0.33 S em” mol ™" for [C,(MIM][NTf,] and are therefore con-
siderably smaller than those for phosphonium or ammonium
ionic liquids of a similar molecular weight.

23018 | Phys. Chem. Chem. Phys., 2017, 19, 23015-23023
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NMR diffusometry

Self-diffusion coefficients serve as a measure for molecular
mass transport processes and ion mobility. However the infor-
mation content is higher than for the fluidity/inverse viscosity
because cations and anions (and even dissolved species) can be
studied separately.

Since charge transport as the origin of conductivity is
inherently connected to mass transport for ionic species, it is
not surprising that the self-diffusion coefficients at room tem-
perature presented in Table 3 show the same rank order as the
respective molar conductivities. The data points for [Pys4500][TFA]
and [P.,46][NT£,] are the sole exception and are interchanged. The
highest self-diffusion coefficient is found to be 2.33 x 1077 ecm®s™*
for the cation in [Pyy502][NTf,]. Tabulated above are also the anion/
cation ratios of the self-diffusion coefficients. This ratio is fairly
equal to the one for [P,,,0,|[NTf,], so both ions show comparable
mobility. High ratios were found for the cations with more
extensive alkyl chains, presumably due to the increased size or
the nanosegregation discussed in the next subsection. The two
causes cannot be distinguished at this point as they act in the
same direction.

Among various anions, [NTf,] showed the highest self-diffusion
coefficients although being the largest of the investigated anions.
1t is hence a good choice of anion to start with when optimising
the transport properties. Similarly, ether groups should also be
considered in this case as even a single ether group in the side
chain substantially enhanced the self-diffusion coefficient. Unless
nanosegregation is desired, long alkyl side chains should also be
avoided when the self-diffusion is to be optimised.

Haven ratios

As already mentioned, the Haven ratio is still an important
quantity especially for ILs, regardless of its nontrivial inter-
pretation. Following (4), the Haven ratios shown in Table 4 were
obtained in which certain trends become visible. These trends
will be discussed in terms of ionicity, bearing in mind the
difficulties that come with it.

Remarkably, the presence of ether groups leaves the ionicity
mainly unaffected, allowing for the flexible and independent
fine tuning of their transport properties. For the ILs with the
[Pa11202]) cation, the influence of several different anions was
also investigated. The corresponding series is shown in the

Table 3 Self-diffusion coefficients at room temperature

DZS"C /sz S—] DZS"C /cm2 S—l D.ZS"C /DZS"C

cation anion anion cation
P222202][NTH,] 2.33 x 107 2.35 x 1077 1.01
Pyaas][NTH,] 112 X 1077 15971 1% 1077 1.08
P2os|[NTH, ] 7.54 x 1078 8.80 x 107° 1,17
P444202][TFA] 4.32 x 10°° 5.32 x 107° 1.23
Pa1a202][OMS] 0.98 x 10°° 1.09 x 10°° 142
Pa44202)[NTH,] 5.86 x 10~ ° 8.07 x 107° 1.38
Pa44202)|OTE] 2.27' % 10~" 2.75 x 107° 211,
Pyaan)[NTH,] 5.48 x 10°° 6.93 x 10°° 1.26
Paa6)[NTE,] 3.30 x 10°° 4.64 x 10°° 1.40
Paaas)[NT1,] 2.89 x 10 ® 4.06 x 10 ° 1.40
Paaa10][NTE,] 248 x 1078 3.47 x 107° 1.40

This journal is © the Owner Societies 2017
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Table 4 Haven ratios of the investigated ILs at 25 °C

Hy Hy Hy
[P222202][NTE;]  66%  [Passzo][TFA]  47%  [Passo][NTE]  71%
[P2255][NTHE] 68%  [P114202][OMS]  51%  [Paauq][NTF]  63%
[P2225][NTH ] 60%  [P14g20][NTF,]  65%  [Paag][NTF,]  60%
[Pasnscn OTH]  56%  [Passo]NTE]  55%

middle column, where it can be seen that the ionicity increases
with decreasing basicity of the anion. This behaviour has been
reported for many systems and is considered generally valid.®
It also meets the expectation that weak Lewis bases with widely
delocalised charge are weakly coordinating not only towards
protons. Counterintuitive at first sight is then again the decrease
of ionicity for longer side chains evident in the last column. This
may on the one hand be interpreted as the intrinsic limit of
the model, where the term “ionicity” meets its borders. On the
other hand one could also claim that the expected increased
shielding of the charge — which would go along with an increase in
ionicity - is overcompensated by an extended nanoscale structuring
of the liquid phase. This so-called nanosegregation in polar, ionic
and apolar alkyl domains is indeed well documented and known to
play a decisive role in the case of ionic liquids.*®**

The second interpretation is furthermore supported by the
Haven ratios for tributyl and triethyl based phosphonium ionic
liquids with comparable side chains, which show virtually no
difference. [Pyy,5|[NTf,] and [P,44g][NTf,] may serve as an example,
with the same haven ratio of 60%.

Temperature dependent measurements were performed for
[P141202][INTE,], [Paaan][NTf,] and [Pas4g][NTE,], with the results
for the three temperature dependent Haven ratios shown in
Fig. 3. Surprisingly it is observed that the ionicity/deviation
from ideality decreases with temperature, which is consistent
with earlier findings for phosphonium ionic liquids.*” The
decrease of the haven ratio to about half its initial value despite
increasing conductivity indicates that ion pairing has to be

6/°C
95 85 75 65 55 45 35 25
103 1 1 1 1 1 1 1 1
—8—[P,,,,,lINTf,] —8—[P,,,lINTf,]
"0 [P,,,]INTE] = [PuelNTE]
A [Py5lINTF] O [P lINTE]
¥ [Passol[TFA] %= [P 14aiclINTT,
—0—[P,,1,0,][OMs]
)
© 102- —4—[P,,,0,lINTF,] i
o == [PAMZOZ]IOTﬂ
S
~
j=n
10" 3
S T T T T T T
27 2.8 29 3 31 32 33 34

1000 T/ K"

Fig. 3 Temperature dependent viscosities.

This journal is © the Owner Societies 2017

Paper

considered a relevant competing process. Imidazolium liquids
contrarily show in general no or only little temperature dependence
of the Haven ratio.”””* As an example, a constant Haven ratio of
0.66 with increasing temperature was reported for [C,;MIM][PF,].*
The interpretation as ionicity again has to be treated with caution
as using other methods like NMRD, decreasing ion pairing with
increasing temperature was found for the same system.*®
The interpretation of temperature dependent Haven ratios as
ionicities for phosphonium ILs at this point also contradicts
intuition but is supported by the results obtained from X-ray
scattering and computational investigations.** For practical
applications the temperature dependence of IL ionicities there-
fore has to be taken into account to ensure optimal perfor-
mance at the desired temperature.

Rheological properties

In contrast to the majority of conventional molecular solvents,
viscosity as a measure for momentum transport may narrow the
applicability of ILs and is therefore of great importance. Experi-
mental viscosities at room temperature are given in Table 5
together with the parameters obtained from the VFT fit and as a
plot in Fig. 4. Comparative values taken from the literature for
[N222202][NTf,] and [Ny420.][NTf,] are considerably higher with
71 mPa s and 315 mPa s.*® Concerning fluidity, [Py,00][NTf] is
clearly superior to the other ionic liquids dealt with in this publica-
tion with the viscosity being as low as 49.7 mPa s. [P22,0,][NTY,] is
thus a promising electrolyte, together with several other similar ILs
described in the literature.">*

The performance of [P,4420,][OMs] is at the other extreme,
with its viscosity so high that severe restrictions are put on
processability and liquid handling. Remarkably the viscosity of
[P444202][OTf] is only half of that of [P,4420,][OMs], even though
the molecular structure of the anion remains unchanged, with
hydrogen being replaced by fluorine.

For cations consisting only of alkyl chains, the viscosity
increases with the size of the cation. Ether groups in the side
chain drastically improve the fluidity, and [P35,02][NTf,] is only
half as viscous as its alkyl analogue [P,;,5][NTf,]. From the
group of ILs based on tributylphosphine, [P444202][NTf,] has the
lowest viscosity with 155 mPa s, which is even below the much
smaller [P,44,][NTf,]. Another advantage of the ether containing
IL [P444202|[NTf,] is the very low Tg, while the melting point of
[P444,][NTf,] is above room temperature.

Table 5 VFT fit parameters of viscosity and the value at room temperature

7** ¢/mPa s No/mPa s B/K To/K
P)22202][NTE,] 49.7 0.29953 636.14  173.637
P05 [INTE,] 98.0 0.23671 699.71  182.008
Pig)[NTE, 119 0.20211 74959  180.676
Pas202][ TFA] 207 0.17268 91552 169.048
Piissos]JOMs] 767 0.18552 968.43  181.832
Pasnsoo][NTE,] 155 0.36848 651.60  190.303
Painoo]OT] 405 0.12257 1046.73  168.990
Paasn][NTE] 164 0.03708 1368.18  135.127
Pyasc]INTE] 257 0.10831 1006.06  168.714
Pyass [NTE] 267 0.09290 1089.93  161.235
Pasaro][NTE] 301 0.04108 1366.32  144.627
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Walden plot

Notwithstanding its simplicity, the Walden approach often leads
to reliable results and is hence widely spread.®** The Walden
plot of the phosphonium ionic liquids is shown in Fig. 5. It is
possible to calculate a kind of “Walden plot ionicity” by taking
the ratio of the observed molar conductivity and the one at the
ideal line. The temperature dependent Walden plot ionicity thus
obtained is presented in Fig. 6 for comparison with the already
discussed Haven ratios in Fig. 3. In contrast to the latter, the
Walden ionicity shows only minor changes with increasing
temperature, so the ion pairing occurs differently. The direct
comparison of the two evaluation methods for deviation from
ideal conductivity is therefore hardly possible although both are
valuable and applied tools for the categorisation according to
general property trends and in accordance to optimisation of
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Fig. 5 lonicity derived from the Walden plot.
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Fig. 6 Walden plot for the ionic liquids in this publication.

the IL structure according to special demands. The Walden
approach attributes virtually the same ionicity to [P4445][NTf,]
and [Py44202|[NTf,], which is consistent with them both exhibit-
ing comparable conductivities, viscosities and self-diffusion
coefficients. Extended side chains again result in decreased
(Walden) ionicity apparent in Fig. 6 for the temperature depen-
dent values of [P4448][NTf,] and [P4442][NTf,]. As the position
of the ideal line is arbitrary, the vertical position and the exact
course of the Walden plot ionicity may also be altered to some
extent. This is achieved in the adjusted Walden plot by weighing
with the effective ionic radii, which then have to be accessible
somehow.® If the Stokes-Einstein equation is used to calculate
the radii from the self-diffusion coefficients, the viscosity cancels
in the calculation.

As a result essentially the same behaviour is then found as
for the Haven ratios obtained from the Nernst-Einstein equation,
only with a different factor.

Fit parameters according to the fractional Walden rule (5)
are shown in Table 6. It is notable that the parameter o is always
very close to unity, so the Walden rule is fulfilled to a high
degree. Although being a very simple approach, the Walden
plot largely reproduces the earlier findings. It is for example
clearly seen that the values for the variable logC decrease
with increasing side chain length as was found for the Haven
ratios. However the Walden plot does not reproduce the exact

Table 6 Fit parameters for the fractional Walden rule

log(C/S em® mol ™)

o

PZZZZOZ] [Nrfz]
P2225)[NTH ]
P222g][NTH, ]
Py44202)[ TFA]
P,11202][OMs]
P,a1202)[NTH, ]
P,a1202][OTH]
P44 [NTf]
P446)[NTE]
P4448] [NTfZ]
P44410][NTf,]

—0.2297 £ 4.2 x 1072
—0.2139 + 3.6 x 10*
—0.3660 4 2.5 x 10
—0.4423 £ 4.2 x 1073
—0.4684 + 2.8 x 10°
—0.2849 + 5.7 x 103
—0.3681 + 1.9 x 10°
—0.2729 + 4.2 x 103
—0.3538 £ 3.1 x 1072
—0.4187 4+ 1.4 x 1072
—0.4447 £ 1.0 x 107°

0.9741 & 6.3
0.9262 + 7.0
0.9570::5.3
1.0560:%:1.3
1.0779:£:5:9
0.9778 + 1.5
1.0060 £ 5.6
0.9538 &+ 1.1
0.9293 £ 9.1
0.9362 + 1.4
09717 +3.1

X X X X X X X X X X X
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rank order as given from the Haven ratio. This can also be seen
as advantage since desirable properties like high fluidity and
conductivity are inherently also taken into account. Accordingly
[P444202])[OMs] has the lowest value for logC, and the small
ILS [P222202][NTf,] and [P,y,5][NTf,] the largest. Therefore
the Walden plot can be considered a measure for “overall
performance”.

Experimental

Comprehensive details of experimental methods and para-
meters can be found in the ESL{ together with the raw data
as well as additional information on fits and the NMR spectra
of the ionic liquids.

Prior to every measurement, the respective ionic liquids were
dried in a vacuum at a slightly elevated temperature (about
40 °C to 60 °C) for several days until the end pressure became of
the order of 5 x 10~° mbar.

Temperature dependent data for viscosity and molar con-
ductivity were fitted with the commonly used Vogel-Fulcher—
Tammann (VFT) equation shown below.***”

) )

Variable A either replaced with 5 (B > 0) or Ay (B < 0).

A :Aoexp<

Syntheses of the ionic liquids

The Sx2 reactions were performed in acetonitrile, based on
the literature protocol for the synthesis of [Ps446][CI].*® Salt
metatheses in propanone are also based on a literature protocol,
namely the preparation of [Peee14][Cl].*> To prevent oxidation
and water uptake, reactions were performed and dry products
were stored under argon as a protective atmosphere. Washing
steps after metathesis were performed using Milli-Q water until
no halides could be detected with aqueous AgNO;. Solvents were
dried with and stored over molecular sieves 3 A or 4 A as
recommended in the literature.”® Products were identified via
multinuclear NMR Spectroscopy. NMR signals were assigned via
chemical shift, integration and comparison of coupling con-
stants/patterns with similar known compounds.”

General quaternisation procedure. A dried Schlenk flask was
charged with the desired phosphine, 1.2 to 1.5 equivalents of the
alkylating reagent and 1 mL acetonitrile per millimole phos-
phine under argon. The mixture was stirred at 45 to 50 °C until
no remaining phosphine could be detected, which took up to
several days depending on the system. Reaction monitoring was
achieved via *'P-NMR.

General procedure for salt metathesis to yield [Pgrrgr/|[NTf,].
[Prrrr/][Cl] and 1.3 equivalents LiNTf, were stirred overnight
together with 1-1.5 mL H,O and 10 mL methylene chloride per
millimole [Pgrrgr/][Cl]. The organic phase was then separated,
washed with 1-1.5 mL H,O per millimole [Pgrgr/][Cl] and
dried over a small amount of MS 4 A overnight. The solvent
was removed by means of rotary evaporation. The remainder
was dried for several days in a high vacuum and stored
under argon.

This journal is © the Owner Societies 2017
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Thermal transitions

Thermal transition points were measured by means of differ-
ential scanning calorimetry (DSC) on a DSC 1 STARe system
(Mettler Toledo, GiefSen, Germany) with liquid nitrogen cooling.
Slow scan rates of +1 °C min~ ' were applied to ensure the correct
determination of the transition points. For each measurement a
vacuum dried sample of about 15 mg was hermetically sealed in
an aluminium crucible. The temperature program started with
dynamic heating of 10 °C min~' from ambient temperature to
100 °C and was subsequently held at this temperature for 15 min
to remove the thermal history of the sample. Afterwards a
dynamic step with a cooling rate of —1 °C min ' to —120 °C
was applied with a subsequent isothermal step for 10 min and
heating with 1 °C min ™" to 100 °C. Thermal transition points
are given as onset temperatures.

Densities

Density measurements were conducted at temperatures ranging
from 25 °C to 75 °C in steps of 10 “C using a Reischauer pycno-
meter (Neubert Glas, Thiiringen, Germany), which essentially
resembles a volumetric flask with very narrow neck. The pycno-
meter filled with the sample was carefully placed in a thermo-
stated bath with the mark below the tempering fluid and allowed
to equilibrate for 10 to 15 min. The filling height was then
adjusted to the mark with the help of a Pasteur pipette, and the
procedure was repeated until the filling height remained con-
stant. The pycnometer was then allowed to cool down and
weighted after drops in the neck were taken up. Prior to every
measurement, the pycnometer was rinsed with methylene chloride,
propanone, water and ethyl acetate and dried in a high vacuum.
Similar to the regular density measurements of ionic liquid
samples, the volume of the pycnometer at the target temperatures
was determined by calibration with octane and checked with water.
The largest deviation from the literature value for the density of
water was as low as 0.1% with the octane calibration.”

Conductivity

Specific conductivities were measured in a cell purged with dry
nitrogen to avoid contact with moist air. Temperature stability
was assured through the external water circuit of a Proline
RP 1845 thermostat (LAUDA, Lauda-Kénigshofen, Germany).
Despite its low thermal conductivity, paraffin oil was chosen as
an internal heat transfer medium to minimize water uptake.
Immersed in the paraffin oil was a thick-walled test tube as a
sample chamber containing the sample and the conductivity
probe. The test tube was sealed with a viton ring. The conduc-
tivity probe LTA (WTW GmbH, Weilheim, Germany) consisted of
two platinised platinum electrodes fused into a glass tube. The
external Pt100 temperature sensor of the thermostat was placed
in the paraffin oil in close proximity to the sample chamber.
An electrode constant of 1.001 cm ™' given by the manufacturer
was confirmed by the measurement of a conductivity standard.
The conductivity of the ionic samples was measured by means
of impedance spectroscopy, using a SP-150 Potentiostat
(BioLogic, Seysinnet-Pariset, France). Impedance spectra were
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recorded at 5, 10 and 15 mV from 200 kHz to 1 Hz in
logarithmic spacing. The system was considered stable when
consecutive measurements at different or equal amplitudes
yielded comparable results without apparent drift. Measurements
were performed from low to high temperatures, an additional
downwards measurement performed for [P,445][NTf,] showed no
hysteresis.

NMR diffusometry

NMR spectra for the determination of self-diffusion coefficients
were recorded in a pure substance without a deuterated solvent
on an AVANCE II 400 routine spectrometer (Bruker, Billerica,
USA) equipped with a 5 mm BBFO probe with a z gradient. The
probe allowed for gradient strengths up to 53.5 g em ', of
which 34.1 g cm " were usable owing to the sinusoidal shape of
the gradient pulses. Despite this loss of power, the sinusoidal
shape was chosen because of the lower vulnerability towards
distortions compared with rectangular pulse shapes. In contrast
to conventional probes the outer coil can be tuned to 'H as well
as '""F. The spectra of '’F were thus measured without 'H
decoupling, which is anyhow advisable to avoid the unnecessary
heat input into the (conductive) sample.”® The spinner was also
turned off because of the sensitivity towards vertical position
changes.”’ During the measurements, the gas flow was set to
670 L h™'. The probe was manually shimmed and tuned after
every change of the sample, temperature or nucleus. Insufficient
temperature stability helpfully shows up during the manual
tuning in the form of a trembling wobble function. For less
viscous samples convection can be problematic, and leads to
scattered or bent appearance of the measurement points in the
linear representation.”””* We hence recommend the use of the
latter as given in (1) because deviations from the linear behav-
iour are then easy to spot, although the uncertainty given from
the software is not as reliable as when fitting the Stejskal-Tanner
eqn (1) in its “natural” exponential form. The pulse program is
available in the bruker library as “ledbpgp2s”. Pulse durations
were determined manually, together with a rough estimate of
the longitudinal relaxation time 7;.>° The relaxation delay was
subsequently chosen as 5 to 7 times 77.

To validate the Stejskal-Tanner behaviour, spectra can be
recorded with different pairs of 4 and 6 which should yield the
same diffusion coefficient (see the ESI}).

Manual phase and automatic baseline correction was applied
to the raw spectra, which were then integrated. Plotting In(Z/I,)
versus Q following (1) results in a straight line, from which D is
readily obtained as a slope.

Rheological properties

Temperature dependent viscosities were determined using a
MCR 301 rheometer (Anton Paar, Graz, Austria) with a PP25
measuring plate of 25 mm and DD41 dishes of 41 mm. Samples
were filled in the dishes and the temperature was allowed to
equilibrate for 15 min before each measurement with a maxi-
mum deviation of +0.1 °C. Temperature values started from
25 °C and were varied in 10 °C steps up to 95 °C. Shear rates
were varied from 5 to 1000 s ' in linear steps collecting 30 data
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points in order to detect any shear rate or time dependent effects.
For all samples, shear rates and temperatures, solely Newtonian
flow behavior was found. Therefore the collected viscosities for
each temperature were averaged instead of extrapolating to zero-
shear viscosity.

Conclusions

In this contribution we investigated the influence of the cation
structure and the choice of an anion on the transport properties of
phosphonium ionic liquids, especially the self-diffusion coefficient
and derived quantities. The obtained properties of this important,
but less commonly investigated IL subclass were analysed by
means of different models established in the literature for deriva-
tion from ideal conductivity. The two models were found to result
in similar trends but remarkable quantitative differences, espe-
cially for the temperature dependence. Contrary to the widely
applied imidazolium-based ILs a decrease of the ionicity
with increasing temperature was found for the investigated
phosphonium ILs. Rather small cations were found to be preferable
to achieve the highest conductivity and self-diffusion coefficients as
well as lowest viscosities; however melting or glass transition points
may place a lower limit to the size. Another aspect related to the
size is the content of phosphorus and fluorine, which of course is
high for the smallest ions.

From a more practical point of view, the experimental results
showed the advantages of the introduction of ether groups into
the side chain of the cation. Fluidity and conductivity were
drastically improved with only a minor influence on the Haven
ratio. This improvement does not depend on the cation size and
makes possible the use of relatively large cations without loss of
performance. Hence it provides a great opportunity to conserve
important resources, ie. fluorine and especially phosphorus.

The fact that even a small change in the side chain may alter
the substantial properties is pleasant in terms of flexibility, but
it also shows relentlessly that there is still a lot to be done in the
field of ionic liquids.
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Lamellar structures in fluorinated phosphonium
ionic liquids: the roles of fiuorination and chain
lengthf

Daniel Rauber,:* Peng Zhang, (& ° Volker Huch,? Tobias Kraus*>° and
Rolf Hempelmann @ ¢

lonic liquids (ILs) exhibit tunable behaviour and properties that are due to their supramolecular structure. We
synthesized a series of alkylated and fluorinated phosphonium dicyanamide ILs to study the relation between
molecular structure and assembly with a focus on the roles of cation chain length and fluorination. Small angle
X-ray scattering indicated a lamellar structure with long-range order for all fluorinated ILs, while alkylated ILs
showed only the general structures of ILs, ie., alternating a polar ionic-zone and a nonpolar alkyl-zone.
“Fluorophobic” interactions caused microphase segregation between perfluorinated and other molecular
segments, “fluorophilic” interactions among the perfluorinated segments stabilized the microphase structure,
and the coupling of “fluorophobic” and “fluorophilic” interactions resulted in a stable mesophase structure. The
perfluorinated segments packed more densely than the alkylated analogues; the fluorinated versions (except for
F2) liquefied at temperatures considerably above that of alkylated ILs. The lamellar structures strongly affected
the rheology of the ILs. Fluorinated ILs had higher viscosities and exhibited non-Newtonian shear thinning; the
alkylated ILs of the same length had an order of magnitude lower viscosities and were purely Newtonian. We
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1. Introduction

Tonic liquids (ILs) are a heterogeneous class of functional fluids
with very low vapour pressures that enable new processes." They
have more persistent structures and dynamic heterogeneity” at
different length scales®” than other liquids due to the interplay
of Coulomb interaction, hydrogen-bonding, and van der Waals
interaction.” Their bulk structures at different length scales are
affected by the coordination of ion pairs,® the formation of
clusters”® through hydrogen-bonding,” and the segregation of
polar and nonpolar parts,'”"" sometimes into ordered structures
such as liquid crystals.'”” Segregation follows the rule of “like
dissolves like”'* and enables ILs to modify reaction kinetics,"*
dynamics,"* and electrical conductivity."” Alkylated ILs, for example,

“Saarland University, Campus B2 2, 66123 Saarbriicken, Germany
b INM-Leibniz Institute for New Materials, Campus D2 2,
66123 Saarbriicken, Germany. E-mail: tobias.kraus@leibniz-inm.de
“Colloid and Interface Chemistry, Saarland University, Campus D2 2,
66123 Saarbriicken, Germany
9 Transfercentre Sustainable Electrochemistry, Saarland University and KIST
Europe, Campus Dudweiler Zeile 3, 66125 Saarbriicken, Germany
+ Electronic supplementary information (ESI) available: IL synthesis, NMR spectra,
molecular interaction in ILs, TGA analysis, obtaining peak positions of SAXS data, F8
single crystal data, and rheological measurements. CCDC 1503513. For ESI and
crystallographic data in CIF or other electronic format see DOI: 10.1039/c7cp04814a
# These authors contributed equally to this work.
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propose that the disruption of lamellar structure in the shear flow causes the non-Newtonian flow behaviour.

are currently used as solvents/fluids in electrochemistry,'®
synthesis,'” lubricants,'® and in the preparation of advanced
materials."”

The understanding of “structure-property” relationships is
crucial in the molecular design of ILs for applications.*’ Adding
new chemical functionalities is a method of tuning segregation,
and thus bulk properties.”’ Here, we study the fluorination of
the cation that affects the IL structure*” via fluorophilic inter-
actions.>** Fluorinated molecules are hydro- and lipophobic
at the same time.>® Fluorinated ILs were reported to possess
self-assembled domains of aggregated perfluoroalkyl-groups
that occur in addition to the familiar ordered structures in the
polar and nonpolar alkyl regions.>® Fluorination generally lowers
surface tension and enhances biochemical inertness compared
to alkylated ILs,”” which makes fluorinated ILs promising as
surfactants,”® as lubricants,***° and for biomedical uses.*®

So far, the effect of fluorination in alkylated ILs has not been
systematically studied. We synthesized a homologous series of
increasingly fluorinated ILs to assess the effect of perfluorinated
molecular segments on the bulk structure of the IL and its effect
on bulk properties such as liquefaction temperatures and
viscosities of the ILs. Quaternary phosphonium as a cation provides
high chemical,*" electrochemical®* and thermal stabilities.*® The
dicyanamide anion (DCA) was used for its relatively high charge
delocalization and small size and most DCA-based ILs were found
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Fig.1 (a) Reaction scheme for the synthesis of the fluorinated and
alkylated tributylphosphonium dicyanamide ILs by quaternization reaction
of the phosphine and subsequent anion metathesis. (b) Molecular structures
and nomenclature of synthesized cations and anions.

to have low viscosities.** In addition, such ILs show no molecular
interactions like hydrogen-bonds found in protic ILs**?° or
m-interactions as found in ILs based on imidazolium or pyridinium
systems.”” A series of tributylphosphonium cations were prepared
with 4 to 12 carbons and varying levels of fluorination in the longest
alkyl chain. We were interested to see how fluorination of the alkyl
chain changed bulk structure and properties.*®

Using the designed IL series, we studied the dependence of
liquid bulk structure of ILs on the chain-length and fluorination
through small angle X-ray scattering, and the relationship between
nanostructure and phase transitions, thermal stability, and
rheological properties of the increasingly fluorinated ILs.

2. Experimental
2.1 Materials

Tributylphosphine (99%) was obtained from Strem Chemicals
(Kehl, Germany) and distilled prior to use. 1H,1H,2H,2H-
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perfluorobutyl iodide (no further specification given), 1H,1H,2H,2H-
perfluorohexyl iodide (95%) and 1H,1H,2H,2H-perfluorodecyl iodide
(97%), 1H,1H,2H,2H-perfluorododecyl iodide (97%) were purchased
from Apollo Scientific (Bredbury, UK) and distilled or sublimed prior
to use. 1H,1H,2H,2H-perfluorooctyl iodide (95%) was obtained from
Fluorochem (Hadfield, UK) and was distilled prior to use. The
alkylbromides 1-bromobutane (99%) and 1-bromododecane (97%)
from Sigma Aldrich (St. Louis, USA), 1-bromohexane (99%) and
1-bromooctane (98%+) from Alfa Aesar (Ward Hill, USA) and
1-bromodecane from Abcr (Karlsruhe, Germany) were distilled
prior to use. Acetonitrile (>99.9%, Chromasolv, HPLC-Grad.),
dichloromethane (>99.9%) from Sigma Aldrich and acetone
(Puriss. p.a. 99.9%) from Thermo Fisher Scientific (Waltham,
USA) were dried over molecular sieves. Methanol (>99.8%
HPLC-Grad.) was purchased from VWR International (Radnor,
United Kingdom) and water was purified using a Milli-Q" Type
1 ultrapure water system from Merck (Darmstadt, Germany).
Sodium dicyanamide (97%) from IoLiTec-Ionic Liquids Technologies
(Heilbronn, Germany), silver nitrate (99.5%) from Carbolution
Chemicals (Saarbriicken, Germany) and dry magnesium sulfate
from Griissing (Filsum, Germany) were used as received. CDCl;
(99.8% D) from Sigma Aldrich was stored over molecular sieves.

2.2 Synthesis of ionic liquids

ILs were synthesized by quaternization of phosphine and sub-
sequent anion metathesis (Fig. 1a). The synthesis of quaternary
phosphonium salts was undertaken using Schlenk techniques in
carefully dried glassware under an argon atmosphere to prevent
the oxidation of tributylphosphine. Silver dicyanamide (freshly
prepared and stored in the dark) in methanol was used for the
anion exchange of iodides. Anion metathesis reactions of bro-
mides were performed using sodium dicyanamide in acetone. To
separate the ILs from the solution, we filtered off the precipitates
(silver iodide and sodium bromide), removed the solvent by
rotary evaporation, and dissolved the residues in dichloromethane.
For further purification, the IL solution was washed four times with
distilled water, dried over MgSO,, filtered, and the organic solvent
was removed by rotary evaporation. To remove the volatile
substances from the IL samples, we treated them at 60 °C under
oil-pump vacuum at 1 x 10> mbar for two days to obtain pure
ILs in nearly quantitative yields. We checked the purities of the
as-prepared ILs by multinuclear NMR-spectroscopy (AVANCE II
400, Bruker, Billerica, USA). More details for the synthesis
process and NMR data are given in the ESL{

Exemplary NMR resonances for F8:

'H-NMR: (400 MHz, CDCl;): § [ppm] = 2.56-2.52 (m, 4H,
P-(CH,),~(CF,)s-F), 2.37-2.30 (m, 6H, P-CH,-(CH,)3-H), 1.60-1.53
(m, 12H, P-CH,-(CH,),-CHj;), 1.00 (t, *fyu = 7.0 Hz, 9H,
P-(CH,);-CH).

C{'"H}-NMR (101 MHz, CDCl;): § [ppm] = 120.1 (s, N-(CN),),
24.0 (d, *Jep = 15.6 Hz, P-(CH,),-CH,-CH3), 23.6 (d, */c/p = 4.9 Hz,
P-CH,-CH,-(CH,),-H), 18.7 (d, YJop = 47.0 Hz, P-CH,(CH,);-H),
13.4 (s, P-(CH,),-CH;).

"F{"H}-NMR (376 MHz, CDCL): § [ppm] = —80.92 (3F, P{(CH,),-
(CF,),~CF3), —114.69 (2F, P-(CH,),-CF,-(CF,),-F), —121.88 to —122.93

This journal is © the Owner Societies 2017

72



2. Main Part

PCCP

—e— fluorinated ILs
—o— alkylated ILs

Liquefaction temp./ °C 2.
2

-504 L
-100-1= T T T T
4 6 8 10 12
Carbon number in the longest molecular chain
1 1 1 1
b) 100 ! -
754 -
52
2 504 L
2
©
= 25{ —F8 -
—C10
0 T T T T T
100 200 300 400 500
Temperature/ °C
Fig. 2 (a) Liquefaction temperatures for fluorinated and alkylated phos-

phonium dicyanamide ILs of different chain lengths from DSC data. Dots
denote melting points and stars glass transition temperatures; lines are
merely used to guide the eye. (b) TGA data showing the thermal stability of
F8 and C10.

(10F, P-(CH,),-CF,~(CF,)5-(CF,),-F),
(CF,)e-CF,-CFy).

*'p{"H}-NMR (162 MHz, CDCLy): & [ppm] = 34.84 (s).

In the following, we refer to tributyl-alkyl-phosphonium
dicyanamide ILs and tributyl(1H,1H,2H,2H-perfluoroalkyl)phos-
phonium dicyanamide ILs as Cy and Fx, where y and x indicate
the numbers of alkyl- and perfluoro-carbons in the longest
molecular chain. Note that the non-fluorinated linker carbons
are not counted for Fx (Fig. 1b).

—126.21 (2F, P-(CH,),-

2.3 Thermal properties

The differential scanning calorimetry (DSC) measurements were
carried out in a DSC 1 setup (Mettler Toledo GmbH, Gief3en,
Germany) equipped with a liquid nitrogen cooling system. IL
samples (about 15 mg) were sealed hermetically in aluminum
crucibles with lids and dry nitrogen was used as a purge gas. For
the DSC measurements, any IL sample was first heated from 25 °C
to 120 °C at 5 °C min ™" and held for 30 min to remove its thermal
history. The sample was then cooled to —120 °C at —1 °C min '
and held at —120 °C for 30 min. Finally, the sample was heated to
100 °C at 1 °C min *. We repeated all DSC measurements for at
least three times with fresh IL samples to confirm the extracted
liquefaction temperatures (Fig. 2a). Thermogravimetric analysis
(TGA) was performed using a TGA/DSC 1 setup (Mettler Toledo
GmbH, Gieflen, Germany). 10 mg of the IL sample sealed in an
alumina crucible was heated from 30 °C to 550 °C at a rate of
10 °C min ', and purged with nitrogen.
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2.4 Small angle X-ray scattering (SAXS)

We injected the bulk IL samples into the quartz capillary tubes
(wall thickness 0.01 mm, Hilgenberg GmbH, Malsfeld, Germany) in
the liquid state and sealed them with epoxy glue in an argon
atmosphere. The samples that were crystallized at room temperature
were melted at 90 °C in an oil bath to facilitate transfer.

Small angle X-ray scattering (SAXS) measurements were
conducted using a Xeuss 2.0 set-up (Xenocs, Sassenage, France)
equipped with a GeniX Low Divergence Cu-K, source. The X-ray
wavelength was 0.154 nm. A Pilatus 1M detector (Dectris Ltd,
Switzerland) collected SAXS patterns and the integration time
was 1800 seconds. The radial integrations of the 2D SAXS
patterns were undertaken using Foxtrot (version 3.2.7, SOLEIL,
France). The sample-to-detector distance was calibrated with
silver behenate powder to be 335 mm. All the samples were
measured in the liquid state; samples that were crystallized at
room temperature were heated to 120 °C in an oven and
investigated as a melt. A heating stage with the Xeuss 2.0 set-up
was used to observe structural changes as a function of temperature
in the range of —20 °C to 120 °C with a stability of £1 °C.

2.5 Single-crystal X-ray diffraction

We prepared the single crystals of F8 by drying their dichloro-
methane/heptane (with vol/vol = 1/1) solution slowly at 25 °C,
purged with a slight stream of dry nitrogen. The F8 single-
crystals (colourless sheets) were measured at 142 K using an
AXS X8 Apex II diffractometer (Bruker AXS, Karlsruhe, Germany)
equipped with a Mo-K« radiation source (/ = 0.71073 A); 39 865
reflexes were collected in the Theta range from 0.840° to 26.722°.
The acquired data were refined by the full-matrix least-squares on
F* using anisotropic refinements for the hydrogen atoms resulting
in 12493 independent reflections, 257 restraints, 897 parameters,
RF* > 206(F*)] = 0.0593, wR(F®) = 0.1470, and the fitted crystal data
are: empirical formula = C,,H;3,F;;N3P, M, = 715.49, triclinic,
P1, a = 10.1936(7) A, b = 12.6081(10) A, ¢ = 25.0746(17) A,
o =102.184(4)°, f = 97.398(4)°, y = 94.832(5)°, V = 3103.1(4) A®,
Z =4, and p, = 1.531 g ecm . Complete F8 single-crystal data
can be found in CCDC 1503513 ([P(bu);(CH,),(CF,)sF][DCA])
published by us in the Cambridge Crystallographic Database.f

2.6 Rheological properties

We measured the rheological properties of the IL samples using
a MCR 301 Rheometer (Anton Paar GmbH, Graz, Austria)
equipped with a PP25 measuring plate (diameter: 25 mm)
and a DD41 dish (diameter: 41 mm). We collected the rheological
data at 25 °C and high temperature from 30 °C to 100 °C with a
step of 10 °C. For each measurement, we first equilibrated the IL
sample at set temperatures for at least 25 minutes to reach a
stable temperature (maximum deviations of 0.1 °C). The shear
history was removed by applying a constant shear at 150 s~ * for
60 s, after which the shear rate was increased from 200 s * to
10000 s ' in linear steps. For each IL, 30 viscosity values were
recorded. Zero-shear viscosities of the fluorinated ILs for the Vogel-
Fulcher-Tammann (VFT) fit were obtained by extrapolation of the
Newtonian flow region.*
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3. Results and discussion

The synthesized series of ILs with increasing alkyl chain length
and fluorination allowed us to study the balance between
Coulomb and van der Waals interactions while avoiding other
molecular interactions such as hydrogen-bonding in protic
ILs"**" or the m-m-interactions of imidazolium and pyridinium
ILs" (see the ESIT). We could thus isolate the effect of fluorination.

Fig. 2a shows liquefaction temperatures as a function of
alkyl and fluorinated chain length. The fluorinated samples F2,
F8, and F10, and the alkylated samples C4 and C12 had clear
melting points, the others had only glass transitions. Fluorinated
ILs melted at higher temperatures than their alkylated analogues
except for C4 (T,,, = 62 °C) and F2 (T, = 26 °C). The lower
liquefaction temperature of F2 may be due to the disruption
of the symmetry of the tetrabutylphosphonium cation by
fluorination as reported for other ILs.*® The liquefaction behaviour
of fluorinated ILs with a long chain such as F6 and F8 was
dominated by fluorophilic interactions and the enhanced charge
localization of the phosphonium-core indicated by a high-field
shift in *'P-NMR (see the ESI%). Alkylated ILs of similar lengths
liquefied at far lower temperatures, indicating that fluorophilic
interactions influenced strongly the structure formation and phase
transitions in ILs.

All alkylated ILs showed good thermal stability (see the ESIT)
with no significant decomposition below 400 °C (C10 in Fig. 2b);
they were considerably more stable than other reported DCA-
based ILs with imidazolium or pyrrolidinium cations** and were
similar in stability to other DCA-based ILs with tetraalkylphos-
phonium cations."” The fluorinated ILs were far less stable with
significant decomposition occurring already at 250 °C (F8 in
Fig. 2b) independent of the number of perfluorinated carbons.
This is in contrast to previous reports on fluorinated phosphonium
ILs with NTf,”, OTf , or BF, anions that had good thermal
stabilities.*>"” We believe that the poor thermal stabilities of
our fluorinated ILs are due to electron withdrawal by the
perfluorinated groups that destabilize the proton in the alpha
position and makes it easy to be abstracted by a slightly basic
anion, an effect also reported for imidazolium-based ILs.*®

The homologous series of both alkylated and fluorinated ILs
let us conveniently separate different structural features of the ILs
simply by inspecting the change in X-ray scattering as a function of
molecular chain length and fluorination. SAXS was used to analyse
average cluster size, shape, and structural ordering.>***~>?

All alkylated ILs exhibited three peaks in SAXS (Fig. 3) that
correspond to order from polarity, charge, and adjacency; they
are frequently found in ILs.”>** The sizes of the corresponding
real-space structures were calculated from peak positions (g) as
2m/q and are summarized in Table 1. The “prepeak’ or “polarity
peak” at lowest g indicates the structural heterogeneity from
alternating polar ionic and non-polar alkyl zones. At higher ¢
follows the charge peak that probes the alternation between
cations and anions in the charged region as in a molten salt.”
At highest g, the adjacency peak probes the intra- and inter-
molecular packing of adjacent atoms;> it was broad and strong
for all alkylated-ILs as shown in Fig. 3a.
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Fig. 3 Radially integrated SAXS data for (a) alkylated ILs and (b) fluorinated
ILs in the liquid state. Typical scattering peaks attributed to lamellae,
polarity, charge, and adjacency are marked with coloured boxes.

Table 1 Real-space length scales corresponding to the scattering peak
positions? in Fig. 3

Sample Peak 1 (A) Peak 2 (A) Peak 3 (A) Peak 4 (A) Peak 5 (A)
C4 = o 9.11 7.39 4.22
C6 = = 9.97 7.39 4.16
C8 — = 10.47 7.06 4.22
C10 — — 12.57 7.06 4.22
C12 —2 = 16.11 7.14 4.22
F2 16.98 . 9.52 7.66 4.39
F4 18.48 — 10.13 7.06 4.87
F6 24.17 = — 7.06 4.87
F8 28.56 14.96 — 7.66 5:37
F10 31.42 16.98 — 7.48 5.66

“ We obtained the peak positions by fitting the peaks with Gauss
profiles or from the zero-crossing of the first derivative (see the ESI).
Real-space length scales calculated with 21t/ from peaks in Fig. 3a and
b. Peaks 1 and 2 refer to 1st and 2nd order scattering from the lamella
formed by perfluorinated segments of adjacent ILs. Peak 3 is due to
alternating polar and nonpolar zones. Peak 4 is due to cations and
anions. Peak 5 is due to inter- and intra-molecular spacing.

The polarity peaks shifted to lower g values for increasing
alkyl chain lengths, while the charge and adjacency peaks
retained their positions. The shift indicates increased spacing
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in the IL packing; small variations in the other peak positions
indicates that the packing of charged ions or adjacent atoms
remained constant. This implies that changing alkyl chain
lengths mainly affects the structure of the nonpolar zone and
merely shifts the positions of ionic regions and adjacent atoms.

Fluorination strongly changed the structure of the ILs and
thus the scattering pattern. Two new peaks appeared at g below
the usual “prepeak” (Fig. 3b). They were particularly strong
for long perfluorinated chains, e.g., F8 and F10. We believe
that these two additional peaks are due to 1st and 2nd order
scattering signals from ordered lamellar structures in the
fluorinated ILs. The lamellar structures differ from the hetero-
geneity that has been reported for alkylated ILs in this work and
elsewhere.”** Lamellar structures with long-range correlations
of this order have not been reported yet.

All fluorinated ILs had lamellar structures, even those with
only two perfluorinated carbons. This is in striking contrast to
similar ILs with alkyl chains. Lamellar structures and a smectic
phase were previously found only for long alkyl chains.”® A
minimal carbon number (z) of 14 was required for the formation
of a smectic phase in 1-alkyl-3-methylimidazolium [C,mim][NOs]
ILs; the formation of a smectic phase was demonstrated to
lower the free energy of long alkyl chains by forming a layered
structure.”” We are not aware of any report on the effect of
fluorination on the formation of lamellae and their supra-
molecular structures in ILs.

Fluorination affected the polarity peaks, too. No polarity
peak was discernible for F6 to F10. The presence of perfluorinated
nanodomains is known to change the electron density contrast
among different regions.”® Perfluoroalkyl groups have been
reported to aggregate and form fluorinated nanodomains in
fluorinated ILs.>*"* For polymers, Percec et al. reported that
fluorination of the alkyl chains enhanced the stability of the
mesophase structure by forming supramolecular columns in
dendrimers.*”®" A similar effect was found in fluorocarbon/
hydrocarbon diblock amphilphiles, too.”* We believe that the
perfluorinated segments in our ILs segregate, too, and form a
region with increased electron density. Segregation reduces the
electron density contrast between the polar and nonpolar parts
and the polarity peak becomes weaker. This is consistent with
the solubility studies of Blesic et al. who found that fluorinated
alkanes phase-segregated from tetraalkylphosphonium ILs
while nonfluorinated alkanes were miscible with the ILs.®*

The concept of Cohesive Energy Densities (CED) that quantify
the strength of intra- and inter-molecular interactions of non-
fluorinated and fluorinated alkanes can be used to provide a
more detailed picture of structure formation. The CED of fluori-
nated alkanes at 298 K are below those of the alkane homologues
(e.g:, 0.16 kJ em ™ for C4F;5 and 0.24 kJ em ™ for CgH;).% In the
fluorinated ILs studied here, “fluorophobic” interactions cause
strong microphase segregation between the longest (fluorinated)
chain and the other (nonfluorinated) segments. “Fluorophilic”
interactions that favour close packing of perfluorinated groups
over heterogeneous packing support microphase segregation and
assist in the formation of lamellae and crystalline supramolecular
structures in ILs; typical examples are shown in Fig. 2a (F8 and F10).
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Fig. 4 (a) lllustration showing the single-crystal XRD data of F8.
(b) Molecular scheme showing the molecular assemblies of the F8 melt
in lamellar and smectic phases with regions dominated by Coulomb and
fluorophilic interactions as marked. The length scales of molecular assemblies
calculated from typical scattering peaks in Fig. 3 are marked with lines in panel
b, i.e., dashed line for lamellae, dotted line for polarity, dash-dotted line for
charge and solid line for adjacency.

Future molecular dynamics simulation should provide more
quantitative insights into the origin of a long-range ordered
lamellae structure.

Single-crystal data on IL solids can be helpful to understand
the ILs’ liquid structure.®* We compared the lamellar structure
observed in the F8 melt to the structure of an F8 single crystal
prepared by slow solvent evaporation. X-ray diffraction of the
crystal at 142 K indicated a supramolecular structure with
interdigitated fluorinated segments (Fig. 4a and single-crystal
structural parameters in the ESIf). The lamellar periodicity along
the c-axis was 25.07 A, smaller than 28.56 A in the liquid (Table 1,
data from liquid phase SAXS). The difference is probably due to
thermal expansion and the reduced packing density in the liquid.
The sketch of the liquid structure in Fig. 4b is based on the
following assumptions: (a) the ions’ arrangement in the polar
regions of the liquid is similar to that in the crystal; (b) the lamellar
structure of the non-polar regions of the liquid has less positional
(translational) and orientational order than that of the crystal.

The strong effects of perfluoroalkyl groups on the structure
of the ILs, and in particular the emergence of a new ordered
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Fig. 5 Temperature dependent zero-shear viscosity, o, for (a) the fluorinated and (b) the alkylated phosphonium dicyanamide ILs. (c) Rheological
behaviour of F6 at different temperatures and shear rates. A typical shear-thinning behaviour indicated by a remarkable change from Newtonian to shear-
thinning regions (marked with dashed lines) is shown in the 25 °C curve. (d) Rheological properties of C8 at different temperatures and shear rates. Only
Newtonian flow behaviour is observed at all investigated temperatures and shear rates.

lamellar structure, suggest that the flow behaviour of fluorinated
ILs should deviate from that of the corresponding alkylated ILs.
We studied the flow behaviour of F2 to F6 (Fig. 5a) and C6 to
C12 (Fig. 5b) as functions of temperature and shear rate using
rheometry. Zero-shear viscosities (1o, extrapolated from the
viscosity in the Newtonian region) for fluorinated and alkylated
ILs are shown in Fig. 5a and b, respectively. All viscosities
decreased exponentially with increasing temperature and followed
the Vogel-Fulcher-Tammann (VFT) equation,®®*”

Mo = Noo €XP T— Ty,

with temperature dependent material parameters ., and B, and
the Vogel temperature T, (see the ESI{) as expected for ILs.***
The viscosities of all fluorinated ILs were consistently above
those of alkylated ILs (Fig. 5a and b); they were approximately
one order of magnitude larger at 25 °C. The lamellar structure
of fluorinated side chains apparently leads to larger cohesive
aggregates in fluorinated ILs. We believe that the larger supra-
molecular structures formed in the fluorinated ILs affected
momentum transfer, which led to increased viscosity. To verify
our hypothesis, we studied the viscosities of ILs at shear rates
from 200 to 10000 s " at different temperatures (Fig. 5¢ and d).
The viscosity of F6 was first constant and then decreased with
increasing shear, consistence with the transition from Newtonian

27256 | Phys. Chem. Chem. Phys., 2017, 19, 27251-27258

flow through a transition zone to linear shear thinning in
accordance with the Ostwald-de Waele relationship,”

T = k(ev/dy)"

with shear stress t (Pa), consistency index k (Pa s”), the shear
rate 0v/dy (s '), and the dimensionless flow behaviour index 7.
The greatest deviation of F6 from Newtonian flow (n = 1)
occurred at 25 °C, where n = 0.46. We believe that this strong
shear thinning results from the disruption of the cohesive lamellar
structure. In contrast, only Newtonian flows were observed for C8
at all temperatures. All other ILs showed similar trends - strong
shear thinning for fluorinated and purely Newtonian flows for
alkyl ILs. We also studied the flow behaviour of F6 at elevated
temperatures because previous work on other fluorinated ILs
reports that the fluorinated aggregates formed by perfluorinated
chains in ILs are less thermally stable and would be dissociated
at temperatures above —25 °C.** High temperatures provide the
positive excess enthalpy necessary for the mixing of fluoro-
carbons and hydrocarbons.”" Fig. 5¢ shows that F8 exhibited a
purely Newtonian flow behaviour above 80 °C. The segregated
lamellar structure readily dissolved at this temperature through
the mixing of fluorinated and alkylated segments as observed
in macroscopic systems.”> The temperature of transition to
Newtonian behaviour for fluorinated ILs depended on the chain
length; it occurred at 60 °C for F2, 70 °C for F4, and 80 °C for Fé6.

This journal is © the Owner Societies 2017

76



2. Main Part

PCCP

The flow behaviour index 7 at 25 °C decreased with increasing
fluorine content, from 0.77 for F2 to 0.58 for F4.

All rheological data are consistent with the structure formation
discussed above. To the best of our knowledge, this is the first
report on a lamellar mesophase in ILs that induces a strong effect
on flow behaviour. Shear thinning was previously only reported for
ILs with strong interactions, e.g. protic ILs with a hydrogen-bond
as in ref. 73 and trioctylalkylammonium bis(salicylato)borate in
ref. 74.

4. Conclusions

We synthesized two series of new phosphonium dicyanamide
ionic liquids, i.e., alkylated ILs and fluorinated ILs, and studied
their structure-property relationships by following the effect of
increasing fluorination. Small angle X-ray scattering indicated a
monotonic increase of the size of the non-polar region with
chain length while the polar regions did not change. The trends
were in accordance with previous reports on alkylated IL
structure. Fluorination strongly changed the ILs’ structure.
There was no regular polar structure visible in the scattering
data of F6 to F10. An additional lamellar structure with surprisingly
long-ranged order was found in all fluorinated ILs.

We believe that the “fluorophobic” and “fluorophilic” inter-
actions caused the strong microphase segregation and resulted
in a lamellar mesophase structure. The perfluorinated segments
packed densely and caused the absence of the polarity peak in F6 to
F10 because of the rearrangements of the electrons accompanied by
the formation of new lamellar structures. The lamellar structure
introduced non-Newtonian behaviour that was entirely absent with-
out fluorination. The temperature dependence of shear thinning
strongly suggests that the lamellar structure disintegrates at
increased temperatures or shear rates. It provides a straight-
forward strategy to tune the viscosity of fluorinated ionic
liquids for applications such as lubrication.””> Corrosion due
to the presence of fluoride that has recently been observed”®””
needs to be addressed for such applications.
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A novel ionic liquid based on a highly fluorinated phosphonium cation was synthesized and its physicochemical
properties were compared to its semi- and non-fluorinated analogue. The fluorinated ionic liquid was found to
show a thermomorphic mixing behavior with organic solvents so that it could be applied as a substitute for
volatile perfluorinated solvents in fluorous biphasic catalysis to achieve the recovery of perfluoro-tagged cata-
lysts. Efficient immobilization of a perfluoro-tagged palladium catalyst in the fluorous ionic liquid phase was

demonstrated for the Heck reaction as a model reaction of the widely applied Pd-catalysed C—C coupling re-
actions. The reaction of iodobenzene and methyl acrylate resulted in 83% yield after 20 runs proofing the
efficient immobilization in the fluorophilic ionic liquid.

1. Introduction

ITonic liquids (ILs) and fluorous solvents are both regarded as
“neoteric solvents” in the context of a greener, more sustainable
chemistry since they share the potential to facilitate recycling proce-
dures and reduce waste material as well as energy consumption [1-4].
However their physicochemical properties vary considerably. While
ionic liquids have a negligible vapor pressure, polar structural motifs
and are often hydrophilic, fluorous solvents show a significant vapor
pressure and are highly apolar. Furthermore perfluoroalkyl groups
show an even greater hydrophobicity than hydrocarbons through the
reduced polarizability resulting from the high electronegativity of the
fluorine atoms. The behavior of the perfluorocarbons of being hydro-
and lipophobic at the same time is referred to as flurorophilicity [5].
Many fluorous and organic solvents are known to show a thermo-
morphic mixing behavior, forming a biphasic system at room tem-
perature and a homogenous phase at elevated temperatures. This
thermoregulated effect allows the specific separation and immobiliza-
tion of components in liquid-liquid multiphasic systems and orthogonal
chemistry in the separated phases [6]. A famous concept for thermo-
regulated chemistry is the fluorous biphasic catalysis (FBC) to achieve
the recovery of perfluoro-tagged transition metal catalysts [7-10].
Important drawbacks of conventional fluorous solvents are their limited
tuneability and relatively high vapor pressure, which restricts the use-
able temperature range. Furthermore bioaccumulation, persistence and
the global warming potential of the volatile fluorous solvents can pose
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serious environmental problems [11,12]. The use of highly fluorinated
ionic liquids [13] combines the advantages of fluorous solvents for ef-
ficient extraction and immobilization with non-volatility and a high
degree of flexibility (through the task-specific and tailored designs) of
ionic liquids. In this way it is possible to combine the benefits of these
two neoteric solvents classes for effective and environmentally friendly
reagent immobilization strategies. The use of fluorous groups in ionic
liquids allows the implementation of fluorophilicity to the broad field of
possible modifications beside the choices for anion and cation. This
task-specific tuning allows new possible applications or the improve-
ment of existing techniques [14]. It thus becomes feasible to modify the
properties of liquid multiphasic systems in a wide range using non-
volatile, modifiable fluorinated ILs as fluorous phase. The search for
effective and reusable catalyst systems for multiphasic homogenous
catalysis is an important issue in green chemistry since it saves en-
ergetic and chemical input [15,16]. ILs with perfluoroalkyl substituents
have found numerous applications in many scientific fields like the use
as surfactants [17], coating material [18] or liquid crystals [19,20],
highly hydrophobic extraction agents [21], as well as for gas separation
and gas dissolution [22,23] to name only a few. Furthermore fluori-
nated ILs are intensively investigated because of their unique micro-
scopic heterogeneous structuring leading to a triphilic organization in
ionic, hydrocarbon and fluorous domains driven by solvophobic inter-
actions comparable to the macroscopic solvent behavior observed in
limited miscibility and phase separation [24-27].

In this work we describe a new highly fluorinated phosphonium
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ionic liquid [P(Rge)3Rea] [NTf,] (1) having four perfluoroalkyl chains
(Rgx = (CH»)o(CF,)4F; x = 4, 6) in the cation combined with the bis
(trifluoromethanesulfonyl)imide (NTf, ") anion. The application of this
“building-block”-approach [28] for the synthesis of perfluoroalkyl
substituted ILs allows the synthesis under laboratory conditions with
easily adjustable structures. To investigate the effect of fluorination on
important physicochemical properties and mixing behavior with or-
ganic solvents, IL 1 was compared to the non-fluorinated analogues
hexyltrioctylphosphonium bis(trifluoromethanesulfonyl)imide [P(oc-
t)shex][NTf,], the semifluorinated IL [P(oct)sR¢][NTf,] and the com-
monly

used 1-butyl-3-methyl-imidazolium bis(trifluoromethanesulfonyl)imide
[BMIM][NTf,]. The highly fluorinated IL 1 shows a low solubility and
thermomorphic phase-mixing behavior with many organic solvents as it
is commonly found for perfluorinated molecular solvents. The combi-
nation of the perfluorinated IL 1 and DMF was found to be an effective
liquid-liquid system for immobilization of a palladium catalyst with
highly fluorinated ligands [29] in Heck reactions [30]. Van Koten and
coworkers already reported the use of a highly fluorinated IL for the
retention of a perfluoro-tagged rhodium catalyst in a hydrosilylation
[13]. Since the palladium catalyzed C—C bond formation is of high
interest for laboratory and industrial preparations we wanted to de-
monstrate the application of this concept to the cross coupling reactions
utilizing a Pd-catalyst immobilized in a fluorous ionic liquid phase. As a
model reaction for palladium catalysis we chose the widely used Heck
reaction for the cross coupling reaction of iodobenzene with either
methyl acrylate or styrene. The Heck reaction is one of the most im-
portant reactions for C-C-bond formation, but in most reports the cat-
alyst is lost during work-up and cannot be recovered. Creating an ef-
ficient recycling protocol for the Heck cross coupling is found to be a
tough challenge because of the instable catalytic cycle and the use of
multiple reagents and products which are changing the system prop-
erties and may have a disturbing or inactivating effect on the catalyst
[31]:

2. Experimental
2.1. Synthesis of the ionic liquids

The investigated ILs were synthesized by modified quaternization
reactions of the corresponding phosphines with 1-bromohexane or
1H,1H,2H,2H-perfluorohexyl iodide in acetonitrile or DMF under inert
gas atmosphere at elevated temperatures [32]. Tris(1H,1H,2H,2H-per-
fluorooctyl)phosphine was synthesized following literature protocols
[18,33]. The halide ILs were then converted to the corresponding NTf»-
ILs by anion metathesis reaction with LiNTf, in acetone. The exemplary
synthesis of the fluorous IL 1 via quarternization of the fluorinated
phosphine followed by anion metathesis is sketched in Scheme 1. Purity
of the obtained ILs was checked by multinuclear NMR-spectroscopy and
ESI-MS. The absence of halide ions was confirmed using methanolic
AgNOj; solution. Further details about the applied materials, synthesis
conditions and multinuclear NMR-spectra are given in the Supporting
information. [BMIM][NTf,] was prepared following literature reports
[34].

DMF, 100 °C

P(Rg)s + I—Rfy [P(Re)sRullll 87%

. acetone, 25 °C
[P(Ree)3Realll] + LINszT [P(Ree)3Rul[NTF2] 98%

IL1

Rix = -(CHz)2-(CF2)cF  x=4,6

Scheme 1. Synthesis of the fluorinated ionic liquid 1 via quaternization of ternary
phosphine and 1H,1H,2H,2H-perfluorohexyl iodide followed by anion metathesis reac-
tion with LiNTf,.
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2.2. Thermal properties

Melting, glass transition and cold crystallization points were de-
termined by differential scanning calorimetry (DSC) using a DSC 1
STARe System (Mettler Toledo, Gief3en, Germany) equipped with liquid
nitrogen cooling. For the measurements about 20 mg sample were
weighted into aluminum crucibles and hermetically sealed. The tem-
perature program started with a heating rate of +5 °C/min to 100 °C
followed by 30 min isothermal step at 100 °C to remove thermal his-
tory. Afterwards a dynamic step with cooling rate of —1 °C/min to
-120 °C was applied. The temperature was held constant at —120 °C for
10 min, followed by a heating step (41 °C/min) to 120 °C and then
returned to the initial conditions. Decomposition temperatures were
determined by thermogravimetric analysis (TGA) using a TG 209 F1 Iris
(Netzsch, Selb, Germany) and Al,O3 crucibles. The temperature pro-
gram was sct from 20 °C to 600 °C applying a heating rate of 10 °C/min
and a nitrogen flow of 20 mL/min. Decomposition temperatures were
determined as extrapolated onset temperatures.

2.3. Polarity determination using the solvatochromic dye Nile Red

To 0.5 g of the ILs was added a solution of 0.5 mL Nile Red (NR) in
acetone (c(NR) = 3.0 x 10" mol L™') and stirred until the solution
became homogenous. In case of IL 1 an additional milliliter acetone was
added to ensure full dissolution. The solvent was then removed by
drying in oil-pump vacuum for two days and the Nile Red solutions of
the ILs were transferred to a quartz cuvette of 1 mm diameter to record
a transmission UV/Vis spectrum. In case of 1 the UV/Vis-measurement
was performed on a thin film of the sample in supercooled state as this
IL showed a widely suppressed crystallization (see DCS results in
Section 3.1). For each IL ten measurements were performed, the wa-
velength of the absorption maxima detected and the results averaged.
The Eng values were calculated after Eq. (1).

Eng = heNp Apax ™+ X 107° 1)

with:
h: Planck’s constant
c: speed of light
Na: Avogadro’s constant
Amax: wavelength of the maximum absorbance (in nm)

2.4. Crystal structure determination of IL 1

Single crystal X-ray diffraction data were collected on a X8 Apex II
diffractometer (Bruker AXS, Karlsruhe, Germany) at —121 °C using Mo-
Ka radiation (A = 0.71073 A) in theta range from 0.607° to 27.811°
collecting 88389 reflections in total. Crystal data: CsoHjeFssP™,
CoFeNO,S,™: M, = 1599.55, triclinic, P-1, a = 9.1235(6) A,
b = 9.6920(6) A, c = 33.677(2) A, a = 86.357(3)’, B = 85.533(4)’,
¥ = 63.392(3)°, V = 2653.0(3) A%, Z = 2, p, = 2.002 g cm~>. The re-
finement using full-matrix least-squares on F? resulted in 12220 in-
dependent reflections, 381 restraints, 822 parameters, R[F> > 20(F?)]
= 0.1245, wR(F%) = 0.3897.

2.5. Determination of ionic liquid solubility/miscibility in organic solvents

Solubilities or miscibilities of the phosphonium ILs with a range of
organic solvents were determined by preparing saturated solutions of
the ILs and 3.000 mL of purified and dried organic solvents under argon
by stirring for at least 3h in a thermostated bath keeping the tem-
perature at 25 °C until a two phase system remained. Then the solution
was allowed to settle for 16 h after which a completely homogenous
upper phase was observed. A 2.000 mL sample of the organic phase was
carefully taken and the solvent removed in oil pump vacuum by drying
for at least one day until the mass remained constant. By weighting the
remaining IL the solubility per liter could be calculated. If no second
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phase was formed with varying the amount of organic solvent the IL
was stated as miscible. Experiments were performed in triple and the
results averaged. The phase diagram of IL 1 and DMF was constructed
by inserting a molten sample of the IL into a graduated cylinder. Known
volumes of DMF were added, the cylinder sealed and slowly heated
with stirring until the phases became homogenous. The temperature at
this point is the mixing temperature T,y for the given volume fraction.
After cooling to ambient temperature further volumes of DMF were
added and the process repeated to construct the phase diagram.

2.6. Heck reactions under fluorous biphasic conditions using the fluorous IL

All reactions were carried out under inert atmosphere of argon.
1.00 g of IL 1 was degassed in vacuum and flushed with argon for 3
times. Then the IL-phase was saturated with DMF (about 0.2 mL) to
obtain a slightly viscous, fluorous phase. In case of the cross coupling
reactions performed at 85 °C, 8.0 mg of the catalyst [Pd(P(m-CgHy-
(CH2)2-(CF2)s-F)3)2Cls] (2.37 x 10> mmol, 0.80 mol%) was added.
For the coupling reaction carried out at 70 °C 10.0 mg of the catalyst
(2.96 x 10~ *mmol, 1.00 mol%) was added. The catalyst was then
dissolved under slight heating and 0.400 mL of a 0.740 mol L. ! iodo-
benzene stock solution in DMF (0.296 mmol 1.00 eq.), 0.400 mL of a
0.888 mol L~ " olefin stock solution in DMF (0.355 mmol, 1.20 eq.) and
0.200 mL of a 1.78 mol L ™" stock solution of triethylamine in DMF
(0.355 mmol, 1.20 eq.) were added. The mixture was stirred and heated
to 85 °C resp. 70 °C for 16 h (unless noted otherwise) and then cooled
down to —18 °C. The upper organic phase was carefully removed and
the fluorous phase extracted with 0.2 mL of DMF. The combined DMF-
phases were filled up to 100 mL with acetonitrile and a sample was
analyzed with high performance liquid chromatography (HPLC). The
HPLC system consisted of ASI-100 automated sample injector, Degasys
DG-1210 solvent degasser, P680 HPLC Pump, TCC100 Thermostated
Column Compartment and UVD3404 UV/Vis detector (all from Dionex,
Sunnyvale, USA). The used column was a Hibar 150 x 4 mm C18/5 pm
(Merck, Darmstadt, Germany). The column temperature was controlled
by a column oven at 25 °C. Gradient program with a total flow of
1.000 mL/min using water and acetonitrile started with 100% water at
t = Omin to 100% MeCN at t = 20 min. Wavelength for UV/Vis de-
tection was set to 254 nm. Retention times of the fully resolved peaks
were 13.8 min for methyl cinnamate, 17.8 min for stilbene, 15.8 min
for iodobenzene and 15.0 min for styrene. The amount of product was
calculated by integration of the product peak in comparison with cali-
bration curves. For each sample at least three runs were performed and
the results averaged. Facile product isolation for six times was proven in
a separate experiment for the reaction of iodobenzene with methyl
acrylate at reaction times of 16 h and a temperature of 70 °C. For this
purpose six equivalents of water were added to the DMF-phase after the
reaction and the resulting suspension was extracted with 3 mL hexane
three times. The solvent of the combined organic phases was removed
by rotary evaporation and the residue dried in vacuum yielding pure
methyl cinnamate in high isolated yield as confirmed by 'H- and
13C{1H}-NMR spectroscopy (see Supporting information; 'H NMR
(400 MHz, CDCls): 8[ppm] = 7.70 (d, *Juy = 16.0 Hz, 1H), 7.59-7.46
(m, 2H), 7.43-7.35 (m, 3H), 6.45 (d, °Jyy = 16.1 Hz, 1H), 3.81 (s, 3H);
3C{'H} NMR (101 MHz, CDCl): 8[ppm] = 167.47, 144.93, 134.42,
130.36, 128.95, 128.14, 117.84, 51.76.). Turnover number (TON) for
the reaction was calculated using Eq. (2).

(2

TON = N(product)/Ncatalyst)

The cumulative TON is the summation of the individual TON per
run after separation of the product phase and addition of new reagents.
In further experiments leaching of the fluorous IL 1 was investigated by
combining 1.00 g with 1.00 mL DMF without further reagents stirring
at 70 °C for 30 min and cooling down to —18 °C. A sample of 0.500 mL
was taken from the upper organic phase, the solvent removed in oil
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pump vacuum and the residue weighted. This process was repeated
three times and the results averaged.

3. Results and discussion
3.1. Physical properties

The fluorous IL 1 is a thermal, air and water stable white solid if
crystallized, forming a slightly yellow liquid above its melting point or in
the presence of small amounts of organic solvents. In supercooled state
the IL is observed as highly viscous, slightly yellow liquid. To investigate
the effect of increasing fluorination in the cation on the physicochemical
properties a comparison with the semi-fluorinated and non-fluorinated
analogue was made. To investigate the influence of the anion choice the
results were also compared to the widely used IL [BMIM][NTf,] which
incorporated the same anion. DSC measurements were performed to in-
vestigate the phase transition behavior. Low scan speeds of = 1 °C/min
were chosen to ensure the suppression of supercooling through thermal
quenching which can result in solely glass formation and thereby in-
complete determination of the phase transition points [35]. Thermal
stability was examined by means of dynamic TGA. As method for the
empirical determination of solvent polarity the solvatochromic dye Nile
Red [36] was applied which was also used for polarity determination for
a range of other ionic liquids [37]. The more commonly used Reichardt’s
Dye [38] was found to be insoluble in the fluorous IL 1. The empirical
polarity determination is used to gain insight into the interactions on
molecular level instead of using macroscopic parameters like relative
permittivity, dipole moment or refractive index [39]. The polarities of ILs
are of special interest as they allow conclusions about miscibility and
phase behavior along with comparison to molecular solvents. The results
of the transition and decomposition temperatures along with the Exg for
empirical polarity are summarized in Table 1. The DSC traces of the
phosphonium ILs with different degree of fluorination are shown in
Fig. 1. Upon cooling, the fluorous IL 1 exhibits only a glass transition Ty
at -18°C and no crystallization peak which is a commonly observed
phenomenon in ILs [40]. In the heating cycle a cold crystallization Te. is
observed at 14 °C followed by a melting T,, at 69 °C. These results show
that although the fluorous IL 1 is not a room-temperature ionic liquid
(RTIL), it can be observed in the liquid state at ambient temperature. This
is due to supercooling and suppressed crystallization which is an intrinsic
property of most ILs [41], resulting from anti-crystal engineering [42]. A
similar behavior is observed for the non-fluorinated sample [P(oct)shex]
[NTf,] and [BMIM][NTf,] [43] as example of a widely applied imida-
zolium IL. For these salts also Tg, Tc. and T, were observed in the heating
curve and only Tj in the cooling step. In contrast for the semi-fluorinated
ionic liquid [P(oct)3R4][NTf,] only Ty is observed for both heating and
cooling.

Table 1

Glass transition Ty, cold crystallization T, melting Ty, and decomposition Tq tempera-
tures along with the polarity values Exg determined by the solvatochromic shift of Nile
Red for the investigated ILs.

Property IL1 [P [P(oct)3Rgs] [P(oct)shex] [BMIM] [NTf5]
(R6)3Real [NTf,] [NTf,]
[NTf,]
cation highly semi- non- non-
composition fluorinated fluorinated fluorinated fluorinated,
aromatic
Ty/°C -18 =75 -89 —86 (—-87)°
T/ 14 £ —40 -56
Ta/€ 69 - -18 -2(-3)®
Ta/°C 345 374 395 431 (427)°
Amax/nM 546.6 548.2 548.6 548.8
Enp/kJ mol ™! 218.8 218.2 218.1 218.0 (218.0)"

“ Values taken from Ref. [44].
b Value taken from Ref. [37].
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Fig. 1. DSC thermograms of the highly fluorinated IL 1 (1), the semi-fluorinated [P
(oct)3R][NTf,] (2) and the non-fluorinated [P(oct)shex][NTf,] (3) with indicated
transition temperatures. Exothermal transitions are plotted as positive peaks.

The absence of a melting point in the semi-fluorinated IL can be
rationalized by symmetry-breaking effects [45] induced by the fluori-
nated chain leading to a destabilized crystalline structure due to
packing effects. For IL 1 and the tetraalkylphosphonium IL a higher
grade of symmetry is incorporated as these samples have four sub-
stituents of similar chemical composition. The thermal stability of the
phosphonium ILs containing the NTf, -anion was found to be lower
than for the imidazolium-cation with the same anion. The obtained
TGA curves are shown in Fig. 2. It is well known that the decomposition
temperature of ILs is mainly related to the anion-cation choice and
functional groups incorporated. Elongation of attached chains of similar
chemical structure is reported to have only minor effects on the thermal
stability [46]. By comparing the thermal stability of ILs with the same
anion it is ensured that the determined decomposition is mainly related
to the thermal stability of the cation. The decomposition temperatures
of the phosphonium compounds decreases upon increasing number of
attached perfluoroalkyl-chains. However the observed decomposition
temperatures are still comparatively high with the lowest value being
345 °C for IL 1. For the fluorous IL [P(R¢g)2R¢CH,CH(CH3)CH2C(CH3)3]
[NTf,] bearing three fluorinated chains, a T4 of 407 °C was reported
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Fig. 2. TGA traces of the investigated ionic liquids at 10 °C/min heating rate.
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[47]. Phosphonium ILs containing one fluorous tail and other anions
like BF,~ or OTf™ were furthermore found to have decomposition
temperatures above 300 °C [48].

The polarity values Exgr determined by the solvatochromic shift of
Nile Red are increasing with the degree of fluorination but show only
minor overall differences. Higher Eyg-values are related to lower sol-
vent polarities. As the combination of other anions with the thoroughly
investigated [BMIM] cation show similar ranges of deviations, the main
contribution to the Eyg-values for the ILs investigated here seems to
result from the NTf,  -anion. This is in accordance with literature re-
ports that the dominating contribution to the solvatochromic shift of
Nile Red is the hydrogen-bond ability of the cation towards the dye
[49]. Protons of significant acidity are intrinsically absent in quar-
ternary phosphonium cations due to their molecular structure in con-
trast to dialkylimidazolium or protic ILs. The application of Reichardt’s
Dye to other phosphonium-based ILs revealed much larger differences
in the empirical polarity towards imidazolium based samples [38].
Molecular solvents of similar Eyg-values than these ILs are ethanol
(Exg = 218.2kJ/ mol ™) or 1-butanol (Exg = 218.5kJ/ mol ™ 1). The
Exr value reported for a comparable IL [P(hex);Cq4H2o] [NTf,]
(Eng = 218.7 kJ mol™) is quite similar to the values obtained [50]. A
slightly lower polarity was found for an IL based on [BMIM] and a
highly fluorinated borate anion (Exg = 220.7 kJ mol™) [13].

3.2. Crystal structure of the fluorous ionic liquid

The crystalline structure of 1 was investigated by means of single
crystal X-ray diffraction. Suitable single crystals could be obtained by
slowly evaporating saturated solution IL 1 in benzotrifluoride. Crystal
growth occurred in the form of colorless needles and plates. Although a
lot of crystallization methods and solvents were investigated, benzo-
trifluoride was the only solvent applicable for crystal growth.
Evaporation or slow cooling of a saturated solution of IL 1 in other
solvents resulted in the formation of liquid biphasic systems. Owing to
the nature of the substitution pattern, the shorter perfluoroalkyl-chain
Rg4 and one of the slightly longer chains Rg occupied alternating po-
sitions leading to disordering. Furthermore the packing of the interac-
tions between the perfluorinated molecular fragments driven by weak
van der Waals forces lead to disordering in the periphery of the mole-
cule. These effects overall lead to comparable high value for the final R-
indices. Obtaining a suitable single crystal for XRD from ILs was found
to be rather difficult even for symmetrical ions [51] as ILs are designed
to contain destabilized crystalline structures. The highly fluorinated IL
crystallizes in the triclinic, centrosymmetric P-1 space group showing
two formula units per elemental cell. The unit cell and packing diagram
are shown in Fig. 3. The NTf, -anions adopted a trans-configuration in
the solid state as it is reported for the majority of measured IL samples
in literature [52]. The fluorinated IL 1 showed structuring in domains
of ionic moieties consisting of the phosphonium core and the anion on
the one hand and the perfluoroalkyl-segments on the other. This or-
ganization into blocks of molecular segments of the same polarity
driven by solvophobic interactions was also reported for imidazolium
ionic liquids with perfluorinated anions [19]. Similar structural motifs
and self-assembled nanostructures resulting from solvophobic interac-
tions were reported for ILs with perfluoro-groups in bulk state leading
to tricontinuous nanostructures of ionic, alkyl and fluorinated domains
[25,53].

3.3. Miscibility and phase behavior towards organic solvents

In order to find an appropriate solvent for the fluorous biphasic
catalysis and to demonstrate the fluorophilic characteristics of IL 1 the
miscibility of the phosphonium ILs with a range of commonly applied
solvents was investigated. The solvents investigated ranged from sol-
vents of high polarity such as water to the highly nonpolar, fluorophilic
perfluoroheptane. Mixing behavior and miscibility of the three
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Table 2
Solubility of the investigated phosphonium ILs with common molecular solvents at 25 °C.

Solvent IL1/gL™ & [P(oct)3Re4] [NTS>]/g [P(oct)shex] [NTf,]/g
i L?
perfluoroheptane  1.76 immiscible immiscible
hexane immiscible  13.76 12.30
toluene 1.6 miscible miscible
Et,O 8.3 miscible miscible
THF 20.7 miscible miscible
CF3CsHg 4.7 miscible miscible
CH,Cly 0.65 miscible miscible
acetone 274.5 miscible miscible
DMF 15.6 miscible miscible
methanol 76.6 miscible miscible
H,0 immiscible  immiscible immiscible

phosphonium ILs with common solvents at 25 °C are listed in Table 2.
The criteria to find an appropriate second solvent for fluorous biphasic
catalysis are thermomorphic mixing behavior towards the fluorous
solvent and minimal solubility at ambient temperature or the tem-
perature at which the second solvent is extracted. The first criterion is
crucial to ensure mixing of fluorous and organic phase and homogenous
reaction kinetics. In general the FBC could also be performed if the
catalyst with perfluorinated ligands shows a highly increased solubility
in the organic phase at elevated temperatures so that a homogenous
catalysis can be performed. The second criterion is demanded to avoid
leaching of the fluorous phase accompanied with catalyst leaching. By
this way an efficient catalyst retention and stable catalytic performance
can be guaranteed. Furthermore it is in general preferable to apply high
boiling solvents for both the fluorinated and organic phase as this
minimizes losses through evaporation and allows higher critical mixing
temperatures associated with lower miscibilities at moderate tempera-
tures. All investigated ILs were found to be completely insoluble in
water. This results from the combination of a hydrophobic anion with a
hydrophobic cation. Although ILs with the NTf, ~-anion are well known
to form a biphasic liquid system upon addition of water they display a
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Fig. 3. Crystalline structure of the fluorous IL 1. a) centrosymmetric
elemental cell containing two formula units and b) packing diagram
showing the composition of ionic and perfluorinated domains.
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slight water solubility when combined with a hydrophilic cation [54].

Upon combination with the highly hydrophobic cations which in-
corporate long hydrophobic alkyl or even fluorous chains, the solubility
drops below the detection limit. The non-fluorinated and semi-fluori-
nated phosphonium ionic liquids show a similar phase behavior and
were found to be completely miscible at ambient temperature with a
wide range of organic solvents, ranging from polar methanol to non-
polar toluene. Only with the nonpolar aliphatic hydrocarbon hexane a
limited solubility was found, being slightly higher for the semi-fluori-
nated [P(oct)sRe][NTf,]. Both ILs are immiscible with the fluorous
solvent perfluoroheptane. The miscibility behavior towards organic
solvents of a wide polarity range can be rationalized by the amphiphilic
character of these ILs consisting of polar ionic and nonpolar alkyl mo-
tifs. These results show that a higher degree of fluorination is demanded
to ensure a limited miscibility of ILs towards organic solvents at am-
bient temperature. For the highly fluorinated compound 1 the situation
is indeed very different. The fluorous IL shows only limited solubility
with the investigated organic solvents. The highest solubility was found
for acetone reaching 274.5 g L™ . Solubilities for the other molecular
solvents were overall significantly lower but slightly higher for oxygen
containing liquids like methanol, DMF, THF and Et,O. Similar limited
solubilities were obtained for the highly fluorinated IL described by van
Koten and coworkers. where a solubility of 580 g/L of the fluorous IL in
acetone was found [13]. For organic solvents without oxygen the so-
lubility of IL 1 per liter was even lower. In the aliphatic hexane the
fluorinated IL was found to be insoluble whereas it displayed a slight
solubility in the fluorous solvent perfluoroheptane. In summary the IL 1
showed a miscibility behavior that is comparable to molecular fluorous
solvents, showing limited solubilities with organic solvents at ambient
temperature. However because of the additional ionic groups the so-
lubility with the conventional fluorous liquids was also very limited.
Following these results we investigated the thermomorphic mixing
behavior of 1 with DMF in dependence on the volume fraction to de-
termine the phase diagram. The thermoregulated mixing behavior and
the obtained phase diagram are displayed in Fig. 4.

The aprotic DMF is a commonly applied solvent for the Heck cross
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coupling reaction as it shows a comparatively high polarity capable to
dissolve a wide range of educts and the base which is essential for the
catalytic cycle in the reaction mechanism by base-induced reductive
elimination [55]. It was found that IL 1 and DMF form a biphasic
mixture at room temperature when the volume fraction of DMF (@pymr)
exceeded 0.2 and had an upper critical solution temperature UCST of
82°C at @pur = 0.57. Above the respective mixing temperatures a
homogenous monophasic system was found. The phase diagram
showed the characteristic progression for liquid-liquid phase diagrams
with upper critical solution temperature. As indicated in the phase
diagram, slight amounts of DMF are miscible with 1 at room tem-
perature resulting in a moderately viscous fluorine rich phase which
remained liquid and homogeneous even at —18 °C.

3.4. Catalyst retention in Heck reactions

To investigate the performance of the fluorinated IL 1 as fluorous
phase for the immobilization of a fluorous catalyst we investigated the
Heck cross coupling as a model reaction for palladium catalysis.
Homogenous palladium catalysis is a very important, widespread and
versatile method utilized in chemical laboratories as well as on in-
dustrial scale [56]. One important drawback of conventional Pd-cata-
lysis is the loss of the relative expensive catalyst that cannot or hardly
be recovered [57]. Among other immobilization strategies the catalyst
retention in a fluorous phase seems to be a promising way to overcome
this drawback and to provide overall more sustainable processes [58].
Fluorophilic catalysts can be obtained by simply attaching per-
fluorinated alkyl-groups in the periphery of catalyst that are known to
show high activity and stability [59]. By using highly fluorinated ionic
liquids is should become possible to further eliminate the drawbacks of
the volatile molecular perfluorinated solvents that were found to have a
range of negative impacts on the environment. The Heck reaction al-
lows the selective formation of C—C bonds between aryl halides and
activated alkenes but an efficient catalyst recovery was found to be
difficult [31]. This results from the usage of multiple reagents along
with different obtained products or side products that disturb the cat-
alytic cycle or lead to inactivation of the catalyst. The catalyst with
highly fluorinated ligands [Pd(P(m-CeH4-(CHs)o-(CF2)gF)3)2Clo] [29]
used for the cross coupling reactions was found to be insoluble in pure
DMF and many other common organic solvents at ambient tempera-
tures. However concentrations of at least 1.2 x 10~ 2 mol L™! could be
obtained in IL 1 saturated with DMF. We first investigated a thermo-
regulated biphasic system consisting of 1.00 g of IL 1 and 1.00 mL DMF
at 85 °C as this temperature is above the upper critical solution tem-
perature UCST. Scheme 2 shows the reactions and conditions applied
for the first experiments coupling iodobenzene with either methyl ac-
rylate or styrene. The results for the yield, TON and cumulative TON
are given in Table 3.

After each run the upper organic phase was carefully removed and

05
Volume fraction DMF
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06 07 08 09

| IL 1/ DMF,
0.8 mol% Pd(P(Ar;)3),Cly
+

xR
o~ @/\/

R =CO;Me or Ph

NEts, 85°C, 16 h
Arg = m-Cy4Hg-(CHz)2-(CF2)g-F
Scheme 2. Reaction scheme of iodobenzene and methyl acrylate or styrene applying IL 1

under fluorous biphasic catalysic conditions.

Table 3
Catalyst recycling using the thermomorphic biphasic system applying IL 1 as fluorous
phasc®.

R = CO,Me” R = Ph*

run yield’/% TON cumulative TON yield’/% TON cumulative TON
blank® 99 19 - 94 fig =

1 99 124 124 93 116 116
2 99 124 248 94 118 234
3 98 123 371 93 116 350
4 99 124 495 92 115 465
5 97 121 616 94 118 583
6 9% 120 736 93 116 699
7 9% 120 855 90 113 812
8 88 110 965 86 108 920
9 76 95 1060 75 94 1014
10 67 84 1144 61 76 1090
11f 92 115 1259 85 106 1196

 Conditions: 1.0 g 1, 0.296 mmol iodobenzene (1.0 eq.), 0.355 mmol olefine (1.2 eq.)
and 0.355 mmol NEt3 (1.2 eq.) in 1.00 mL DMF, 8.0 mg catalyst (0.8 mol%), 16 h (unless
stated otherwise).

Y Trans only.

¢ Trans/cis.

4 Determined by HPLC.

¢ No fluorinated IL added; catalyst not recovered.

ft=32h

the yield determined by means of HPLC. To proof the efficient catalyst
retention fresh reagents were added and the catalytic process repeated.
A blank run using only fluorous catalyst in DMF showed a similar
thermoregulated mixing behavior and was able to efficiently catalyze
the Heck reaction. However the recovery was not possible under these
conditions. The catalyst recovery using the fluorous IL 1 was found to
be efficient for seven runs without significant decrease in yield for both
the coupling to methyl cinnamate and stilbene being 90% and more.
The yields for methyl cinnamate were found to be slightly higher than
those for stilbene which is also found for other multiphasic systems
investigating the Heck reaction [60]. For the runs eight to ten a de-
crease in the catalytic activity was found. By doubling the reaction time
for the eleventh run it was possible to increase the yield again whereby
the obtained yields remained lower than for the initial runs.

These results already show the potential of the fluorous IL for the
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Fig. 5. Yield of methyl cinnamate per run and cumulative TON for the overall catalysis.

Table 4
Isolated mass of the pure methyl cinnamate and corresponding yield per run.

run mass isolated methyl cinnamate/mg yield/%
1 46.09 96
2 45.62 95
3 46.23 96
4 46.31 96
8 44.93 94
6 45.47 95

retention of the fluorous catalyst. We believe that the loss in catalytic
activity results mainly from thermal degradation of the catalyst rather
than leaching to the organic phase. This was indicated by a color
change of the solutions of the blank run and the IL 1 in the thermo-
morphic catalysis to orange-red which was reported to result from the
formation of nanoparticles in solution [61]. Inactivation of the same
catalyst after prolonged exposure to higher temperatures was also re-
ported before [62]. We therefore investigated the performance of the
catalyst in the biphasic system at lower temperatures to reduce the
extend of thermal catalyst degradation. Hence we performed the cross-
coupling reactions at 70 °C, increased the catalyst concentration to 1
mol% and kept the same conditions for the coupling of iodobenzene
and methyl acrylate to methyl cinnamate. The results for the TON and
cumulative TON for this reaction conditions are plotted in Fig. 5.

By using these conditions the fluorous catalyst showed nearly
quantitative yields for 14 runs and only a slight drop remaining 83%
yield for run 20. Nearly quantitative yield of 96% could be restored for
the 21. run by increasing the reaction time to 32 h. To demonstrate
facile product isolation and removal of side product triethylammonium
iodide from the reductive elimination an extraction process was per-
formed for the first six runs in an additional experiment. For this pur-
pose six equivalents of water were added to the carefully separated
DMF phase after the reaction and the resulting suspension was ex-
tracted with 3 mL hexane three times. After solvent removal from the
combined organic phases the residue was dried in oil-pump vacuum
yielding pure methyl cinnamate in high isolated yield. Purity of the
isolated methyl cinnamate was confirmed by 'H- and '*C{'H}-NMR
spectroscopy. The yields of the isolated methyl cinnamate are stated in
Table 4 and were 95% in average. In further experiments the leaching
of the fluorous IL 1 was found to be as low as 1.2% per run which is
rather low and demonstrates the high fluorophilic character of the IL.
Overall these results proofed the utilization of a highly fluorinated IL
for catalyst retention in the Pd-catalyzed Heck reaction under fluorous
biphasic conditions with high yields, high number of performable runs
and low leaching of the fluorous phase.

Journal of Fluorine Chemistry 200 (2017) 115-122

4. Conclusion

We successfully synthesized a novel highly fluorinated ionic liquids
and showed the effect of fluorination on the physicochemical properties
in comparison to the non-fluorinated and semi-fluorinated analogue.
The fluorous IL was found to have a higher melting point, high thermal
stability and a slightly lower polarity investigated by means of the
solvatochromic dye Nile Red. Single crystal X-ray analysis showed the
formation of fluorinated and ionic domains driven by solvophobic in-
teractions. The fluorinated IL was found to have only limited solubility
in a wide range of investigated organic liquids comparable to molecular
perfluorinated solvents. The non- and semi-fluorinated analogues
showed completely different behavior being completely miscible in
polar as well nonpolar organic solvents. The thermoregulated mixing
behavior towards DMF was investigated in detail. The fluorinated IL
could be successfully applied as a substitute for volatile fluorocarbon
compounds that pose environmental threats but are still commonly
applied solvents in the fluorous biphasic catalysis. Thus the in-
corporation of perfluoroalkyl-groups adds fluorophilicity as possible
modification to the widely tuneable properties of ILs. By investigating
the Heck reaction as exemplary reaction for palladium catalyzed C—C
bond formation we were able to proof the applicability of the fluorous
ionic liquid to the very widely used Pd-catalyzed reactions. The highly
fluorinated IL was found to efficiently immobilize a perfluoro-tagged
catalyst which allowed repetitive usage for up to 14 runs with only
minor loss in catalytic activity and up to 21 runs with yields still being
83% and higher. By this multiphasic catalysis reaction conditions the
activity of the expensive Pd-catalyst can be preserved for multiple re-
action runs thus leading to more economic and environmental friendly
processes. In further studies we will investigate the expansion of the
fluorous IL to other catalytic systems and reactions as well as the ap-
plication of catalytic systems that show increased thermal stability.
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ARTICLE INFO ABSTRACT

Keywords: A series of novel ionic liquids (ILs) based on trioctylphosphonium-cations with attached perfluorinated chains
Tonic liquids and the anions bis(trifluoromethanesulfonyl)imide (NTf, ), dicyanamide (N(CN), ) and tricyanomethanide
Phosphonium cation (C(CN)3 ™) was synthesized. Their important physicochemical properties such as thermal behavior, solvato-

High-precision drop shape analysis
Contact angle
Surface behavior

chromic polarities and viscosities were measured and compared to the alkyl analogues in order to investigate the
influence of fluorination. The characteristic wetting behavior of these ILs on a hydrophobic modified surface was
analyzed using the high-precision drop shape analysis (HPDSA) approach as this method is suitable to analyze
highly non-symmetrical droplets. For the fluorinated ILs a more pronounced effect on the thermal transitions
with increasing side chain length was found. The introduction of fluorinated alkyl groups leads to anion de-
pendent decomposition temperatures, higher overall viscosities and a non-Newtonian flow shear thinning at
higher shear rates. Furthermore, the fluorinated ILs showed a modified wetting behavior on the investigated
surface, which was found to result in lower contact angle values and higher pinning compared to the non-
fluorinated ILs.

1. Introduction (RTILs) having melting points below ambient temperature is of special
concern for most practical applications. ILs have a negligible vapor

Tonic liquids (ILs) are a class of highly diverse functional solvents of pressure along with inflammability, intrinsic conductivity, high elec-
organic salts with melting points below 100 °C and an unique property trochemical and thermal stability as well as wide liquid ranges and in
combination [1]. The subclass of room-temperature ionic liquids general a good ability to solve both organic and inorganic compounds
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Fluorinated trioctylphosphonium ILs

35°C,48 h
P(oct)3 + I(CHZ)2(CF2).F W [P(oct)3(CH2)2(CF2).FIN
e

MA = LiNTf,, AGN(CN),,
AgC(CN)3

Alkylated trioctylphosphonium ILs

50°C, 48 h
P(oct); + Br(CHp)yH ————— [P(oct)3(CH,),H][Br]
MeCN acetone

1.1 MA, 25°C, 24 h
>

1.1 MA, 25°C, 24 h
e

MA = LiNTf,, NaN(CN),,

NaC(CN);

[2]. The properties of these “designer solvents” or “functional solvents”
[3] are tailorable in a very wide range by their chemical composition
and can be tuned depending on the demands of special processes, ap-
plications, solvent-systems etc. [4,5]. They have attracted a remarkable
increase in interest throughout many scientific disciplines such as
chemistry, physics, engineering and material science in the last decades
as they offer completely novel opportunities for synthesis [6], analysis
[7] or process technologies [8] along with the potential to optimize and
improve existing technologies [9,10]. The properties of ILs can be fine-
tuned by the nature of the anion and cation as well as through the
introduction of additional functional groups. The incorporation of
functionalities expands the possibilities of the “task-specific ILs” giving
them additional desirable properties which are not achievable solely by
cation-anion combinations. One functional segment of interest for ILs
are perfluoroalkyl-segments as the resulting fluorous or fluorinated ILs
(FILs) [11] show an altered behavior which is easily adjustable by
common synthetic methods. The usage of FILs includes for example
solvents for multiphasic systems [12], catalysis [13,14], as surfactants
[15-17], media for COj-absorption [18,19], gas separation [20] or
tribological applications [21,22]. As there is an immense number of
possible ILs [23] it is highly important to know about the trends and
properties of ILs for basic research and practical applications. Of special
concern are the surface properties and adhesion of ILs as most of their
applications include some kind of solid-liquid interfaces [24]. In addi-
tion the determination of the ionic liquid wetting behavior gives insight
into structural organization of these solvents near solid surfaces [25]
and their suitability as probe fluids [26]. As the IL surface behavior
[27], such wetting and dewetting processes, is of high industrial re-
levance, it was subject to several studies [28-30] which are almost
completely limited to imidazolium based ILs [31]. The investigation of
ILs based on other cations such as the phosphonium is desirable since
these solvents exhibit often superior properties such as higher degree of
lipophilicity and improved electrochemical, thermal and chemical sta-
bility making them a better choice for selected applications [32]. In this
study we prepared a series of novel FILs based on the trioctylpho-
sphonium cation with perfluoroalkyl-groups of different chain lengths
with either bis(trifluoromethanesulfonyl)imide (NTf, ), dicyanamide
(N(CN), ") or tricyanomethanide (C(CN); ) anions to investigate the
modification of the properties by the introduction of this functional
groups. The substituted trioctylphosphonium cations were chosen as
the long alkylchains are known to lead to comparably low viscosities
despidte their large molecular size, high degree of lipophilicity as well
as low glass transition and melting temperatures. This property com-
bination is often desirable for technical applications since it allows fast
thermal and mass transport, the absence of water for systems sensitive
to hydrolysis and high operation temperature intervals as well as easy
handling of RTILs. The physicochemical properties and wetting beha-
vior of the novel FILs were compared to the corresponding non-fluori-
nated tetraalkyl IL analogues (AILs) to directly show the effect of
fluorination on the properties of this substance class. Due to the com-
parably size of the attached fluorocarbon segment to the three octyl
chains at the phosphonium core of the cation the influence of
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Scheme 1. Synthesis of the fluorinated and alkylated
trioctylphosphonium-based ILs.
[P(oct)3(CH2)2(CF2),FIIA]

acetone or methanol

X = 4: [P(oct)sRy]IA]
= 6: [P(oct)3R]IA]
= 8: [P(oct)3Rel[Al

[P(oct)3(CH2),HIIA]

y = 6: [P(oct)shex][A]
= 8: [P(oct)4][A]
=10: [P(oct)zdec][A]

fluorination on the wetting behavior in the investigated ILs is demon-
strated directly.

2. Experimental
2.1. Materials

Full details about the used reagents and their suppliers along with
the synthesis protocols and characterization methods for the prepared
ILs are given in the supporting information.

2.2. Syntheses of the perfluorinated and alkylated trioctylphosphonium ILs

The fluorinated and nonfluorinated phosphonium ILs were synthe-
sized by nucleophilic substitution of the 1H,1H,2H,2H-perfluoralkyl
iodides or 1-bromoalkanes with trioctylphosphine. The resulting qua-
ternary phosphonium halide salts were then transferred to the [NTf,],
[N(CN),] or [C(CN);] ILs by means of metathesis reactions with the
lithium, sodium or silver salts (MA; M = metal-cation; A = anion)
depending on the type of exchanged halide. The preparation of the
investigated ILs is sketched in Scheme 1. Prior to all experiments the
samples were dried in oil-pump vacuum at 50 °C for two days under
intensive stirring. Karl-Fischer-titration showed water-contents for the
dried ILs were below 200 ppm.

2.3. Thermal properties

Glass-, phase-transition- and melting points were measured by
means of differential scanning calorimetry (DSC) on a DSC 1 STARe
System (Mettler Toledo, Gief3en, Germany) equipped with a liquid ni-
trogen cooling system. Vacuum dried samples of about 15 mg were
sealed in aluminum crucibles and heated with a rate of 10 °C/min to
100 °C and kept at this temperature for 10 min to remove thermal
history. In the next dynamical step the samples were cooled with a
cooling rate of —1 °C/min to —120 °C followed by a 10 min isothermal
treatment. The samples were subsequently heated with +1 °C/min to
100 °C. All experiments were repeated with three different samples of
each ILs to ensure the correct determination of glass-, phase- and
melting temperatures. Decomposition temperatures were determined
by means of thermogravimetric analysis on a TG F1 Iris (Netzsch, Selb,
Germany) using weighted samples of approximately 10 mg. The sam-
ples were heated applying a nitrogen flow of 25 mL/min and a heating
rate of 10 °C/min from 30 °C to 550 °C. Decomposition temperatures
are given as extrapolated onset temperatures.

2.4. Polarity measurements

Relative molecular polarities were measured using the two solva-
tochromic dyes Reichardt’s betaine Dye and Nile Red dissolved in the
bulk ionic liquids. The determination of the UV/Vis spectra was carried
out on an UV Specord (Analytic Jena, Jena, Germany) in a thermostated
measuring cell at 25 °C. For the sample preparation a solution of either
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Reichardt’s Dye or Nile red in dichloromethane was added to the pure
ionic liquids. The organic solvent was rotated off and the solution dried
in vacuum at 50 °C for two days. The obtained dye solutions were then
filled in a dried quartz cuvette with a path length of 0.1 cm and an UV/
Vis spectrum was measured in the range of 400-850 nm. Measurements
were performed at least ten times and the results averaged. The E+(30)
values (polarity values determined with Reichardt’s dye) and Eyg-va-
lues (polarity values determined with Nile Red) were calculated from
the absorbance maxima A.,ax Of the dissolved dyes by means of Eq. (1)
with the Planck constant h, the speed of light ¢ and Avogadro’s Number
Na.

_ heNy

E 107

@

Since the Eq(30) values in literature are frequently given in
keal mol ~! the polarity values detected with Reichardt’s dye are ad-
ditionally reported in this units to allow a better comparison with lit-
erature values.

max

2.5. Rheological properties

Shear- and temperature-dependent flow properties of the samples
were measured on a MCR 301 Rheometer (Anton Paar, Graz, Austria),
equipped with a PP25 measuring plate (diameter: 25 mm) and a DD41
dish (diameter: 41 mm). Rheological data was collected in the tem-
perature range from 30 °C to 100 °C in 10 °C steps with an additional
data acquisition at 25 °C. Before each measurement, the temperature of
the sample was equilibrated for at least 25 min to ensure thermal sta-
bility (maximum derivation of = 0.1 °C). For each measurement a
constant shear rate of 100 s~ ! was applied for 60 s to remove any shear-
dependent effects. Afterwards the shear rates were varied from 100 s~ !
to 20 000s ™! in logarithmic steps collecting overall 40 data points.
Zero-shear viscosity values of the fluorinated ILs for the fitting with
Vogel-Fulcher-Tammann equation (Eq. (2) with n.., B and the Vogel
temperature T, being material dependent parameters) were obtained by
regression of shear region where linear Newtonian flow behavior was
observed.

=7 €
S

(2)

2.6. Wettability and contact angle analyses

For characterization of the wetting behavior, contact angle
measurements were performed with the FILs and AILs and the results
compared to water contact angle measurements. Therefore, a mono
(1H,1H1,2H,2H-perfluorooctyl) siloxane hydrophobic modified si-
licon surface (90° < 0,, < 130°) was used. The test surface was
prepared by vapor deposition as described previously [33-35] using
1H,1H1,2H,2H-perfluorooctyltrichlorosilane (FOTCS) (Sigma Al-
drich, used as received). The contact angle measurements were
performed while continuously inclining the sample surfaces with an
angular speed of ¢ = 0.57°/s (inclining-plate technique), using an
OCA20 measuring system (Dataphysics, Filderstadt, Germany).
During the experiment, 0.03 mL ultra-pure water (Milli-Q" Type 1
ultrapure water system, Merck KGaA, Darmstadt, Germany) or
0.03 mL ionic liquid droplets at temperature of 30.0 °C + 0.2 °C and
were video recorded with a frame rate of 25 frames/s (closed mea-
suring chamber with definable measuring positions). Due to different
force distributions between horizontal and inclined measuring setup
(different positions of the centers of gravity) [36,37], the advancing
angles are denoted as downhill angles 64(¢), which are measured at
the front edge of the drop. The receding angles are denoted as uphill
angles 0,(¢), which are measured at the back edge of the drop. The
static and dynamic contact angle analyses were performed using the
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high-precision drop shape analysis (HPDSA') approach. This approach
was developed to describe and analyze highly non-axisymmetric
droplets, in particular during dynamic contact angle measurements
with high local precision and resolution, which is not possible with
commercial contact angle analysis software. Detailed description of
the HPDSA-procedure can be found in literature [38,39]. Thereby,
the static wetting analyses were performed by determine the contact
angle hysteresis (CAH) 46 = 04, — 0, = 0, which is the difference
between the static advancing/downhill (wetting new surface) and
static receding/uphill (formerly wetted surface) contact angle.
Therefore, the boundary points Xp;,, (corresponding to the triple
points in the 2D projection) were calculated in subpixel resolution
(in the range of 0.05 pixels) and the shift of the boundary points
AXp1, were estimated to identify the static downhill and uphill angles
by taking the characteristic contact angle just before the contact line
moved to formerly non-wetted area (static downhill angle 64 .(¢)),
retracted to formerly wetted area (static uphill angle 6, .(¢)) re-
spectively. An example of the procedure is illustrated within the
supporting information Fig. S78. The dynamic wetting analyses were
performed by using the recently introduced overall curve shape ana-
lysis [40,41] by fitting of a Gompertzian function [42] (Eq. (3)) onto
the course of contact angles 6, ,(¢) relative to the inclination angle
@, with Oy, A, k and @gi being adjustable fitting parameters.

(@) = Osnipe + A-exp[—exp(—k(p — Q)] 3)

This procedure is able to visualize the overall contact angle beha-
vior from a large amount of data (=7500 images/contact angles per
measurement//overall =~97500 images/contact angles considered for
the wetting analyses) with only four fitting parameters and to char-
acterize the wettability of the surface by determine specific contact
angles with lowest standard deviation. Additionally, a so-called “re-
sidual analysis” can be performed by subtracting the individual
Gompertzian function from the measured course of contact angles. An
example of a Gompertzian fitting is illustrated in the supporting in-
formation Fig. S78.

3. Results and discussion
3.1. Physicochemical properties

3.1.1. Thermal behavior

ILs are known to have a very diverse phase transition behavior even
for a homologues series [43] that can include glass- (T,), cold-crystal-
lization (T, solid-solid- (Ts.s) and melting (T,,) transitions depending
on the thermal history of the sample. In order to ensure the complete
detection of the thermal transition points low scan rates of = 1 °C were
applied as higher scan rates were found to may result in incomplete
detection of the transition points [44]. The obtained thermal transition
points and decomposition temperatures for the fluorinated and non-
fluorinated ILs are given in Table 1. Both the fluorinated and the al-
kylated trioctylphosphonium salts showed very diverse thermal tran-
sitions behavior that included all above mentioned thermal transitions
and is sensitive to the length of the attached side chain and the anion.
Exemplary DSC-traces of typical thermal transitions of the fluorinated
ILs are shown in Fig. 1 including only glass-transition ([P(oct)3Re4]
[C(CN)3]), only melting and crystallization ([P(oct)3Rg] [N(CN),]) and
combination of Tg, Tee, and Ty, ([P(oct)3Res] [NTf,]). The occurrence of
these three types of thermal behaviors is a very common finding in the
field of ionic liquids and a result of the highly destabilized crystal
structures and competing molecular interactions [45]. While the
fluorinated iodide and dicyanamide ILs exhibit melting points and in
some cases additional solid-solid transitions the behavior of the bis

1 M. Schmitt, HPDSA program package (beta version), DOI:10.13140/RG.2.1.1973.
4805, 2015.
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Table 1

Phase transition and decomposition temperatures of the fluorinated and alkylated trioc-

tylphosphonium ILs.

Ionic Liquid Te G ‘Teld TwlCl Tm ['C]  Tq ['C]
[P(oct)sRe] (1] - - - 45 345
[P(oct)sRe]  [1] - - - 56 357
[P(oct)sRg]  [1] - - -30 52 352
[P(oct)sRes]  [NTE] -75 - = 368
[P(oct)sR]  [NTf] -72 —-24 - 10 364
[P(oct)sRg]  [NTE] -67 -13 = 13 380
[P(oct)sRe]  [N(CN),] - - 14 37 242
[P(oct)sRi]  [N(CN),] - - 17 50 245
[P(oct)sRi]  [N(CN),] - - - 57 245
[P(oct)sRe]  [C(CN)s]  —74 - - - 316
[P(oc)sRi]  [C(CN)3]  —67 -32 - 19 309
[P(oct)sRig]  [C(CN)3]  —55 -39 - 25 314
[P(oct)shex]  [Br] —-69 -33 - 11 349
[P(oct)4] [Br] - - 11, 19, 31 42 340
[P(oct)sdec]  [Br] - - - 21 335
[P(oct)shex]  [NTf,] -89 —40 - -18 392
[P(oct)4] [NTf,] -89 -57 - 15 385
[P(oct)sdec]  [NTf] -89 -53 -24 -13 380
[P(oct)shex] [N(CN),] —88 —47 - -31 389
[P(oct)s] [N(CN),] - - —44, -37, -11 390
-18
[P(oct)adec]  [N(CN),] - - -28 -20 371
[P(oct)shex] [C(CN)s] —86 -43 = -31 409
[P(oct)4] [C(CN);] —87 -56 -27 -21 408
[P(oct)sdec] [C(CN)s] -84  — - -38 407
ﬁ et i ks L i 4 i b g 1 g 4 i L 3
E 1 | [P(oct)3R,IIC(CN)5] ~<—cooling
[
=
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o
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Fig. 1. Exemplary DSC traces for the fluorinated ILs showing three different types of

thermal transition behavior.
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(trifluoromethanesulfonyl)imide and tricyanomethanide salts is dif-
ferent. All the fluorinated iodides and dicyanamides are solids at am-
bient temperature whereas the fluorinated [C(CN);] and [NTf,] are
RTILs. The Rgy substituted [NTf,] and [C(CN)3] ILs showed only glass
transitions whereas the elongation of the fluorinated chains leads to
additional cold-crystallization and melting points although these tran-
sitions are absent in the cooling curves where only Ty is observed. These
observations can be rationalized with the more pronounced symmetry
breaking induced by the short fluorinated chains compared to the alkyl
analogues bearing four alkyl sidechains. This effect is compensated by
the stabilization of the crystalline structure for longer fluorinated side
chains through favored homogenous interaction and packing of the
fluorophilic perfluorocarbon segments leading to microsegregation. The
stabilization of the ionic liquid crystalline structure through the for-
mation of fluorinated domains was also reported for ILs with other
anion-cation combinations [46,47]. Contrary to AlLs the melting tem-
peratures of the fluorinated ILs, beside the iodides, are increasing with
the elongation of the fluorinated side chain. All alkylated trioctylpho-
sphonium ILs possess melting transitions and most of them additional
cold-crystallizations. The melting points for the alkyl ILs with the same
anion were found to be always highest for [P(oct)4] as this cations
shows the highest grade of symmetry whereby the bromide and di-
cyanamide ILs showed three additional solid-solid transitions. Beside
the [P(oct),4][Br] all the alkylated ILs were found to be RTILs.

The decomposition temperatures Ty of the FILs exhibit a much
stronger dependence on the incorporated anion than the alkylated
analogues. The obtained TGA curves of the investigated ILs are shown
in Fig. 2. All decomposition temperatures were observed to be nearly
independent of the attached side chain length for both the fluorinated
an alkylated compounds. For the tetralkyl phosphonium salts stability
was found to decrease in the order C(CN);~ > NTf,” > N
(CN),~ > Br~ whereas there are only minor differences in T, for the
non-halide anions. For the fluorinated ILs the thermal stability was
found to decrease in the order NTf,~ > > C(CN);~ > 1~ > > N
(CN), . [P(oct)sRg]1[N(CN),] was found to have the lowest decom-
position temperature being 242 °C whereas [P(oct)3Res] [NTf,] showed
the highest decomposition at 368 °C. Overall the fluorinated ILs show a
decreased thermal stability especially for the cyano-containing anions
compared to the alkylated. These findings can be explained by the
higher basicity of these anions that might lead to the abstraction of the
more acidic protons in a-position to the fluorinated chains. Decom-
position of the cyano-anions for imidazolium ILs was reported to occur
via proton abstraction and cyclisation [48,49]. This is supported by the
finding of the higher residual mass for the ILs incorporating these an-
ions which were found to result in N-doped carbon materials by thermal
decomposition in oxygen-free atmosphere [50].

3.1.2. Polarity determination

The two used solvatochromic dyes Reichardt’s Dye and Nile Red
were used to investigate the empirical polarity of the IL since they both
display large solvatochromic shifts and good solubility in both mole-
cular solvents and ionic liquids [51,52]. This approach using single-

Fig. 2. TGA curves for a) the fluorinated and b) the alkylated

a) 100 | b) 100
— 804 F — 804
£ 7 | — PR, INTF) R 7| —P(oct)hexiiNTt)
£ [P(oct),RJINTE,] £ ——— [P(oct)JINTE,]
2 601 — poct) R JINTE] [ 9 807 —[P(oct) deciINTF,]
; —— [P(oct)RJIN(CN),] ; —— [P(oct);hex]IN(CN),]
3 40— [POcRIN(CN), b 3 404 —[Ploct,INCN);
2 | ——[POc,RJINCN)) g {——[PoohdecNCN),]
@ 0| —[POe).R,IC(CN)) | @ 50| —[P(oct)hex][C(CN)]
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o [ PEcRICON —— [P(oct),dec][C(CN)]
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molecule spectroscopic probes allows a comparison of these two dif-
ferent solvent classes and is therefore widely used for the empirical
determination of the polarities in bulk solvent or solvent mixtures. Both
dyes were also reported for the polarity determination in a broad range
of ionic liquids [53-55]. The obtained absorbance maxima of the two
dyes and calculated E(30) (Reichardt’s Dye) and Eyy (Nile Red) are
listed in Table 2. As Reichardt’s Dye is a negative solvatochromic probe
lower E1(30) values correspond to lower polarities while for the posi-
tive solvatochromic dye Nile Red the situation is vice versa. All the
obtained transition energies of the fluorinated ILs from measurements
with Reichardt’s Dye show higher values than for the alkylated analo-
gues resulting in an overall higher obtained polarity. The E(30) values
of the FILs increase only slightly with elongation of the perfluorinated
chain and decrease to minor extend for the alkylated samples. The
anion influence of the FILs is less pronounced for the measurements
with Reichardt’s Dye showing comparable results for the NTf, and
C(CN);~ anions paired with the same cation. Polarities of the AlLs
slightly decreased in the anion order C(CN);~ > NTf,~ > N(CN),~
and with increasing side-chain length. Measurements of the relative
polarity performed with Nile Red yielded an opposite trend for the FILs
of decreasing polarity with increasing length of fluorinated chain and
minimal lower polarities compared to the alkylated analogues. Fur-
thermore the dependence on the anion of the Exg values is more pro-
nounced showing lower polarity values for samples incorporating the
C(CN)3 ™~ anion. For the AlLs a decrease in polarity was found in the
anion order C(CN);~ > N(CN),~ > NTf,  and also with increase of
the attached alkyl chain. It is reported that the measurements with
Reichardt’s Dye are more sensitive to the cation composition while Nile
Red as single-molecule polarity probe is sensitive to the hydrogen bond
ability of the investigated liquid [3].

Therefore it is desirable to combine different solvatochromic
probes to obtain a more detailed picture of the solvent-solute inter-
action. E1(30) vales reported for other phosphonium ionic liquids at
20 °C with the same anions were found to be in the same range
(Ex(30) = 47.9 kcal mol = for [P(hex)s((CH4)14H)]1[NTf,]; E(30)
= 46.1 kcalmol ~* for [P(hex)s;((CH,)14H)][N(CN),] [56]). The
comparably low polarity values obtained with Nile Red for all samples
are in accordance with the absence of hydrogen bonding and long non-
polar molecular fragments from alkyl and perfluoroalkyl-groups. Lit-
erature values for the Nile Red as single-molecule polarity probe for
other long alkyl chain based phosphonium ILs (Exg = 218.3 kJ mol !
for [P(hex);((CH)14H)][NTf,]; Eng = 219.1kJmol™' for [P
(hex)3((CH2)14H)]1[N(CN),]) are also very similar [57] showing only
slight dependence on the side chain length in the quaternary phos-
phonium cations. Molecular liquids with similar E(30) values are the
nonprotic polar solvents DMSO (E(30) = 45.1 kcal mol ~!) or DMF

Table 2
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(E+(30) = 43.2 keal mol ~ 1) [58] while for Exg the values are similar
to the values of Methanol (Eng = 217.7kJmol™ '), DMSO
(Eng = 217.8 kJ mol ') and Ethanol (Eng = 218.2kJmol™ 1) [52].
Although having polarity values comparable to those of polar mole-
cular liquids all investigated FILs and AlLs are immiscible with water
allowing novel applications were polar solvents are required that form
liquid-liquid biphasic system with water.

3.1.3. Rheological behaviour

The knowledge about the rheological properties of IL is of high
importance for a large variety of practical applications since it limits
mass, charge and heat transfer if they are used for example as solvent,
in mixing and separations processes or as working fluids. The rheolo-
gical behavior of the FILs and AlLs were investigated by shear rate and
temperature dependent rheology to obtain a detailed picture of the ILs
flow properties. All the investigated fluorinated ILs showed a region of
Newtonian flow at low shear rates, a region of linear shear thinning at
higher shear rates and a transition zone in between. For all investigated
tetraalkylphosphonium ILs only Newtonian flow behavior is observed.
Exemplary curves of the shear dependent viscosity of the fluorinated [P
(oct)3Res][NTf,] and the alkylated analogue [P(oct)sdec][NTf,] with
temperature are show in Fig. 3a) and b). All other plots of the stress
controlled rheology can be found in the supporting information (Figs.
S64-S77). Upon elongation of the fluorinated chain the onset of shear
thinning is shifted to lower shear rates whereas the extend of viscosity
decrease at higher shear strain becomes more pronounced. This non-
Newtonian behavior was found to be similar for the C(CN);~ and
NTf,™ anion. Upon increasing the temperature the shear thinning onset
is shifted towards higher shear rates and the degree of shear thinning is
reduced. At higher temperatures the shear thinning effects disappear
and solely Newtonian flow is observed. The overall zero-shear viscosity
at 25 °C of the FILs was furthermore found to be much higher than for
the alkylated ILs and showed much higher increase upon elongation of
the attached side chain. For example the zero-shear viscosity of [P
(oct)3Re][C(CN)3] being 1367 mPa s is more than double the value of
[P(oct)3R4][C(CN)3] being 532 mPa s. The plots of viscosities vs.
temperature are displayed in Fig. 3c) and d). Both the fluorinated and
alkylated ILs show an exponential decrease in viscosity with increasing
temperature which could be fitted by the Vogel-Fulcher-Tammann
(VFT) equation (Eq. (2)) which is well established for the description of
ionic liquid transport properties [59-61]. The obtained VFT fitting
parameters and zero-shear viscosities for the FILs and AlLs are given in
Table 3.

The FILs with the tricyanomethanide anion were less viscous than
the ones incorporating the NTf,™ anion, but the viscosity difference
decreases upon elongation of the fluorinated side chain. For the AlLs a

Wavelength of the maximum absorption A ,,,x of the two solvatochromic dyes in the pure ionic liquids and corresponding transition energies.

Tonic liquid Reichardt’s Dye Nile Red
Amax [nm] Er(30) [kJ mol '] E1(30) [keal mol '] Amax [nm] Enr [kJ mol 1]

[P(oct)sRes] [NTf,] 637.6 187.6 44.8 548.2 218.2
[P(oct)sRgs] [NTf,] 633.4 188.9 45.1 548.2 218.2
[P(oct)sRys] [NTf,] 632.4 189.2 45.2 547.6 218.4
[P(oct)3Ra] [C(CN)s] 638.0 187.5 44.8 550.4 217.3
[P(oct)sR] [C(CN)5] 633.4 188.9 45.1 549.6 217.6
[P(oct)3Rgs] [C(CN)s] 627.9 190.5 45.5 549.1 217.8
[P(oct)shex] [NTf,] 648.9 184.4 44.1 548.3 218.2
[P(oct)4] [NTf,] 650.3 184.0 44.0 548.0 218.3
[P(oct)sdec] [NTf5] 652.7 183.3 43.8 547.6 218.4
[P(oct)shex] [N(CN)>] 647.5 184.7 44.2 550.9 217.2
[P(oct)4] [N(CN),] 648.7 184.4 44.1 550.5 217.3
[P(oct)sdec] [N(CN)2] 649.9 184.1 44.0 550.1 217.5
[P(oct)shex] [C(CN)s] 649.7 184.1 44.0 552.5 216.5
[P(oct)4] [C(CN)s] 652.1 183.4 43.8 552.0 216.7
[P(oct)sdec] [C(CN)s] 654.3 182.8 43.7 551.4 217.0
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L Fig. 3. Progression of shear dependent viscosity with tem-
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Table 3 macroscopic properties [67,68]. The cohesion of the microstructured

Zero-shear viscosity n, at 25 °C and VFT equation fit parameters of the zero-shear visc-
osity data of the investigated ILs.

Tonic Liquid no [mPas] n. x 1072 [mPas] B [K] To [K]
[Ploc)sRes]  [NTHo] 862 11.62 117590 166.54
[P(oct)3R] [NTf,] 1051 9.11 1178.77 172.24
[Ploct)sRis]  [NTH] 1368 2.01 1579.07 156.28
[P(oct)3Res] [C(CN);] 532 16.01 962.34 179.38
[P(oct)sRs] [C(CN)3] 944 14.19 1039.73  179.98
[P(oct)3Rgs] [C(CN);] 1367 1.202 1090.92  181.30
[P(oct)shex]  [NTf,] 261 12.00 937.03 176.18
[P(oct),4] [NTf,] 216 10.07 986.98 169.48
[P(oct)sdec]  [NTf,] 196 11.87 1635.59 129.88
[P(oct)zhex] [N(CN),] 240 8.78 1079.67 161.66
[P(oct),4] [N(CN),] 247 3.06 1448.58 137.24
[P(oct)sdec]  [N(CN)2] 290 271 1410.53 146.14
[P(oct)shex] [C(CN)3] 126 4.27 1190.55 149.33
[P(oct)4] [C(CN)3] 156 5:25 1178.74 150.84
[P(oct)sdec] [C(CN)3] 167 6.02 1091.36  160.50

decrease in viscosity from hexyl to decyl side chain was found for the
[NTf,] ILs while for those incorporating the N(CN),  and C(CN)3~
anions an increase was observed. Literature reports about alkylated
trioctylammonium ionic liquids explained a similar non-linear behavior
with packing effects in the bulk liquid [62]. This might also be the case
for these investigated phosphonium ILs as the NTf, ™ anion has a larger
molecular volume than the cyano-anions. Viscosity values at 25 °C of all
investigated alkyl ILs are comparably low especially as these com-
pounds have comparable high molecular weights. The low viscosity
along with highly hydrophobic character of the alkylated ILs makes
these anion-cations combinations highly attractive for practical appli-
cations. The findings of the shear-thinning properties and higher overall
viscosities of the fluorinated ILs can be rationalized with the formation
of cohesive aggregates in the bulk state of the ILs. The formation of a
third domain, beside polar ionic and non-polar alkyl domains that is a
common finding in the field of ILs [63], consisting of the aggregated
perfluorinated chains in the bulk, driven by fluorophilic/solvophobic
interactions, was also reported for other ILs with perfluoroalkyl-groups
[64-66].

These systems were found to show self-assembled nanostructures
through the partial immiscibility and solvophobic interactions of the
molecular fragments [63] that have a great influence on the
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aggregates composed of fluorinated chains is more pronounced the
longer the perfluorocarbon segments because of increased homogenous
interaction in the fluorinated domains and solvophobic heterogeneous
interactions with ionic and alkyl groups. This leads to more cohesive
fluorous domains that result in an increased zero-shear viscosity values
in the investigated FILs. Similar results of shear thinning ILs were found
to be the result of cohesion from pronounced bulk-structuring through
hydrogen-bonding in hydrophilic ILs [69,70]. Upon temperature in-
crease the shear thinning is much less pronounced which is believed to
be the result of partial mixing between the perfluorinated and alkyl-
groups leading to a lower amount of shear thinning. This is further
supported by the finding that increasing the fluorinated side chain
length leads to a higher degree of shear thinning and higher tempera-
tures at which shear thinning vanishes. These microscopic mixing ef-
fects are similar to the macroscopic thermoregulated mixing behavior
between perfluorocarbon and common hydrocarbon solvents forming
biphasic liquid-liquids systems at lower temperatures and a homo-
genous mixture at elevated temperatures [71].

3.2. Wetting analyses: contact angle measurements and motion behaviors

Many practical applications of ionic liquids incorporate some types
of surfaces, while the solid-liquids interface is probably one of the most
important. It is therefore important to analyze the wetting and adhesion
behavior and the factors that determine them for optimize the wetting
of surfaces by this highly tunable solvents for specific tasks [72]. As
illustrated in our previous studies [47,73] different parameters such as
the interactions between the liquid and the surface, the polarity and the
viscosity affect the wetting situation on a surface, whereby the greatest
influence was found to result from incorporation and length of per-
fluorinated chains in the cation. The water contact angle measurements
resulted in a contact angle range from = 90° to = 115°, which is the
typical contact angle range of perfluorooctylsiloxane coatings
[33,34,74]. All determined contact angles with ionic liquids as test li-
quids were found to be considerably smaller, which is the result of the
lower liquid-vapor surface tension affecting the force balance as well as
the observed contact angle. Furthermore, a strong pinning of the triple
line at the uphill side was clearly recognizable. Examples for different
drop shapes and contact angle measurements with the inclining-plate
technique can be found within the supporting information Figs.

96



2. Main Part

D. Rauber et al.

Table 4

Colloids and Surfaces A 537 (2018) 116-125

Results for the determination of the static downhill 8, .(¢) and static uphill 0, .(¢) angles as well as the critical inclination for the downhill ¢4 and uphill side @4 with the HPDSA

procedure on a hydrophobic modified silicon surface.

Test liquid O4.(p) ['] @a [’] Oue(@) '] ou '] 46 [°]
H,0 1069 *+ 0.9 95l ®: 133 9.4 = 1.5 101 % 2.3 105 % 0.9
[P(oct)3Res] [NTf,] 56.5 = 1.0 29 += 04 294 = 15 127 £ 1.1 27.2 = 0.6
[P(oct)3R] [NTf,] 48.8 = 0.8 25 E£10:5 248 = 1.2 10.2 = 0.7 241 * 1.8
[P(oct)3Rgs] [NTf,] 44.8 = 09 2.8 * 0.6 21:3 ‘%= 319 16.6 + 1.7 282 + 41
[P(oct)zhex] [NTf5] 64.2 = 0.5 3.4 * 0.2 424 = 1.1 17.9 + 0.4 218 = 14
[P(oct)4] [NTf,] 65.2 = 0.5 3/4 03 431 = 14 181 x 0.9 221 % 1.9
[P(oct)sdec] [NTf5] 67.0 = 0.5 22 £ 05 449 & 0.9 15.5 = 0.7 222 = 05
[P(oct)3Re] [C(CN)s] 545 + 1.3 1.7 = 0.4 35.9 + 09 10.6 = 0.8 186 + 1.3
[P(oct)sR] [C(CN)5] 52.8 = 0.5 3.0 £ 0.3 16.7 + 4.5 171 £ 1.3 36.2 = 45
[P(oct)3Rgs] [C(CN)3] 48.1 = 0.7 25 + 0.6 175+ 38 16.8 + 1.2 30.6 + 3.7
[P(oct)shex] [C(CN)s] 68.0 = 0.3 20 * 04 45.5 = 0.7 15.2 = 0.6 224 = 08
[P(oct)4] [C(CN)5] 68.6 = 0.9 29 * 04 45.6 = 1.2 16.2 + 0.8 2810 = 1.9,
[P(oct)sdec] [C(CN)s] 71.3 = 0.4 3.2 =05 47.5 + 1.2 18.1 = 0.7 238 = 1.3;
120 Fig. 4. Measured static downhill 64.(¢) and uphill 6, .(¢)
a') e Static downhill angle [P(0ct)y(CHy),(CF,),FIINTE] b') 120 e Static downhill angle [P(oct)y(CH,),(CF,),FIIC(CN),) angles with standard deviations from contact angle mea-
s Static uphill angle [P(oct)s(CH,),(CF,),FIINTF,] vt Static uphill angle [P(0ct)s(CH),(CF.),FILC(CN);] surements with water and ionic liquids in dependence on the
100 v+ Static downhill angle [P(oct);(CH,) HI[NTF,] 100 §rex Static downhill angle [P(oct)(CH,)H]IC(CN);] degree of fluorination and on the number of C atoms in the
e Static uphill angle [P(oct)s(CH,), H]INTF,] e Static uphill angle [P(oct)s(CH,),H][C(CN);] side chain of the cation with a.) NTf,~ as anion and b.)
80 4 80 C(CN);~ as anion. The C number “0” refers to the contact
= o . - ° angle measurements with water as test liquid.
o~ o _—
S e0f : {11 E eo
S . . N . .
< : < s o @
o o
40 . 4 40 g
. z
20 | i 1 20 x
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S$80-S83. As highly non-axisymmetric drop shapes with uphill contact
angles down to nearly 0° are observed, the high-precision drop shape
analysis' approach was used, which guaranties a reproducible and
comparable analysis of these highly non-axisymmetric systems. The
results are summarized in Table 4 and illustrated in Fig. 4.

All investigated ionic liquids exhibited small critical inclination
angles (inclination angles at which the first drop motion occurs) on the
downhill side (¢4 < 3.4°) but relative large critical inclination angles
on the uphill side (¢, = 10.2°). In accordance to our previous studies
[47,73], the attached alkyl side-chain lengths had considerably less
influence on the contact angles than the length of the attached per-
fluorocarbon chain. This is represented by the static downhill- 64 .(¢)
and uphill angles 6,.(¢) that are very similar for a series of AlLs

Table 5

containing the same cation. The occurrence of this effect can mainly be
attributed to the altered structure of the FILs at the interfaces were
perfluorocarbon segments are reported to lead to lower surface energies
[16,67] and layers at the solid-liquid interface [24].

The analysis and characterization of dynamic wetting properties is
often of major importance for many applications where liquid inter-
faces are involved for example in microfluidics, electrochemical appli-
cations, lubrication or tribology as well as friction examinations. In
contrast to the static wetting analyses, strong pinning effects such as at
the uphill side with contact angle down to nearly 0° can only be in-
vestigated if the whole inclination angle range is taken into account.
For example, the drain-off behavior of droplets cannot be characterized
by the critical inclination angles ¢4, because these inclination angles

Overview about the results of the overall curve shape analysis by Gompertzian fitting according to Eq. (3) to identify the contact angle/inclination angle pairs 64./¢q4, with lowest
standard deviation on a hydrophobic modified silicon surface. 0,4, and ¢4, denote the limits of the fitting range for the contact angle and inclination angle on the uphill and downhill

side.
Test liquid 64 = 04 ['] @a ] OLa * 01a ['] ¢ra [’ 0y = 0, ['] @u ] O * 0y ['] Pru ']
H,0 104.3 = 0.3 3.7 109.3 + 0.4 121 95.9"% 1.5 9.2 93.2 % 1.6 14.3
[P(oct)sRs] [NTf>] 60.8 = 0.7 9:7 62.9 = 0.7 14.8 52.6 = 1.4 0.0 8.8 = 3.6 21.8
[P(oct)sR] [NTf,] 51.8 = 0.3 6.2 52.3 = 04 9.0 415 * 0.5 Sl 0.8 = 0.9 19.0
[P(oct)3Rgs] [NTf,] 46.0 = 0.1 0.0 59.9 = 0.2 17.9 26.3 = 0.1 11.0 3131 07 24.3
[P(oct)shex] [NTf,] 65:5 % 0.3 19.9 65:5 + 0.3 19.3 61.9 = 0.3 0.0 325 +: 21 29.2
[P(oct),] [NTf,] 66.5 = 0.2 28.1 66.5 = 0.2 18.8 53.1 = 0.6 10.2 34.6 = 0.9 28.0
[P(oct)sdec] [NTf] 66.3 + 0.2 6.4 68.7 = 0.1 139 58.3 = 0.2 8.5 36.6 = 0.2 21.9
[P(oct)3Res] [C(CN)3] 535 £ 1.1 0.0 59.6 = 1.9 13.0 229 * 0.6 18.9 23.0 = 0.6 18.8
[P(oct)sRs] [C(CN)s] 55.7 + 0.6 6.8 62.7 * 1.0 19.2 289 = 1.0 10.3 2921 26.3
[P(oct)sRgs] [C(CN)3] 47.1 = 0.6 1.2 60.8 = 1.0 19.6 40.9 = 0.5 3.9 0.6 = 0.6 28.2
[P(oct)shex] [C(CN)3] 69.5 = 0.2 6.0 70{1 x 103 14.2 45.0 = 0.2 16.0 39.6 = 0.4 22.0
[P(oct)4] [C(CN)s] 67.2 = 09 0.3 70.3 = 09 17.6 65.3 = 0.7 1.8 37.8 £ 24 24.4
[P(oct)sdec] [C(CN)s] 68.9 + 0.4 6.6 69.7 + 0.5 15.9 56.7 = 0.1 7.9 39.3 + 09 22.4
122
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Summary of the averaged data from the Gompertzian fitting following Eq. (3) for the downhill and uphill angle of the AILs, FILs and water as test liquids on the hydrophobic modified

silicon surface.

Downhill angle

Uphill angle

Test liquid Oupe [°] AT ke | O [°] Al kY Qanipe [°]
H,0 101.53 10.58 0.183 5.14 104.67 -13.12 0.121 -6.37
[P(oct)sRes] [NTF,] 47.96 17.82 0.122 0.588 61.25 ~106.08 0.058 -15.78
[P(oc)sRye] [NT£,] 45.88 6.52 0.582 2.04 47.02 —69.38 0.115 -11.19
[P(oct)sRys] [NTF,] 43.76 18.29 0.157 4.68 46.92 —58.84 0.094 —11.47
[P(oct)shex] [NTF,] 62.31 3.17 0.482 1.95 63.26 ~38.10 0.095 12.82
[P(oct)s] [NTF,] 63.46 2.98 0.458 -2.01 66.27 —41.08 0.083 11.77
[P(oct)sdec] [NTF,] 63.54 5.31 0.307 1.85 63.26 -33.59 0.145 11.74
[P(oct)sRpa] [C(CN)s] 53.08 6.82 0.319 -321 56.26 —45.74 0.111 8.54
[P(oct)sRre] [C(CN)5] 46.39 19.39 0.116 4.08 54.48 -71.97 0.083 11.78
[P(oct)sRps] [C(CN)3] 44.25 20.82 0.117 7.05 48.21 —54.34 0.103 10.61
[P(oct)shex] [C(CN)3] 67.41 2.69 0.530 3.10 67.41 -32.11 0.139 8.66
[P(oct),] [C(CN)5] 66.26 4.07 0.337 1.31 68.82 —38.80 0.105 10.13
[P(oct)sdec] [C(CN)3] 65.26 4.48 0.343 2.01 65.35 -30.21 0.148 9.44

only indicate the point when the drop motion starts, but do not contain
information on the process and velocity of the drop motion and do not
indicate a complete roll-off of the droplet. To analyze the dynamic
wetting properties, the overall curve shape analysis by Gompertzian fit-
tings was used to characterize the dynamic wetting behavior. The
corresponding figures can be found within the supporting information
Figs. S84-S87. The results of the overall curve shape analysis are
summarized in Tables 5 and 6.

The reader should not be confused by the contact angle/inclination
angle pairs in Table 5. They do not necessarily describe a “good wet-
table” or “bad wettable” surface but only indicate the value of the
highest statistical certainty and the range, where the standard devia-
tions of measurements was the lowest and can significantly vary from
the static downhill and uphill angles. For example, the downhill angle
with lowest standard deviation 6, for [P(oct)4][NTf,] with 66.5° is lo-
cated at an inclination angle of 28.1° whereas the static downhill angle
64, with 65.2° is located at an inclination angle of 3.4°. Another benefit
of the curve shape analysis is the correlation of the fitting parameters A
(Amplitude of the contact angles = difference between the theoretical
smallest and largest contact angle) and k (rate constant of the data
points) with the pinning behavior on the surface. These parameters
determine the course of the averaged Gompertzian functions. This
means that weak pinning results in small amplitudes A and large rate
constants k, whereas strong pinning results in large amplitudes A and
small rate constants k of the data points (Table 6).

As illustrated in Table 6, the elongation of the side-chain length or
varying the anion does not significantly affect the A-values and k-values
of the investigated ILs. A much larger influence results from the in-
troduction of perfluorinated side-chains that lead to stronger pinning as
expressed by larger amplitudes A and smaller rate constants k of the
FILs in comparison to the alkylated ILs. This finding is in accordance to
our previous studies that especially the fluorination of the IL cation
considerably affects the dynamic wetting behavior on the investigated
surfaces leading to lower contact angles and higher degree of pinning
[47,73]. Concerning the analysis of the trend in k and A values for the
increasing side-chain length additional experimental results and the
analysis of additional parameters like the shift parameters and the
maximal gradient of Gompertzian function are proposed.

4. Conclusion

We synthesized a series of novel trioctylphosphonium ionic liquids
with perfluoroalkyl side chains paired with NTf,”, N(CN),~ and
C(CN)3~ anions and compared their physicochemical properties to the
non-fluorinated analogues with hydrocarbon segments of same chain
length. The FILs were found to have a more diverse phase transition
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behavior and highly anion dependent thermal stability. Their polarity
determined by solvatochromic probes varies only slightly with in-
creasing perfluoroalkyl-part and in comparison to the AlLs.
Furthermore the FILs showed altered flow properties including shear
thinning and much higher overall viscosities. The dynamic wetting
behavior of the highly non-symmetrical droplets on a hydrophobic
surface was analyzed by the high-precision drop shape analysis (HPDSA)
approach. It was found that the FILs show an altered wetting behavior
resulting in lower values for the static uphill and downbhill angles and
stronger pinning to the surface. The wetting behavior was found to be
mainly correlated with the degree of fluorination of the cation rather
than the incorporated anion, polarity or viscosity which is in ac-
cordance to our previous studies [47,73]. The introduction of per-
fluorinated side chains into IL is therefore an easy accessible way for the
tuning of surface properties and wetting behavior of these neoteric
solvents when solid-liquid interfaces are included which is the case and
critical for a broad range of scientific and industrial applications [75].
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Keywords: In this study, a series of 1-alkyl-3-methylimidazolium ionic liquids with bis(nonafluorobutylsulfonyl)imide anion
Ionic liquids contact angle ([NNf,]-anion) was synthesized. Their physicochemical properties and surface behaviours were analysed and
Wetting ) compared to the widely used 1-alkyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imides ([NTf,]-anion)
Perfluoroalkyl-substituents ionic liquids. For the [NNf,]-ionic liquids, a dominating influence of the anion on physical properties such as
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Receding angle
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thermal transitions, viscosity and polarity than the [NTf,]-IL was observed. With the high-precision drop shape
analysis (HPDSA) approach static and dynamic wetting behaviours on both hydrophilic and hydrophobic sub-
strates were characterised and compared to water and imidazolium ionic liquids with perfluoroalkyl-bearing
cations. The [NNf,]-ionic liquids exhibited only minor differences of their static wetting properties, but showed
noticeable differences of their dynamic wetting properties. It is shown that the wetting properties strongly
depend on the degree and position of the fluorous side chain (for both in the cation and anion), but only slightly
depend on the elongation of the alkyl side chain.
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T

5 F 1. Synthesis of the 1-alkyl-3-methylimida-
CZ CZ /O MeCN o zolium  bis(nonafluorobutylsulfonyl)imide [MIM]
NH,Cl + 2.2 Fac’ ~e” \S/\F + 5EN ——m [EtsNH][NNf,]  92% [NNf,] ionic liquids according to [19] via anion ex-
Fy 6 -78°C -> 65°C, 16 h change reaction of the bromide IL and potassium bis
(nonafluorobutylsulfonyl)imide.
H,0
[EtzNH]J[NNf,] + KOH [K]INNf;] 95% Nf: -SO,(CF;)3CF3
H,0/ CH,Cl, \N&ﬁﬁ, 0o _o0
~ /§+ﬁ - 1:1 \—/ §-N-¢
[KINNf] + 1.05 N "N /R Br o FIF2C)™ Yy & (CFF
98-99%
[EMIM]: n=1 [HMIM]: n=5
[PrMIM]: n=2 [OMIM]: n=7
[BMIM]: n=3 [DMIM]: n=9
[PeMIM]: n =4

1. Introduction

Tonic liquids (IL) are organic salts with melting points below 100 °C.
They have attracted a significant increase of interest over the past two
decades in many scientific disciplines such as chemistry, physics,
electrical engineering and materials science [1-5]. This is mainly due to
their unique and custom properties such as nonvolatility, non-in-
flammability, intrinsic conductivity along with their wide thermal and
electrochemical stability. Furthermore, they offer the possibility to
design entirely new and more environmental friendly processes in the
context of sustainable chemistry [6]. Many applications of ionic liquids
utilize unique surface characteristics of these chemicals [7,8]. Thus,
analysing and modifying interfacial properties of ionic liquids is es-
sential for their successful application [9]. The introduction of per-
fluorinated alkyl chains (fluorous ionic liquids, FIL) into the cation
(cationic FIL) or the anion (anionic FIL) is one promising possibility to
manipulate the physical and chemical properties of these liquids
[10,11]. Example of FIL applications include gas separation [12], use as
surfactants [13], solvents for multi-phase catalysis [14], phase-transfer-
catalysts [15], liquid crystals [16,17] or artificial blood substituents
[18].

In this study, we synthesized rarely studied anionic FIL, which are
based on the fluorous bis(nonafluorobutylsulfonyl)imide ([NNf,])
anion in combination with methyl-imidazolium ([MIM]) cations
[19,20]. IL with perfluoroalkyl-anions exhibit some unique properties
such as strongly enhanced hydrophobicity [21], gas solubility [22],
reduced friction coefficients [23] and high surface activity [24]. Similar
to our previous work [25], important physical properties were in-
vestigated and compared to the corresponding cationic FIL and non-
fluorinated IL. [NNf,]-IL exhibited high thermal stability and wide li-
quid range; they were also less polar than the corresponding widely
applied bis(trifluoromethanesulfonyl)imide anion ([NTf,]) based IL and
had moderate viscosities. To characterize the wetting behaviour, con-
tact angle measurements using the inclining plate technique were
performed and analysed using the high-precision drop shape analysis
(HPDSA) approach and statistical contact angle analysis [46,47]. Ionic
liquids are rarely used as contact angle test liquids [26,27] although
there is a strong potential due to their simple fabrication, low vapour
pressure, high purity, poor solubility in water and possibility for simple
chemical modifications to control and adjust e.g. surface tension
[28-30]. The results illustrate that the properties of the test liquids (e.g.
viscosity and polarity) as a function of the chain lengths and degree of
fluorination strongly influence the wetting behaviour on a surface. Our
results emphasize the possibility to readily modify the surface beha-
viour of ionic liquids via introduction of perfluorinated chains. Using
this approach, it is possible to fine- tune the abilities of IL for different
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uses involving solid- liquid- interfaces to ensure optimal wetting be-
haviour and achieve higher performance. Furthermore, IL with per-
fluoroalkyl anions show higher degree of hydrophobicity and may
therefore be used in a broad range of potential applications; for ex-
ample for blending with other IL [31], for selective extraction [32] or
solution as well as separation of gases [18].

2. Experimental
2.1. Materials

Details on the reagents, synthesis protocols and characterization of
the used anionic FIL are described in the supporting information [72].
The two solvatochromic dyes Reichardt’s Dye (90%) and Nile Red
(technical grade), were purchased from Sigma Aldrich (Steinheim,
Germany) and used without further purification.

2.2. Synthesis of the 1-alkyl-3-methylimidazolium bis
(nonafluorobutylsulfonylDimide ionic liquids

The seven investigated 1-alkyl-3-methylimidazolium bis(nona-
fluorobutylsulfonyl)imide IL were synthesized according to [19] from
the corresponding bromide IL via anion exchange reaction using the
slightly modified protocol illustrated in Scheme 1. The purity of the
[NNf,]-IL was confirmed by multinuclear NMR-spectroscopy, Karl-Fi-
scher titration and electrospray ionization-mass spectrometry (ESI-MS).

2.3. Physical properties

2.3.1. Phase transition-, melting- and decomposition-temperatures

Phase transition and melting points were measured on a DSC 1
STARe System (Mettler Toledo, Gief3en, Germany) equipped with a li-
quid nitrogen cooling system using precisely weighted samples of about
10 mg in hermetically sealed Al-crucibles. The temperature program
started with a cooling rate of —1 °C/min from 25 °C to —120 °C fol-
lowed by a 10 min isothermal step and a dynamic segment from
—120 °C to 80 °C with heating rate of 1 °C/min. All experiments were
performed at least 3-fold to ensure the correct determination of the
phase transition and melting points independent from thermal history.
Thermogravimetric analyses were performed on a TGA/DSC 1 STARe
System (Mettler Toledo, Gie3en, Germany) using approximately 10 mg
sample in Al,O3 crucibles. The temperature program increased from
30 °C to 550 °C with heating rate of 10 °C/min under nitrogen gas flow
of 25 mL/min. The melting- and decomposition- temperatures were
determined as extrapolated onset temperatures.
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2.3.2. Polarity

Measurements of the relative polarity were performed with the
commonly used two solvatochromic dyes Reichardt’s betaine Dye [33]
and Nile Red [34], which are widely applied for empirical determina-
tion of polarities in liquid systems because they display large solvato-
chromic shifts [35,36]. The adaption of theses dyes to IL was based on
their successful application to a broad range of different anions and
cations [37-39]. The UV/Vis spectra were recorded on an UV SPECORD
210 Plus (Analytic Jena, Jena, Germany) spectrometer using a quartz
cuvette with path length of 0.1 cm in a thermostated cell at 25 °C. The
samples [EMIM][NNf,] and [DMIM][NNf,] were measured in super-
cooled state, which was possible because of strongly suppressed crys-
tallization, as is common for most ionic liquids. The samples were
prepared by adding a solution of the dye in dichloromethane to the pure
ionic liquids, stirring until a homogenous phase was observed, eva-
porating of the solvent and drying in vacuum at ambient temperature
under stirring conditions for 2d. All polarity measurements were per-
formed at least ten times and results averaged. The corresponding
E(30) (for Reichardt’s Dye) and Eyg-values (for Nile Red) were cal-
culated from the maximum of the absorbance band A of the dyes
dissolved in the IL by means of equation 1 (with h the Planck constant, ¢
the speed of light and N, Avogadro’s number)

_ _hcNy

" Amax-10° eql

For better comparison with literature results, the E;(30)-values are also
reported in more commonly used kcal mol ™! units.

2.3.3. Viscosity

Shear controlled viscosities were measured on an MCR 301 (Anton
Paar, Graz, Austria) Rheometer using a cone-plate geometry with cone
diameter of 50 mm and cone angle of 1.008°. The applied shear rates
were increased linearly from 5s~' to 150 s~ '. Viscosities were re-
ported starting from 25 °C and then varied from 30 °C to 100 °C in 10 °C
intervals. The temperature was allowed to equilibrate for at least
25min before each measurement with a maximum derivation
of = 0.1°C.

2.3.4. Crystal structure

The crystal structure of [DMIM][NNf,] was obtained using a sui-
table single crystal, which was generated by drying a solution in di-
chloromethane under a stream of water-free nitrogen. The data set was
recorded on an AXS X8 Apex 2 (Bruker, Billerica, USA) at —143°C
using the Mo-K, radiation from 1.052° to 26.511° Theta range col-
lecting 64277 reflexes in total. Data refinement was done with full-
matrix least-squares on F2-method. Final R-index using anisotropic re-
finements of hydrogen atoms with SHELX [40] resulted in
R1 = 0.0847.

2.4. Wettability and contact angle analyses

For characterization of the wetting behaviour, contact angle mea-
surements were performed with the synthesized ionic liquids and
compared to results of water contact angle measurements. Therefore,
two types of surfaces (hydrophobic 90° < 0,, < 130" and hydrophilic
30° = 0,, = 90°) were used as substrates to cover a wide range of
contact angles. The hydrophobic surface was prepared by vapour de-
position as described previously [41,42] using 1H,1H1,2H,2H-per-
fluorooctyltrichlorosilane (FOTCS) (Sigma Aldrich, used as received).
For the hydrophilic surface, an aged silicon wafer p-type 100 (Micro-
Chemicals, Ulm, Germany) covered with its native oxide was used
without further purification. The contact angle measurements were
performed while continuously inclining the sample surfaces with an
angular speed of ¢ = 0.57°/s (inclining-plate technique), using an
OCA20 measuring system (Dataphysics, Filderstadt, Germany). During
the experiment, 0.03 mL ultra-pure water (Milli-Q" Type 1 ultrapure
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water system, Merck KGaA, Darmstadt, Germany) and 0.03 mL ionic
liquid droplets at temperature of 30.0 °C * 0.2 °C and under saturated
vapour atmosphere of the test liquid (closed measuring chamber with
definable measuring positions) were video recorded with a frame rate
of 25 frames/s. Due to different force distributions between horizontal
and inclined measuring setup (different positions of the centres of
gravity) [43,44], the advancing angles are denoted as downhill angles
04(¢p), which are measured at the front edge of the drop. The receding
angles are denoted as uphill angles 0,(¢p,) which are measured at the
back edge of the drop. The static and dynamic contact angle analyses
were performed using the high-precision drop shape analysis (HPDSA®)
approach. This approach was developed to be able to describe and
analyse highly non-axisymmetric droplets, in particular during dynamic
contact angle measurements with high local precision and resolution,
which is not possible with commercial contact angle analysis software.
Detailed description of the HPDSA-procedure can be found in literature
[45-47]. Thereby, the static wetting analyses were performed by de-
termine the contact angle hysteresis CAH 46 = 64, — 6, = 0, which
is the difference between the static advancing/downhill (wetting new
surface) and static receding/uphill (formerly wetted surface) contact
angle. Therefore, the boundary points Xp;, (correspond to the triple
points in the 2D projection) were calculated in subpixel resolution (in
the range of 0.05 pixels) and the shift of the boundary points AXj,
were estimated to identify the static downhill and uphill angles by
taking the characteristic contact angle just before the contact line
moved to formerly non-wetted area (static downhill angle 04.(¢)), re-
spectively retracted to formerly wetted area (static uphill angle 6, .(¢)).
An example of the procedure is illustrated within supporting informa-
tion [72] Figure I in Supplementary material. The dynamic wetting
analyses were performed by using the recently introduced overall curve
shape analysis [46,47,71] by fitting of a Gompertzian function [48,49]
onto the course of contact angles 6,,(p) relative to the inclination
angle @. This procedure is able to visualize the overall contact angle
behaviour from a large amount of data (= 6000 images/contact angles
per measurement//overall =~ 45000 images/contact angles considered
for the wetting analyses) with only four fitting parameters and to
characterize the wettability of the surface by determine specific contact
angles with lowest standard deviation. Additionally, a so-called “re-
sidual analysis” can be performed by subtracting the individual Gom-
pertzian function from the measured course of contact angles. An ex-
ample of a Gompertzian fitting is illustrated within the supporting
information [72] Figure II in Supplementary material.

3. Results and discussion
3.1. Thermal properties

Phase transition, melting and decomposition temperatures of the
investigated IL are summarized in Table 1. Only [EMIM][NNf,] and
[DMIM][NNf,] had melting points slightly above room temperature,
which could remain in supercooled state for several days until crys-
tallization occurred. The length of the alkyl side chain for the [MIM]
[NNf,] had only a minor influence on the melting points. The pro-
gression of the melting points with increasing alkyl side chain length
showed a decrease from [EMIM][NNf,] to [BMIM][NNf,], which had
the lowest melting point of the investigated [NNf,]-IL followed again by
increasing melting points. The DSC traces of the bis(nona-
fluorobutylsulfonyl)-imide IL are shown in Fig. 1.

All of the investigated IL exhibited sharp crystallization, phase
transition and melting peaks in the DSC trace and no glass transition
points. This behaviour is significantly different from that observed for
the commonly used [NTf,]-anion based 1-alkyl-3-methyl imidazolium

3 M. Schmitt, HPDSA program package (beta version), DOI:10.13140/RG.2.1.1973.
4805
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Table 1
Phase transition (Tyqns), melting (T,) and decomposition temperatures (T), corre-
sponding enthalpies (AHyyqns and AH, ,s) and liquid range of the investigated [NNf]-IL.

Tonic liquid Terans  AHyops T AHp, fus Ta liquid range
[’cl [kimol™'] [C] [kImol™'] [C] [C]

[EMIM] [NNf,] 1 3.32 27 10.26 395 368

[PrMIM][NNf,] 13 6.51 16 11.84 396 380

[BMIM] [NNf,] - - 11 9.79 395 384

[PeMIM][NNf,] =32 9.27 17 11.64 394 377

[HMIM][NNf,] —-49 837 16 11.98 395 379

[OMIM] [NNf,] —58 9.20 21 13.73 391 370

[DMIM] [NNf,] —-40 7.67 28 16.22 397 369

exo

[DMIM][NN,] V

[OMIM][NNfzw'
(HMIMIINNE ]

[PeMIMJINN,] ‘
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-
-
]
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Fig. 1. DSC heating traces of the [NNf,]-ionic liquids observed at a heating rate of 1 °C/
min showing only melting points and additional phase transitions in the solid state.

IL, which showed no phase transition temperatures in solid state while
some of them exhibited only glass transition points. For example,
[EMIM][NTf,] has a melting point of —18 °C [50], which is lower than
[BMIM][NTf,] at —4 °C. [OMIM][NTf,] is reported to have only a glass
transition point at —80 °C with the lowest solidification temperature
[501, while [DMIM][NTf,] again shows a melting point of 6 °C [25]. In
the [NNf,]-IL the anion had a greater influence on the melting
points than seen for the more common [NTf,]-IL, where the effect
of the alkyl side chain length was more strongly pronounced. The
molar enthalpies of melting AH,, s for the ionic liquids with [NNf,]-
anion were all in the same range, with [BMIM][NNf,] having the
lowest and [DMIM][NNf,] the highest values. This situation is
different for the corresponding [NTf,]-based IL (AHy, fus [EMIM][NTf,]
= 24.8kJ mol™! [50]; AHp, s [BMIM][NTE,] = 22.43 kJ mol ™! [51];
AHy, s [HMIM][NTf,] = 4.6 kJ mol ! [50]). All of the investigated
samples, except [BMIM][NNf,], showed a phase transition in the
crystalline state. The observed endothermic phase transitions in the
solid state of one [NNf,] ionic liquid with ammonium cation was also
reported in the literature [52], where these peaks were defined as so-
lid-solid transitions. The smallest temperature difference between
phase transition and melting was observed for [PrMIM][NNf,] with
only 3 °C; the highest for [OMIM][NNf,] at 79 °C. All investigated IL
had high and nearly identical decomposition temperatures reaching
almost 400 °C. The TGA curves of the [NNf,]-IL are illustrated in Fig. 2.
The observed behaviour, i.e. decomposition is mainly dependent on the
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Fig. 2. TGA curves of the [NNf,]-based ionic liquids observed at a heating rate of 10 °C/
min showing similar decomposition temperatures that are independent of the attached
alkyl side chain.

chemical structure of the anion and independent of the alkyl side chain
length, a finding also observed for other imidazolium based IL [53]. All
decomposition temperatures of IL with [NNfy]-anion were slightly
lower than those of the dialkyl imidazolium IL incorporating the
[NTf,]-anion, where T; —values above 400 °C are reported [25,53].
The overall liquid range of the investigated IL with perfluoroalkyl an-
ions was quite high, although smaller than for [MIM][NTf,]-IL with
[BMIM][NNf,] having the value at 384 °C and [EMIM][NNf,] the
lowest at 368 °C.

3.2. Polarity measurements

The polarity of a liquid system is one of the important properties
because it gives preliminary information about the miscibility and in-
teractions with other compounds, which is crucial in many applications
such as the use of multiphasic systems or extraction processes.
Empirical determination of polarity values with solvatochromic dyes
gives insight into the molecular level of solvation, rather than using
macroscopic parameters such as relative permittivity, dipole moment or
refractive index [38]. Polarity values of ionic liquids are of particular
interest, because they allow comparison of these neoteric solvents with
classical molecular liquids [54]. The measured wavelength of the ab-
sorption maxima of the two dyes in the bulk IL and the corresponding
energies for the transition to the excited state are summarized in
Table 2. The measured transition energies with the negative solvato-
chromic Reichardt’s betaine dye showed a clear trend in polarity with
increasing alkyl side chain length. [EMIM][NNf,] exhibited the highest
polarity with an absorption maximum of 542.6 nm, while the decyl
substituted IL had the lowest polarity corresponding to a maximum
at 553.4 nm, showing an overall difference of 4.3 kJ mol 1. All
detected values were only slightly higher than those of the widely

Table 2
Wavelengths of the maximum absorption A, of the two solvatochromic dyes and cor-
responding transition energies in the pure ionic liquids with [NNf,]-anion.

Reichardt’s Dye Nile Red
Tonic liquid . — E(30) E4(30) p T Eng

[nm] [kJ mol ] [keal mol ] [nm] [kJ mol ']
[EMIM][NNf,] 542.6 220.5 52.7 539.4 221.6
[PrMIM] [NNf5] 545.7 219.2 52.4 541.6 220.9
[BMIM] [NNf5] 547.7 218.4 52.2 541.9 220.7
[PeMIM] [NNf5] 549.4 217.7 52.0 542.8 220.4
[HMIM] [NNf,] 551.9 216.8 51.8 543.1 220.3
[OMIM] [NNf,] 552.6 216.5 51.7 543.6 220.1
[DMIM][NNf5] 553.4 216.2 51.6 544.0 219.9
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used family of 1-alkyl-3-methyl imidazolium [NTf,]-IL, ranging
from E(30) = 52.6 kcal mol ™! for [EMIM][NTf,] [55] to Ex(30)
= 51.0 kcal mol ~! for [DMIM][NTf,] [56]. The measured Eyg-values
showed minor differences of only 1.7 kJ mol !, because of the lower
solvatochromic shift, which is an intrinsic characteristic of this dye. The
polarities measured with Nile Red displayed a similar trend to Reich-
ardt’s Dye, where the elongation of the alkyl chain leaded to a decrease
of polarity. Interestingly, the situation is different when comparing this
to the [NTf,]-liquid salts for the polarity measurements with Nile Red.
The measured wavelength of the absorption maxima ranged from
548.7 nm for [BMIM][NTf,] to 547.5 nm [37] for [DMIM][NTf,] [56],
exhibiting significant differences to the [NNf,]-IL and a consequently
greater influence of the anion. These results indicate that polarity
measurements for a comparison of the solvent behaviour of ionic li-
quids should be carried out using multiple probe molecules, to observe
a more complete picture of the interactions on a molecular level.

3.3. Rheological behaviour

The rheological properties of a liquid system are very important in
practical applications. In case of ionic liquids, viscosity is also related to
the conductivity and may give some insight into the numerous com-
peting interactions on a molecular level. For ionic liquids, these are
mainly the electrostatic Coulomb and van-der-Waals interactions, hy-
drogen bonds and other interionic interactions [57]. For the [NNf,]-IL
with perfluoroalkyl chains in the anion, a preferred interaction between
the fluorinated groups could also be considered, as it is observed in the
crystal structure (section 3.4). The formation of fluorous domains,
which can even lead to a tricontinous nanostructure, is a behaviour
previously reported for a series of ionic liquids with either perfluoro
groups in the cation or the anion [58,59]. These aggregation phe-
nomena in bulk IL are driven by the preferred interaction of the highly
lipophilic and hardly polarizable perfluorinated groups rather than the
interaction with alkyl chains or polar ionic parts of the molecules. The
viscosity dependence of the different IL with the [NNf,]-anion on
temperature is shown in Fig. 3. The plots of shear force and viscosity as
a function of the applied shear rate can be found in the supporting
information [72]. For the investigated bis(nonafluorobutylsulfonyl)
imide IL, the viscosities at 25 °C ranged from 365 mPa s for [PrMIM]
[NNf,] to 448 mPa s for [OMIM][NNf,] exhibiting an increase in
viscosity with elongation of the alkyl side group in the imidazolium
cation. All compounds showed an exponential decrease of viscosity
with temperature and only Newtonian behaviour with no time or shear
rate dependent flow in the investigated temperature and shear-rate
ranges. The investigated perfluorinated IL showed increased viscosities
when compared to the [NTf,]-IL, with values slightly larger than 300

450 —=— [EMIM][NN,]
400 —o— [PrMIM][NNT]
—4— [BMIM][NN,]
350
—v— [PeMIM][NNF,]
53 0 —— [HMIM][NN{,]
£ 250 —<— [OMIM][NNF,]
2 2001 —>— [DMIM]INNF]
8 150
> 100
50
0 T T T T T T T T
30 40 50 60 70 80 90 100
Temperature/ °C

Fig. 3. Viscosities of the [NNf,]-ionic liquids in dependence on the temperature showing
exponential decrease with temperature and increase upon elongation of the alkyl side
chain length.
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Table 3
Lattice parameters of [DMIM][NNf,].

Unit cell vector length
[A]

Unit cell angles

1

a = 20.250 a =90’
b = 10.3928 B = 107.040°
c = 32213 y =90°

mPa s. This indicates the high influence of the anion on viscosity,
whereas the increased viscosity for the [NNf,]-IL may result from the
formation of different domain structures on a nanoscale, such as alkyl,
fluorous and ionic domains with unbiased interactions between them.
Also, the relative stiffness and conformational inflexibility of per-
fluorinated alkyl groups [60] surely will contribute to the viscosity
increase.

3.4. Crystal structure of [DMIM][NNf,]

[DMIM][NNf,] crystallizes in a monoclinic crystal system with the
space group P2; with the lattice parameters given in Table 3.

All four independent anions are coordinated with the nitrogen atom
of one of the charge bearing imidazolium cores of the cations. In all
anions, the nonafluorobutylsulfonyl groups had a trans configuration,
which is also the by far most common geometry for [NTf,]-anions in the
crystal state [61]. Three of the decyl chains exhibited a cis configura-
tion of C, towards the C3 atom, while all fluorous chains showed a trans
configuration at each position of the chain. The favoured homogenous
interactions between the three molecular structures of different polarity
(ionic, perfluoroalkyl and alkyl) leads to a formation of differently
packed domains, which are visualized in Fig. 4.

The occurrence of layered structures in the crystal state was also
reported for other types of imidazolium IL [62]. The limited miscibility
of perfluorocarbon with hydrocarbon fragments is also known for some
IL in the liquid state, which leads to tricontinous nanostructures in the
bulk liquid [58,63,64] and is also observed in the crystalline state of the
triphilic [DMIM][NNf,] here.

3.5. Wetting analyses: contact angle measurements and motion behaviours

For the sake of clarity, the results of the contact angle analyses for
hydrophobic modified silicon surface are presented within the main
manuscript, whereas results of the contact angle analyses for the hy-
drophilic silicon surface are presented within the supporting informa-
tion [72]. In contrast to standard molecular test liquids, ionic liquids
are derived from organic cations and non-coordinating, highly deloca-
lized anions, which together form liquid salts with non-directed inter-
ionic interactions. That means the interionic interactions between the
liquid and the surface considerably affect the wetting situation on the
surface. As illustrated in [25], this effect was particularly pronounced
during the drop application of the cationic FIL. In the case of the an-
ionic FIL this effect was not noticeable. However, the motion beha-
viours of the droplets were significantly influenced by the ionic char-
acter of these liquids (Figures IV and V within the supporting
information [72]). The contact angle measurements with water as test
liquid (Figures IVa and Va in Supplementary material [72]) resulted in
a contact angle range between 90° to 115°, which proves the formation
of a perfluorooctylsiloxane coating on the surface as demonstrated in
previous studies [25,41,42]. In comparison, the contact angle range for
the anionic FIL was between 0° to 70° due to the smaller liquid-vapour
surface tension vy, and illustrated a very pronounced pinning at the
uphill side similar to the cationic FIL [25]. At this point, it should be
noted that the reproducible and comparable analysis of these highly
non-axisymmetric droplets with contact angles down to nearly 0° is
only possible with the Fast-Circle-Fitting implemented in the HPDSA
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Fig. 4. Orientation of the anion towards the imidazolium
core (left side) of the cation and the formation of three dif-
ferent domains through favoured homogenous interactions in
the unit cell (right side) in the crystal of [DMIM][NNf,].
Hydrogen atoms are omitted for clarity.

Table 4
Results for the determination of the static downhill 64 .(¢p) and static uphill 6, .(¢) angles
with the HPDSA procedure on the hydrophobic modified silicon surface.

Test liquid ~ Bg,c(¢p) Pa Ou.(9) Pu 46
|| 5 1 [’ [’
H,0 1084 + 12 86 = 1.1 991 + 1.3 7.5 = 1.3 9.3 % 07
[EMIM] 526 + 08 1.0 + 0.2 443 + 1.7 45 + 1.0 84 = 2.4
[NNf,]
[PrMIM] 505 £ 06 22+ 01 41.0 £ 09 51 =04 95 = 1.1
[NNf,]
[BMIM] 495 + 04 1.8 + 04 425 + 04 36 = 03 7.0 = 0.7
[NNf,]
[PeMIM] 476 = 09 1.3 + 04 400 + 1.1 44 + 02, 7.6 = 0.4
[NNf,]
[HMIM] 47.7 + 1.4 15 + 04 378 + 1.4 55 04 99 * 1.1
[NNf,]
[OMIM] 467 + 02 20 + 03 388 £ 04 43 + 04 7.9 * 05
[NNf,]

program. If the measurements with the ionic liquids were compared
regarding the influence of the chain lengths, it was observed that the
initial contact angles 6,4,(0°) only slightly decreased from 52° ([EMIM]
[NNf,]) to 44° ([OMIM][NNf,]). Furthermore, the range of the down-
hill angle (404 = 04(¢)max — 0a(®)min) increased with increasing chain
lengths in the cation from 2 to 8, which illustrated the influence of the
molecular structure, polarity and viscosity on the pinning behaviour. To
characterize pinning effects on the surface the contact angle hysteresis
CAH A0 = 04, — 6., = 0 were determined taking the characteristic
contact angle just before the contact line moved to formerly non-wetted
area (static downhill angle 64.(¢)), respectively retracted to formerly
wetted area (static uphill angle 6, .(¢)). The results are summarized in
Table 4.

All investigated anionic FIL exhibited small critical inclination an-
gles on the downhill (¢4 < 2.2°) and uphill (¢, < 5.5°) side and small
standard deviations. The static downhill 64.(¢) and uphill angles
6,..(p) only slightly increased, respectively decreased, if the chain
lengths increased from 2 to 8. This resulted in approximately the same
CAH for all investigated FIL. As a consequence, the variation of the alky
chain lengths of the anionic FIL had significantly less influence on the
static wetting properties in contrast to the variation of the degree of
fluorination, compared to the measurements with the cationic FIL [25],
as illustrated in Fig. 5.

Beside the static wetting characteristics, the characterisation of the
dynamic wetting properties is of major importance for many applica-
tions such as microfluidics, electrochemical applications, lubrication or
tribology and friction [65-70]. The strong pinning at the uphill side
down to contact angle of about 0° (Figures IV and V [72]) cannot be
investigated by only analysing the static wetting situation. For example,
the drain-off behaviour of droplets cannot be characterised by the cri-
tical inclination angles @4, because this inclination angles only indicate
the point when the drop motion starts, but do not contain any in-
formation on the process and velocity of the drop motion and do not
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Fig. 5. Measured static downhill 64.(¢) and uphill 6,.(¢) angles with standard devia-
tions from contact angle measurements with ionic liquids in dependence on the number of
C atoms in the side chain for the anionic FIL (black, this study), the cationic FIL (red, Ref.
[25]) and the non-fluorinated AIL (blue, Ref. [25]). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

indicate a complete roll-off of the droplet. But the characterisation and
understanding of these quantities can be crucial if dynamic wetting
processes are involved. Therefore, the overall curve shape analysis by
Gompertzian fittings was used to characterize the dynamic wetting be-
haviour. Contrary to the static wetting analyses, this approach also
considered the quasi-static and dynamic movement of the droplets
during the measurements so that e.g. strong pinning effects on the
uphill side (Figures IVb-1Vd, Figures Vb-Vd in Supplementary material
[72]) could be analysed, which resulted in an overall characterization
of the wettability of the surface. By averaging the data from the in-
dividual fittings (see supporting information [72], Tables I to XIV in
Supplementary material) the trend of the measurements can be re-
presented by an averaged Gompertzian function, which is able to char-
acterize the wetting behaviour from very large amount of contact angle
data (=6000 images contact angles per measurements) by only four
fitting parameters. An additional benefit of this procedure is the pos-
sibility to identify contact angles with smallest standard deviations 6y,
0,. The averaged Gompertzian function are illustrated within the sup-
porting information [72] in Figures VI and VII and represents the
average dynamic wetting situation on the hydrophobic modified silicon
surface with 0.03 mL droplets of the anionic FIL, respectively water as
test liquid. Due to the fact that Gompertzian functions start at minus
infinity [48,49], physically meaningful values are only obtainable
within the fitting range (0° < @44 < @rq)- If an inclining plate
experiment on ideal solid surface (chemically and physically
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Overview about the results of the overall curve shape analysis by Gompertzian fitting to identify the contact angle/inclination angle pairs 84,./@q,, with lowest standard deviation on a

hydrophobic modified silicon surface.

Test liquid 64 £ 04 Pa 64 = O Pra £ Oy Pu O £ 0y Pru
1 [ [l 1 1 [ [l [l
H,0 105.6 = 0.4 2.6 110:1 &= 0:5 10.7 98.6 = 1.2 8.6 96.1. = 1.3 13.8
[EMIM] [NNf,] 52,7 i 0:6 0.1 56.0 = 1.2 5.0 52.7 0.3 0.1 26.4 = 3.6 14.4
[PrMIM] [NNf,] 50.3 = 0.3 0.9 53.5 = 0.4 9.0 49.8 = 0.7 7.1 211 & 2.5 14.4
[BMIM] [NNf,] 52.6 = 0.7 3.9 55.0 = 1.0 9.2 47.5 = 0.6 0.1 184 *+ 1.2 14.3
[PeMIM] [NNf,] 479 = 0.5 1.7 50.4 = 1.4 8.8 41.7 = 0.5 37 143 = 25 15.2
[HMIM] [NNf,] 48.4 = 1.0 1.3 56.5 = 1.1 12.6 13.3 = 0.5 16.9 51 £ 15 20.0
[OMIM] [NNf,] 50.4 = 0.4 5.2 55.4 = 0.7 12.2 39.9 = 0.2 4.1 6.6 + 0.4 20.2

homogeneous) is now considered, an intersection point (depending on
the initial situation) of all Gompertzian functions for every measuring
position should exist, which corresponds to a characteristic contact
angle/inclination angle pair (64,/¢4.). However, the experimental si-
tuation on a real solid surface is much more complex. This will result in
a variance of the contact angle behaviour depending on the degree of
local physical and chemical non-homogeneities. In addition to the
physical and chemical properties of the surface, different properties of
the test liquids, e.g. surface tension, viscosity and polarity, also affect
the motion behaviour on a solid surface. Thus, the identification of a
contact angle/inclination angle pair/range with lowest standard de-
viation is appropriate to characterize the overall wettability of the
surface. The characteristic contact angle/inclination angle pairs with
smallest standard deviation and the contact angle/inclination angle
pairs for the fitting limits for the downhill ¢, 4 and uphill motion ¢, are
summarized in Table 5.

The contact angles with lowest standard deviation 64, were located
within the fitting range and therefore called “real”. At this point it is
noted that the contact angle/inclination angle pairs in Table 5 do not
necessarily describe a “good wettable” or “bad wettable” surface. They
only indicate the value of the highest statistical certainty and the range,
where the standard deviations of measurements was the lowest. The
difference in standard deviation can be used to investigate the homo-
geneity of the surface [71]. As illustrated in Table 5, the downhill an-
gles with lowest standard deviations 6, were located at an inclination
angle @4 < 5.2°. This example illustrates, that e.g. the characterization
of the wettability of a surface by taking the initial contact angle is
neither reliable nor reproducible. Beside the identification of contact
angle/inclination angle pairs with lowest standard deviation, the
overall curve shape analysis by Gompertzian fitting can be used to
analyse the pinning and drain-off behaviour of liquids on solid surfaces.
In particular the fitting parameters A (Amplitude of the contact angles
=difference between the theoretical smallest and largest contact angle)
and k (slope of the data points) determine the course of the averaged
Gompertzian function. That means that weak pinning results in small
amplitudes A and large slopes k, whereas strong pinning results in large
amplitudes and small slopes of the data points. The averaged data from
the fittings are summarized in Table 6 for the downhill and Table 7 for
the uphill angles.

Table 6

Regarding the downhill (wetting new surface) and uphill (formerly
wetted surface) motion, the amplitude A increased whereas the slope k
decreased if the carbon number in the side chain of the anionic FIL
varied from 2 to 8. As previously described, the variation of chain
lengths had no significant influence of the static wetting properties. But
the dynamic wetting processes were strongly influenced by the varia-
tion of chain lengths. In comparison to the previously investigated ca-
tionic FIL [25], the k-values for the downhill and uphill sides were
generally smaller (Fig. 6). This example illustrates that the overall
wettability of a surface strongly depends on the molecular structure of
the test liquid. Furthermore, to analyse the wetting properties of sur-
faces by only performing static contact angle analyses is insufficient to
characterize the overall wettability, in particular if dynamic wetting
processes are involved.

4. Conclusions

The physical properties and surface behaviour of rarely investigated
[MIM] ionic liquids with the perfluorinated [NNf,]-anion were in-
vestigated in this study. The single crystal structure of [DMIM][NNf,]
revealed three domains of different polarity, which is also known for
other types of FIL and expected to occur in the liquid state as well. In
the investigated samples, the anion had a larger influence on the phy-
sical properties than the elongation of the alkyl side chain in the cation.
The [NNf,]-IL exhibited high thermal stabilities, moderate viscosities
and lower polarities in comparison to the broadly distributed [NTf,]-IL.
In this regard, the wetting analyses using the HPDSA approach illu-
strated that the static wetting properties mainly depended on the de-
gree of fluorination of the ionic liquid and only slightly differed as a
function of the elongation of the alkyl side chain. In comparison to the
cationic [NTf,]-FIL and AIL, it was clearly shown that the dynamic
wetting properties strongly depended on the degree of fluorination and
the introduction of perfluorinated chains either into the cation or the
anion. Strong pinning only occurred if FIL were used as test liquids,
which resulted in large contact angle amplitudes A and small slopes of
the data points k. In this study, we illustrated the potential of the
Gompertzian fitting procedure to analyse dynamic wetting properties in
detail and to classify a liquid-solid combination in terms of their A- and
k-values, which are important parameters when liquids and liquid-solid

Summary of the averaged data from the Gompertzian fitting for the downhill angles of the FIL and water as test liquids on the hydrophobic modified silicon surface.

Test Ouife A k Pshife 630 Pra fra@rd) = 65
liquid rl 8 £ 11 [l n

H,0 102.88 10.47 0162 452 104.2 10.7 1101

[EMIM] [NNf,] 52.14 4.23 0.626 119 52.7 5.0 56.0

[PrMIM] [NNF,] 48.83 4.63 0.546 1.20 49.5 2.0 53.4

[BMIM] [NNf,] 45.29 10.84 0.239 0.00 49.3 9.2 55.0

[PeMIM][NNf,] 44.16 6.62 0312 0.00 46.6 8.8 50.4

[HMIM][NNf,] 39.48 20.63 0132 0.00 471 12.6 56.5

[OMIM][NNF,] 37.16 23.10 0123 0.41 45.2 12.2 55.4
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Summary of the averaged data from the Gompertzian fitting for the uphill angles of the FIL and water as test liquids on the hydrophobic modified silicon surface.

Test k

Oshie A Patife o) =63 Pru Jia @) = (@)
liquid [’ 1 [ 1 Il [’
H,0 105.33 -12.90 0.134 —5.26 103.6 1:3:8 96.1
[EMIM] [NNf,] 53.22 —44.05 0.131 9.04 51.5 14.4 26.4
[PrMIM] [NNf,] 53.22 —76.66 0.087 12.69 49.5 14.4 20.7
[BMIM] [NNf,] 50.32 —110.92 0.076 17.19 47.6 14.3 18.4
[PeMIM] [NNf,] 48.58 —109.86 0.075 17.21 45.7 15.2 14.2
[HMIM][NNf] 49.36 —108.21 0.066 18.32 45.6 20.0 52
[OMIM] [NNf,] 48.15 =133.37" 0.054 23.05 44.0 20.2 6.6
k -value downhill side anionic FIL I A -value downhill side anionic FIL 1
- @ k-value uphill side anionic FIL 4 @ A-value uphill side anionic FIL
®  k-value downhill side cationic FIL Ref.[25] | ®  A-value downhill side cationic FIL Ref.[25] i
r % k-value uphill side cationic FIL Ref.[25] 1 * A -value uphill side cationic FIL Ref.[25]
V¥ k-value downhill side AL Ref.[25] ¥ A-value downhill side AIL Ref.[25]
i 4 k-value uphill side AIL Ref.[25] ) 50 ¢ 4 A-value uphill side AIL Ref.[25] 4
,_I'_‘ 1t v J — ° °
o — ol o o % o § v |
< 08¢} . A< X ¥ .
x
0.6 S . . _50 | a i
x
04 . " — = x
° a - + 4
0.2 Ii . : 4 a a a
e & o @& 8 a
ob—— ! 50 b——
0 2 3 4 5 6 8 0 2 3 4 5 6 8
C-number C-number

Fig. 6. Plot of the k-values (left) and plot of the A-values (right) from the averaged Gompertzian function against the number of carbon atoms in the side chain of the anionic FIL (black,
this study) the cationic FIL (red, Ref. [25]) and the non-fluorinated AIL (blue, Ref. [25]). The C number = 0 refers to the contact angle measurements with water as test liquid. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

interfaces are involved in processes. In this regard, it was illustrated
that by introducing fluorous side chains and varying the degree of
fluorination the investigated AIL, cationic and anionic FIL exhibited
great potential for fine-tuning their abilities for different applications,
where solid-liquid-interfaces are involved to ensure an optimal wetting
behaviour and an achievement of higher performances, which make
them promising for future research.
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stability, wide liquid range and higher or comparable polarities. Furthermore evidences for the formation of

fluorous domains in the bulk ionic liquids were found. Their contact angles on various substrates were

Keywords:

Ionic liquids
Perfluoroalkyl-substituents
Surface properties

Contact angle

High-precision drop shape analysis

determined using the high-precision drop shape analysis (HPDSA) approach and were found to show a greatly
modified behavior on all investigated surfaces.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Ionic liquids (ILs) which are salts melting below 100 °C have re-
ceived great attention in recent years in a broad range of different fields
like chemistry, physics, electronics, engineering and material science
because of their unique and tailorable properties [1-3]. Especially in
the context of a more environmentally friendly and sustainable che-
mistry responsibility. Processing these neoteric solvents are a field of
intensive research because of their recyclability, nonvolatility, non-
inflammability, high thermal resistivity, conductivity and wide electro-
chemical window [4-6]. A vast majority of their applications involve
some kind of surfaces, mainly solid-liquid interfaces [7]. This makes
the tuning of the interface properties of ionic liquids highly important
for their successful application. One very promising way to manipulate
the behavior of ILs and fine tune their characteristics is the introduction
of perfluorinated alkyl chains into either the cation or the anion
resulting in fluorinated ionic liquids (FILs) [8-10]. lonic liquids with
perfluorinated groups have been studied for a range of possible applica-
tions. Examples include gas separation [11], as surfactants [8], solvents
for multiphase catalysis [12,13], phase-transfer-catalysts [14], liquid
crystals [15], liquid-liquid extraction or artificial blood substituents
[16]. In this work we investigate some important physical properties
for applications of the methyl-imidazolium-cations ([MIM]-cation)
with perfluoro groups and the bis(trifluoromethanesulfonyl)imide-
anion ([NTf;]-anion) and compare these results with the nonfluorinated

* Corresponding author.
E-mail address: daniel.rauber@uni-saarland.de (D. Rauber).

http://dx.doi.org/10.1016/j.molliq.2016.01.011
0167-7322/© 2016 Elsevier B.V. All rights reserved.

alkyl derivated ionic liquids (AILs). We found strong evidence for an ag-
gregation behavior in the pure liquids with increasing side chain length
in the FILs similar to the AlLs. A strong aggregation behavior for ILs with
perfluorinated chains in the anion was recently demonstrated in aque-
ous solutions [17]. Furthermore we found a significant change of the
wetting behavior of the FILs compared with the AlLs determined via
their contact angle. Contact angle measurements are a standard and
widely used analytical technique in science and industry to characterize
solid surface and wetting behavior. Water and a wide range of different
organic liquids [ 18] are the most commonly used test liquids. Due to the
simple fabrication, negligible vapor pressure, high purity, often poor sol-
ubility in water and simple chemical modification to control and adjust,
e.g., the surface tension, there is a great potential for the use of ionic lig-
uids as contact angle test liquids [19-22]. Therefore, the static and dy-
namic wetting behavior of the synthesized FILs and AlLs on different
wettable sample surfaces is studied and compared to the results of
water contact angle measurements. The contact angle analyses were
performed with the high-precision drop shape analysis (HPDSA) [23]
which was developed for analyzing highly non-axisymmetric droplets
especially during dynamic contact angle measurements with high
local precision and resolution. The results illustrate that the properties
of the test liquid like viscosity and polarity also strongly influence the
wetting behavior on a surface. Especially the strong oppositely polarized
character of the FILs results in a distinct pinning on the uphill side which
is most likely caused by the charged interface of the ionic liquid which
interacts with the surface charge. These results underline the ability of
altering the behavior of ionic liquids by the introduction of fluorinated
alkyl chains and make them suitable candidates for a broad range of
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Scheme 1. Synthesis of the perfluoroalkyl-substituted imidazolium ionic liquids.

possible practical applications. Of special interest in this context may be
the immobilization of fluorinated compounds in fluorous domains,
blending of ionic liquids [24] or the modification of surface properties
for higher performance when solid-liquid-interfaces are involved in
the process.

2. Experimental and methods
2.1. Materials

Details of the reagents, synthesis and characterization of the FILs and
AlLs are described in the supplementary information. Reichardt's Dye
(90%) and Nile Red (technical grade), were purchased from Sigma Al-
drich and wused without further purification. [1-Alkyl-3-
methylimidazolium][NTf,] ionic liquids were synthesized from the cor-
responding iodide ILs after modified literature protocols (nomenclature
of the alkyl-groups: Cy4: butyl; Cs: hexyl; Cg: octyl; Cyo: decyl) [25].

2.2. Synthesis of the perfluoroalkyl-substituted imidazolium ionic liquids

The perfluoroalkyl-substituted imidazolium ionic liquids with the
formula [F(CF,),(CH,),-MIM][NTf,] (n = 2, 4, 6) were synthesized via
nucleophilic substitution of 1-methylimidazole with the corresponding
iodides [8,26,27] and subsequent anion-metathesis reaction with LiNTf,
according to scheme 1 following modified literature synthesis protocols
[11,28,29].

o!

/ \.

2.3. Physical properties

2.3.1. Melting and decomposition temperatures

Melting points were measured on a DSC 1 STARe System (Mettler
Toledo, GieRen, Germany) equipped with a liquid nitrogen cooling sys-
tem using Al-crucibles. In the case of liquid samples ([alkyl-MIM][I],
[alkyl-MIM][NTf,], 2a-c) the ILs were cooled with a rate of
—1°Cmin~ ' to — 120 °C were they remained at this temperature for
20 min and then heated with a rate of 4+ 1 °Cmin~ ' to 25 °C. If the sam-
ple was in solid state (1a-d and 2d) the program was set to heat with a
rate of +1 °Cmin~ ' to 120 °C, held at this temperature for 20 min and
then cooled with —1 °C min~! to 25 °C. All cycles were repeated
three times to ensure that stable values for the melting points are ob-
served. Thermogravimetric analyses were performed on a TGA/DSC 1
STARe System (Mettler Toledo, GieRen, Germany) using Al,03 cruci-
bles in the temperature range from 20 to 550 °C with a heating rate of
10 °C/min and a nitrogen flow of 25 mL/min. The melting and decom-
position temperatures were determined as extrapolated onset
temperatures.

2.3.2. Polarity

Polarity measurements were performed with two different
solvatochromic dyes (Reichardt's Dye [30] and Nile Red [31]) which
are common for the empirical determination of liquid system polarities
because of their large solvatochromic shifts [32,33] and were also suc-
cessfully applied to ILs [34-36]. The molecular structures of the dyes
are given in Fig. 1. The UV/vis spectra were recorded on an UV SPECORD

L

z

O
4

X

(@)

Fig. 1. Molecular structures of Reichardt's Dye (left) and Nile Red (right).
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Table 1

Melting (Ty,) and decomposition (T4) temperatures of the fluoroalkyl substituted iodides and bis(trifluoromethanesulfonyl)imides in comparison with the nonfluorinated AlLs with the

same number of C-atoms in the side chain.

Compound Tm/°C Ta/°C Liquid range/°C Compound Tm/°C Ta/°C Liquid range/°C
1a 69 274 205 [CaMIM][1] —64 293 357
1b 54 274 220 [CeMIM][1] —61 288 349
1c 80 277 197 [CMIM[1] —60 284 344
1d 119 258 139 [CroMIM][T] —23 284 307
2a —65 422 487 [C4MIM][NTF] —2(-3) 438 (427) 440
2b —57 423 480 [C6MIMI][NT] —6(—6) 447 (428)° 453
2¢ —53 (—50)° 423 476 [CsMIM][NTf] —84 434 (425) 518
2d 31 416 385 [C1oMIM][NTE,] 6 411 405

2 Values from ref. [54].
b Value from ref. [28].

210 Plus (Analytic Jena, Jena, Germany) using a quartz cuvette with a
path length of 0.1 cm in a thermostated cell at 25 °C. Samples were pre-
pared by adding a diluted solution of one of the dyes in dichlorometh-
ane to the pure ionic liquids, stirring until homogenous, evaporating
the solvent and drying in high vacuum for two days. All measurements
were performed 5 times and the results averaged. Er(30)- (Reichardt's
Dye) and Eng-values (Nile Red) were calculated from the maximum of
the absorbance band \,,.x (in nm) of the dyes after Eq. 1, with h being
Planck's constant, ¢ the speed of light and N, being Avogadro's number.

E =hcNy AL, x 10° (1)

For a better comparison with literature results the E+(30)-values are
also given in the more widely used units kcal mol~".

2.3.3. Viscosity

Viscosities were studied using a Haake Mars Rheometer (Thermo
Fisher Scientific, Braunschweig, Germany) with plate-plate geometry
with a 0.1 mm slit at 23 °C by applying a constant shear stress of
0.5 Pa to a 20 mm diameter steel plate. The setup and parameters
were chosen because they can handle smaller sample volumes that
didn't show evidence for non-Newtonian behavior.

2.34. Crystal structure

The crystal structure of compound 2d could be obtained on a suit-
able single crystal generated by drying a dichloromethane solution of
2d in a stream of nitrogen. Data was collected on an AXS X8 Apex 2
(Bruker, Billerica, USA) at —101 °C using Mo-Ka radiation at a Theta
range from 1.452 to 27.177°. In total 77,254 reflexes were collected
and refined using full-matrix least-squares on F2. Final R-index using

100 +
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60 -]
0 —2a
40 | —2h

—20
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remaining mass/ %
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temperature/ °C

Fig. 2. TGA measurements of the perfluoroalkyl substituted imidazolium NTf, ionic liquids.

anisotropic refinements of hydrogen atoms with SHELX [37] results in
R1 = 0.0772. The final data and further details are given in the
supporting information.

24. Wettability and contact angle analyses

For the characterization of the wetting behavior contact angle mea-
surements were performed with the synthesized ionic liquids and were
compared with the results of water contact angle measurements. There-
fore, three different types of surfaces (hydrophobic 90° < 6,, < 130°; hy-
drophilic 30° < 6,, < 90°; superhydrophilic 0° < 6,, < 30°) were used as
substrates to cover a wide range of contact angles. The hydrophobic sur-
face was prepared by a vapor deposition method as described earlier
[38-40] using 1H,1H,2H,2H-perfluorooctly-trichlorosiloxane (FOTCS)
purchased from Sigma Aldrich and used as received. For the hydrophilic
surface, an aged silicon wafer p-type 100 (MicroChemicals, Ulm,
Germany) covered with its native oxide was used without further puri-
fication. For the superhydrophilic surface, an aged silicon wafer p-type
100 was cleaned and activated by immersing the wafer into a freshly
prepared RCA solution consisting of 1 part aqueous H,0, (30 wt.%), 1
part aqueous NH4OH (25 wt.%) and 5 parts of deionized water for
30 min at 80 °C followed by sufficient rinsing with ultrapure water
and drying under dry nitrogen flow. After that, the cleaned surface
was activated by immersing into a freshly prepared piranha solution
consisting of 1 part concentrated H,SO,4 and 2 parts aqueous H,0,
(30 wt%) for 30 min followed by sufficient rinsing with ultrapure
water and drying under dry nitrogen flow. The contact angle measure-
ments were performed while continuously inclining the sample
surfaces with an angular speed of ¢ = 0.57°/s (inclining-plate tech-
nique), using an OCA20 measuring system (Dataphysics, Filderstadt,
Germany). Thereby, 0.03 mL ultra-pure water (Milli-Q® Type 1 ultra-
pure water system, Merck KGaA, Darmstadt, Germany) and 0.03 mL
ionic liquid droplets at a temperature of 30.0 °C + 0.2 °C and under sat-
urated vapor atmosphere of the test liquid (closed measuring chamber
with definable measuring positions) were video recorded with a frame
rate of 25 frames per second. To enhance the reproducibility, the mea-
surements were repeated on ten defined measuring positions for each

Table 2
Wavelength maxima N, of the two solvatochromic dyes in the pure ionic liquids.
Compound Reichardt's Dye Nile Red
Nmax/nm Er(30)/k]  Er(30)/kcal  Nmax/nm  Eng/K]
mol ! mol ! mol !
2a 506.3 236.3 56.5 576.2 207.6
2b 531.5 225.1 53.8 5472 218.6
2c 5342 2240 535 545.6 2193
[CaMIM][NTF;] 55511 2155 515 546.8 218.7
[CeMIM][NTF;] 556.3 215.0 514 545.5 2193
[CsMIM][NTf] 558.2 2143 512 544.1 219.9
[CioMIM][NTf,]  560.4 2135 51.0 5432 220.2
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Table 3
1,04 —2a Viscosities measured at 23 °C and constant shear stress of 0.5 Pa.
—2b
2 Compound Viscosity/mPas ™' Compound Viscosity/mPa s~ !
g 08 2a 399 [CaMIM][NTS] 87.52
s 2b 732 [CsMIM][NTf] 119.54
2 2¢ 1869 [CsMIM][NTf] 143.95
2 06 [CioMIM]INTE,]  209.84
@
°©
(53
N
T 044
£ .
‘g transferred from the hexadecimal color code (e.g. black = 000000;
02 white = FFFFFF) into the RGB color code (e.g. black = 0 0 0;
' white =255 255 255). Then, the sum of color values col for every pixel
point (e.g. black = col = 0; white = col = 765) is determined and a dy-
0,0 namic linear regression of three and five neighboring pixel points P is

T T T T T T T T
440 480 520 560 600 640 680 720
A/ nm

Fig. 3. Normalized absorption spectra of Reichardt's Dye in the ionic liquids 2a-2c.

surface. The main advantage of the inclining-plate technique is the si-
multaneous measurement of the advancing/downhill and receding/up-
hill motion. Due to different force distributions between horizontal and
inclined measuring setups (different positions of the centers of gravity)
[41,42] the advancing angles are denoted as downhill angles 64(¢)
which are measured at the front edge of the drop and the receding an-
gles are denoted as uphill angles 6,(¢) which are measured at the back
edge of the drop.

2.5. Data processing and contact angle calculation with HPDSA

In this study, about 400,000 drop images from the video recording
are considered for the wetting analyses which were performed with
the high precision drop shape analysis (HPDSA) procedure. The intention
of the HPDSA procedure is not only to be able to calculate contact angles
from axisymmetric droplets. On the contrary, the HPDSA procedure was
developed to be able to describe the drop shape and to calculate contact
angles from highly non-axisymmetric droplets as they appear e.g. dur-
ing inclining-plate measurements in a reproducible and controllable
way which is not possible with commercial contact angle software. A
short summary of the procedure is presented in the following and
detailed descriptions can be found in Ref. [23,43,44]. Firstly, the drop
shape is extracted from gray-scale bmp images. Therefore, the color
values of every pixel in the x- and y-directions are read out and

2a
1,0 ——2b
2c
8 08+
c
©
-]
2
2 06
©
°
@
N
© 04
E
=
<]
c
0,24
0,0 4+—

T T T T T T T
440 480 520 560 600 640 680 720

A nm

Fig. 4. Normalized absorption spectra of Nile Red in the ionic liquids 2a-2c.

performed using Eq. (2)

(@) :Z(COIi'Pi)'n_Zfi
dP ), "'ZP?_(ZPI')

to determine the rates of color p,,,. To detect the gray scale transition
a limit value lv for the rates of color can be set by the operator which is
10/pixel in this study. This means that only pixel points with p,,
y = Iv>10/pixel are considered for the drop shape extraction. This pro-
cedure results in at least two points for one step in color. To determine
the “real” drop shape, a weighting procedure of the former determined
points for the gray-scale transitions is performed by using Eq. 3.

=Dxyy @)

®3)
d.py,

Simultaneously, the pixel coordinates are transferred into um-
coordinates whereby one pixel corresponds to a length of 18.3 x
10~ ®m. If the resolution of the images is well enough, this procedure re-
sults in a transfer of the drop shape with sub-pixel resolution. To detect
the baseline, two linear functions per side of the droplet, one for the real
drop shape and one for the drop reflection, are applied to determine the
intersection points on both sides of the 2D projection which correspond
to the triple line. This procedure offers the possibility for dynamically
controlling the baseline so that also non-horizontal baselines are un-
complicated. To be able to calculate the contact angles on the right-
hand and left-hand side independent of each other, the extracted drop
shape is split at the highest point (Xmax:Ymax) in two parts and a semi-

A
1800 = [CMMINTE]
A [F(CF,) (CH,),MIM]INTF,]
1500
%, 1200
©
o
E 900
=
§ A
£ 6004
>
A
300
[]
n . .
0 T T T T
4 6 8 10

number of C-Atoms in the side chain

Fig. 5. Viscosity of the investigated ILs as a dependence of the side chain length.
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Fig. 6. The arrangement of fluorous and ionic domains in the crystal of compound 2d (hydrogen atoms are omitted for clarity).

circle function is applied to fit the left-hand and right-hand side inde-
pendently of each other by using Eq. 4

Y12(X) =Y £/ R —(x—Xcc)? (4)

whereby x.. and y.. define the center of a fitting circle and R is the ra-
dius of curvature. This approach is very suitable for strongly curved
droplets (hygrophobic and superhygrophobic but also for hygrophilic)
and leads to a tangent free computation of the apparent contact angle
0, using Eq. 5,

Om = 90° + arcsin (%) + o (5)

from the mean radius R, the inclination angle oy, of the baseline and
the distance Ay in height coordinates of the center of the fitting-circle
(Xmp:Yump) relative to the intersection point. Because the contact angle
is a microscopic property of the three phase interface (triple line) not
the entire drop shape is fitted as performed by commercial contact
angle analysis software but only the meniscus near the triple line is con-
sidered for the fitting procedure. The minimal length of a calculation arc
(=length of the considered meniscus; in this study 1.5 mm) can be var-
ied in dependence of the radius R to ensure convergence of the fitting
routine. An additional benefit is the calculation of the triple points
which corresponds to the intersection points of the fitting circle with
the baseline. These points can also be used to detect the static

Table 4
Lattice parameters of ionic liquid 2d.

Unit cell angles/®
« = 107.9765 (14)

P = 91.8248 (15)
v =91.1214 (15)

Unit cell vector length/A
a=9.9413 (6)

b = 22.1626 (9)

= 259861 (16)

advancing/downbhill 64, and static receding/uphill 6, . angles with a
high local resolution in a reproducible manner. To be able to calculate
contact angles below 20°, two additional fitting procedures are imple-
mented in the HPDSA. The first one is a linear fit of approximately
10 pixel points of the extracted drop shape near the triple line. The sec-
ond one is a circle fit whereby the three parameters of the fitting circle
were determined using three computed points. These points are the re-
sults of multipoint polynomial (2th order) regression. Thereby, the
start, middle and end of the fitting range were calculated. Further details
of the procedure will be published in an additional publication. Both
procedures are especially suitable for very small contact angles
(0° < 6 < 20°) where the drop shape is almost linear. Also droplets
where the drop curvatures change from a positive to a negative drop
curvature can be evaluated.

RR

Fig. 7. The four different conformations of the [NTf,]-anions in the crystal showing two
trans (upper and lower left), one cis (upper right) and one intermediate configurations.
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Table 5

Bond angles and dihedral angles for the different anion conformations in the crystal of 2d.
Conformation ~ S-N-S/° C-S--S-C S-N-S/°[66]  C-S--S-C/°[66]
trans 125462 (8)  166.286 (6)  124.97 (13) 175.67 (16)
trans 124.704 178.813 (6)  124.97 (13) 175.67 (16)
cis 126.938 (8) 19388 (8) 12633 (18)  32(1)
Intermediate 122.229(7) 81.845 (8)

2.6. Overall curve shape of the contact angle data: Gompertzian analysis

The Gompertzian analysis starts with the individual fitting of a
Gompertzian function [45] onto the course of contact angles relative to
an independent parameter for every measuring position by using Eq. 6,

F(@) = Ogpig + A - exp[— eXp(—k((P—@shifr))] )

whereby Ospif, A, k and @gpi; are adjustable fitting parameters. Due to
the fact that the inclining-plate technique was used for the contact angle
analysis the Gompertzian function is fitted relative to the inclination
angle ¢ of the sample desk. Thereby, the fitting limits for the downhill
side @4 (right edge of the droplet; motion onto formerly non-wetted
area = advancing motion) and the uphill side ¢y, (left edge of the drop-
let; motion to formerly wetted area = receding motion) are manually
defined at the point when the motion transition from the static range
(non-moving/slow-moving) to the dynamic range (high velocity) oc-
curs. This procedure is able to visualize the overall contact angle behav-
ior from a huge amount of data (= 10,000 images/contact angles per
measurement) with only four fitting parameters by simulating and
fitting of the average data. These specific/average Gompertzian functions
from the average contact angle data of a surface with the corresponding
test liquid are representative and reproducible wetting characteristics
of the surface. Furthermore, the calculation of standard deviations
leads to specific contact angles 6,4, with the smallest standard devia-
tions which can be used to describe the wettability of the surface.

3. Results and discussion
3.1. Thermal behavior
The determined melting and decomposition temperatures of

the FILs and AlLs are summarized in Table 1. As expected and widely
known the anion has a great influence on the melting and

decomposition points [46]. All iodide ionic salts with a fluorinated
side chain show contrary to the non-fluorinated analogs melting points
above room temperature. While the length of the alkyl side chain had
only a small effect on the melting points in the non-fluorinated ionic liq-
uids, there is a stronger dependence seen in the fluorous analogs. The
decomposition temperatures for the alkyl-imidazolium iodides are
slightly higher than those for the fluoroalkyl-iodides leading to a higher
overall liquid range for the nonfluorous iodides. For the NTf, molten
salts where the anion shows a high degree of charge delocalization
there is a different tendency. While 2a and 2b have significantly lower
melting points than the corresponding alkyl-derivatives, 2c¢ and 2d
have slightly higher ones. This trend is in accordance with experimental
results from the literature, that small fluorinated side chains can de-
press the melting points in ionic liquids [47-49] but larger perfluoro-
sidechains can lead to higher ones [50]. Experimental results indicate
that the higher melting points observed in imidazolium ionic liquids
with longer perfluoroalkyl chains result from the higher grade of aggre-
gation in the bulk IL [51], because of the higher degree of fluorophilicity
and from the greater rigidity [52] with the perfluorocarbon fragment
elongation. While the exchange of iodide with NTf, reduces the melting
points of the FILs remarkably the situation is dependent on the number
of C-atoms in the side chain for the AlLs. The decomposition tempera-
tures of all NTf;, ionic liquids are much higher than those of the iodides
and nearly independent of the side chain length which is also observed
in literature results [53]. The TGA curves for compounds 2a-d are
shown in Fig. 2. All FILs showed decomposition temperatures above
400 °C and are slightly lower than the corresponding AlLs except
for 2d. The fluorinated ionic liquids investigated showed very wide
ranges were they are in liquid state which is important for practical
applications.

3.2. Polarity studies

Polarity is one of the most important properties of a liquid system
because it allows conclusions about the mixing behavior and ability to
extract selected compounds. The measured wavelength of the absorp-
tion maximum and the corresponding transition energies of the two
solvatochromic dyes in the pure ionic liquids are summarized in
Table 2 and the UV/vis spectra are reported in Figs. 3 and 4. It should
be noted that a red shift of the absorbance of Reichardt's Dye indicates
a lower polarity while in Nile Red a higher polarity results from a
shifting to higher wavelengths of the absorbance maxima. While in
the alkylated ionic liquids there is only little influence of the chain
length on polarity of about 2 k] mol~' by varying the side chain from

Fig. 8. Visualization of the drop application of a FIL on the sample surfaces.
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Fig. 9. Example for sessile drops on a hydrophobic modified silicon surface with a) 2a as test liquid at inclination angles of ¢ = 0° (top) and ¢ = 17° (middle) and an example for a contact
angle measurement (bottom), b) 2b as test liquid at inclination angles of ¢ = 0° (top) and ¢ = 17° (middle) and an example for a contact angle measurement (bottom), ¢) 2c as test liquid
atinclination angles of ¢ = 0° (top) and ¢ = 35° (middle) and an example for a contact angle measurement (bottom) and d) water as test liquid at inclination angles of ¢ = 0° (top) and
@ = 30° (middle) and an example for a contact angle measurement (bottom).
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Fig. 10. Example for sessile drops on a hydrophobic modified silicon surface with a) [C;MIM][NTf,] as test liquid at inclination angles of ¢ = 0° (top) and ¢ = 17° (middle) and an example
for the contact angle analysis (bottom), b) [CsMIM][NTf,] as test liquid at inclination angles of ¢ = 0° (top) and ¢ = 17° (middle) and an example for the contact angle analysis (bottom),
¢) [CsMIM][NTE;] as test liquid at inclination angles of ¢ = 0° (top) and ¢ = 35° (middle) and an example for the contact angle analysis (bottom), and d) water as test liquid at inclination
angles of ¢ = 0° (top) and ¢ = 30° (middle) and an example for the contact angle analysis (bottom).
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Fig. 11. Example for the determination of the static downhill 64.(¢) (left) and static uphill 6, .(¢) (right) angles dependent on the shift of the triple points AXg;, with the high precision

drop shape analysis.

Table 6
Results for the determination of the static downhill 64.(¢) and static uphill 6, (@) angles
on the hydrophobic modified silicon surface.

Test liquid 0ae(@) )1 al’l Oue(@) )1 @ul’] A01°]

H,0 1124+41 118+43 925+35 200452 17.6+£47
2a 66.1+£24 38+24 344459 98+17 317+54
2b 526+£20 14+04 280456 95+25 24751
2c 515412 31406 324+44 155+21 191435
[GMIM][NTR,] 728 £05 23+04 641+£09 38+03 8809
[GGMIM][NTE,]  715+£06 23+02 625+£07 43+£03 90407
[GMIM][NTf,] 722405 27403 610+£08 54+04 112410

a butyl- to decyl-group, the situation in the fluoroalkylated ionic liquids
is different. The dyes dissolved in 2b and 2¢ show only a small change in
molar transition energies whereas the values for 2a differ markedly
more with values higher than 11 k] mol~" for both Reichardt's Dye
and Nile Red. This indicates that 2a is notably more polar than 2b and
2c. The polarity measurements with Reichardt's Dye show a higher po-
larity for all fluorinated ionic liquids while the measurements with Nile
Red reveal polarities for 2b and 2¢ being in the same range as those for
the ionic liquids with alkyl chains. The higher polarities for the
fluoroalkyl substituted compounds may result from a higher charge lo-
calization resulting from the strong electron withdrawing effect of the
highly electronegative fluorine atoms. These results are supported by

a) 140 T "— downhill angle Od((;))
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=110
=
< 100
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the comparison of the 'H-NMR shifts which are higher for the
perfluoroalkyl group containing ionic liquids and theoretical calcula-
tions [51]. A formation of nanodomains and structuring in ILs [55]
with the separation of the apolar and charged polar part is well
known for 1-alkyl-3-methyl-imidazolium ionic liquids with side chains
equal or larger than the butyl-group [56,57]. This manner is expected to
occur also for perfluorinated side groups as the heterogeneous interac-
tions between the hard to polarize fluorous groups and the ionic parts
are even less favored [16]. Evidence for this is also given in the results
of [58] were nanodomains in ionic liquids with the perfluoralkyl
group containing anions were found. For longer perfluorinated chains
the effect of charge localization leading to higher polarities may be
overcompensated by the higher apolarity in fluorocarbons compared
to hydrocarbons [59].

3.3. Rheological behavior

The viscosity of a liquid is of vital interest when it comes to practical
applications and processing because it does not only control heat and
mass transfer but also conductivity in the case of ionic liquids. It also
gives insight to the intermolecular interactions like the strength of cou-
lomb, Van-der-Waals-forces or hydrogen bonding [60] where it was
found that these forces are competing in ionic liquids and that long
alkyl chains lead to aggregation behavior because of favored Van-der-
Waals-attraction between these [61]. This aggregation behavior is
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Fig. 12. Example for the fitting of a modified Gompertzian function onto the course of contact angles relative to the inclination angle on a) a hydrophobic modified silicon surface with water
as test liquid (Fig. 9d) and b) a hydrophobic modified silicon surface with 2a as test liquid (Fig. 9a). The limits of the fitting range at the downhill side ¢;4 and on the uphill side ¢, are

marked with arrows.
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Table 7
Summary of the averaged data from the Gompertzian fitting for the FILs and water as test
liquids on the hydrophobic modified silicon surface.

Test  Oshise Al']  k Oshire [°] f0°)=04 Qs fra(®ra) = (Qra)

liquid  [*] (! [°] 1 I

H,0 108.87 11.80 0.146 5.670 110.1 173 1187

2a 58.20 8.11 0.520 —0.004 61.2 6.6 66.1

2b 46.71 1078 0.334 1.830 48.4 9.6 56.7

2c 4627 1177 0135 —0.001 50.6 163 56.8
Ospie— A[°] k Conire [°1 f0)=0, O fru(Qr) = (@ra)
[°] (! [°] [°] [°]

H,O0 11233 —3048 0.072 —11.96 109.5 227 931

2a 64.16 —69.48 0.125 —847 603 123 268

2b 5211 —85.03 0.110 —11.28 494 128 156

2c 50.76 —37.63 0.097 —1246 494 243 234

believed to be responsible for the higher viscosities in ionic liquids with
long side chains [62]. The measured viscosity values of the
fluoroalkylated ionic liquids and the nonfluorinated analogs are sum-
marized in Table 3 and plotted as a function of the side chain length in
Fig. 5.

All fluorinated ionic liquids show distinct higher viscosity values at
23 °C than the nonfluorinated ones with the same number of C-atoms
in the side chain. While the 1-alkyl-3-imidazolium NTf, show only a
moderate change in viscosity with elongation of the side chain, the sit-
uation is more drastic in the case of the ionic liquids containing a
perfluorinated group with the viscosity of 2¢ being more than fourfold
higher than 2a. This is a strong hint for the growing formation of
fluorous domains with increasing length of the fluorinated side groups.
The strong repulsion of the polar charged domains of the imidazolium
ring together with the anion forming one kind of domain and the highly
lipophilic, hard to polarize perfluoroalkyl-groups forming another. This
effect is more distinct when using fluorinated side chains, because
perfluoro-groups are known to show stronger lipophilicity than hydro-
carbons which makes the heterogeneous interactions with the ionic
parts even less preferred. This overall results in a higher repulsion of
the domains corresponding with increasing viscosity. The formation of
these nanodomains and the higher viscosity is certainly supported by
the helical structures and rigidity which are common in fluorinated
alkyl compounds and resist the breakup of the different domains [63,
64].

3.4. Packing in the solid state

The favored fluorophilic interactions between the perfluoroalkyl
side chains in the investigated FILs dominates for long chains and
leads to a separation of the polar, ionic imidazolium ring and the highly
nonpolar fluorous domain. Further evidence for the preferred homoge-
nous interactions can be seen in the packing of the crystal structure of
compound 2d which is visualized in Fig. 6. It crystallizes in a triclinic

Table 8

crystal system with the space group P1 and the lattice parameters
given in Table 4.

The X-ray data clearly showed a packing of the fluorous side chains
to highly lipophilic/fluorophilic domains and ionic domains of the
imidazolium ring and the bis(trifluoromethanesulfonyl)imide anions.
The fluorous domains are arranged as a bilayer, which is also found for
alkyl-methyl-imidazolium ILs with long side-chains [65]. All fluorous
groups show a helical structure in the crystal as it is expected from
the rigidity and the steric effects of the fluorine atoms having a larger
Van-der-Waals radius than hydrogen [59]. Some of the anions have a
disordered arrangement.

The four anions show different conformation in the packing which is
illustrated in Fig. 7. The crystal structure contains four different confor-
mations having two trans, and one cis, which is very unusual [66] and
one intermediate. The values for the bond angles and dihedral angles
and a comparison with literature values are given in Table 5. The full
data for the crystal structure analysis are given in the supporting
information.

3.5. Contact angle measurements and motion behaviors

For the sake of clarity, the results of the contact angle analyses on the
hydrophobic modified silicon surface are presented within the main
manuscript whereas the results of the contact angle analyses on the hy-
drophilic silicon surface and the superhydrophilic silicon surface are
presented within the supplementary materials. Ionic liquids are derived
from organic cations and non-coordinating anions that together form
salts with weak interionic interactions. The ionic character of these liq-
uids is especially noticeable in the case of the FILs during the application
of the droplets onto the surface (Fig. 8).

When the liquid is disposed the droplet firstly does not wet the sur-
face and forms a large contact angle of approximately 160°. If the dis-
pensing needle is removed the droplet stays stable for a few seconds
and then collapses to a contact angle of approximately 60°. This behav-
ior is most likely caused due to the charged interface of the ionic liquid
which interacts with the surface charge. Of particular interest is that this
behavior only occurs for the FILs whereas AlLs do not show this manner.
These differences of the interionic interactions between the liquids and
the surface also influences the wetting behavior and contact angle de-
termination. To illustrate the different motion behaviors of the droplets
different images of sessile drops at different inclination angles of the in-
vestigated FILs and water are illustrated in Fig. 9 and of the AlLs and
water in Fig. 10.

As illustrated in Figs. 9d and 10d the water contact angle measure-
ments result in a dynamic contact angle range dependent on the inclina-
tion angle between 80° to 120° which proves the formation of a
perfluorooctylsiloxane coating on the silicon surface as illustrated in
our former studies [38,39]. Both fluorinated surfaces which were used
for the measurements (Figs. 9d and 10d) show a similar contact angle
range and contact angle behavior so that it can be assumed that there
hardly exists any significant difference of the physical and chemical
surface properties between both surfaces. In comparison to the

Summary of the averaged data from the Gompertzian fitting for the AlLs and water as test liquids on the hydrophobic modified silicon surface.

Test liquid Ostipe [°] Al ke Osnige [°] f10°)=04[°] @ual’] fra(@ra) = (@1a) [°]
H,0 10539 984 0139 449 1069 19.1 1140
[CaMIM][NTE, ] 7063 528 0.756 211 70.7 52 754
[CsMIM][NT, ] 69.29 339 1.026 142 69.3 48 726
[CsMIM][NT, ] 69.30 436 0756 163 69.4 55 734

Ostige [°] Al] k("] Osnipe [°] f10°)=6,[°] o’ Sru(@ra) = (@) [°]
H,0 11093 —3456 0.067 —10.96 106.6 242 88.0
[CaMIM][NTE, ] 71.91 —2465 0221 —456 703 63 59.4
[CsMIM][NTF, ] 7014 —1722 0288 —-3.70 69.2 8.0 57.3
[CsMIM][NTF, ] 68.95 —~1420 0336 —~3.80 68.6 8.2 57.7
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measurements with water as test liquid, the resulting contact angle
range for the AlLs (Fig. 10) is between 40° to 80° and the contact
angle range of the FILs is between 0° to 80° (Fig. 9). Note that the repro-
ducible and comparable analysis of these highly non-axisymmetric
droplets is only possible with the HPDSA procedure. The smaller contact
angles in comparison to the water contact angles can be explained by
the smaller surface tension v, of the ionic liquids. If the initial contact
angles 6,4,,(0°) are compared, then it can be noticed that almost no dif-
ference between the contact angles of the AlLs can be recognized,
whereas there exists a small difference of about 10° of the FILs if the
length of the fluorinated side changes from 2 to 4. Especially interesting
is the different dynamic drain-off behavior of the FILs and AlLs due to a
different strong pinning especially on the uphill side. Whereas the AlLs
(Fig. 10) behave like “normal” organic test liquids with small surface
tension, which means small critical inclination angles for the first drop
motion and a relatively small increase of the downbhill angle 64(¢), re-
spectively, with a small decrease of the uphill angle 6,(¢) (AOmax =
04(©)max — Ou(@)max = 30°), the FILs illustrate a strong pinning, espe-
cially on the uphill side (Fig. 9).

Pinning effects on a solid surface during wetting experiments are
mainly caused by surface roughness and chemical surface heterogene-
ities. Due to the fact that both surfaces have similar wetting characteris-
tics, the different pinning behavior of the ionic liquids is most likely
caused by the different polarities which influence the interionic inter-
actions between the surface and the liquid and also the different
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viscosities of the liquids. As illustrated in Fig. 8, the ionic interaction be-
tween the FILs and the surfaces are especially pronounced which ex-
plains the strong pinning at the uphill side down to contact angles
near 0°. A quantitative measure of pinning effects on a surface repre-
sents the contact angle hysteresis CAH A = 64 — 6,.. > 0 which is the dif-
ference between the static advancing/downhill (wetting new surface)
and static receding/uphill (formerly wetted surface) contact angles. In
this study the static downhill 6, and uphill 6, contact angles were de-
termined to calculate the contact angle hysteresis. Both angles were de-
termined using the HPDSA approach by taking the characteristic contact
angle just before the contact line moves to the formerly non-wetted
area (static downhill angle), and respectively retracts to the formerly
wetted area (static uphill angle). This procedure is normally performed
by observing the triple line motion with the human eye and has the
main disadvantage that it depends on many subjective criteria of the
operator and different conditions during the measurements like frame
rate of the video recording, resolution of the CCD camera etc. As a result
especially the determination of receding/uphill contact angles is neither
reliable nor reproducible whereas the advancing/downhill angles can
normally be determined in a reproducible manner. The HPDSA proce-
dure has the main advantage that due to the transfer of the drop
shape into um-coordinates, the boundary points Xz, which corre-
sponds to the triple points can be calculated with high reproducibility
and therefore the change of the boundary points AX5;, can be estimated
with high local resolution and can be used to identify the static downbhill
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Fig. 13. Overall Gompertzian analysis on a hydrophobic modified silicon surface with a) water as test liquid, b) 2a as test liquid, ¢) 2b as test liquid and d) 2c as test liquid. The limits of the
fitting range for the downhill side ¢4 and the uphill side ¢y, as well as the contact angles with the lowest standard deviations 6, are marked with arrows.
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Fig. 14. Overall Gompertzian analysis on a hydrophobic modified silicon surface with a) water as test liquid, b) [C4MIM][NTf,] as test liquid, c) [CsMIM][NTf,] as test liquid, and d)
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marked with arrows.

and static uphill angles from a huge amount of contact angle data. The
procedure is illustrated in Fig. 11 and the results are summarized in
Table 6.

A difference of the static downbhill angles and contact angle hystere-
sis of about 10° is visible between the FILs 2a and 2b whereas there is no
significant difference between 2b and 2c. This step between 2a and 2b,
2cis caused by the influence of length of the side chain and the degree of
fluorination which results in a change of the polarization (subsection
3.2) and an increase of the viscosity (subsection 3.3). Both quantities
also influence the wetting behavior on the surface. In contrast no signif-
icant change of polarization and viscosity was estimated for the AlLs and
therefore the resulting contact angle values do not illustrate any signif-
icant differences.

Table 9

3.6. Overall curve shape of the contact angle data: Gompertzian analyses

Besides the static wetting characteristics the dynamic wetting prop-
erties of a liquid on solid surfaces is important for many application, e.g.
microfluidics, lubrication or tribology and friction [67-72]. Therefore,
the overall curve shape analysis by a Gompertzian fitting procedure is
an approach to characterize a solid surface in terms of dynamic wetting.
The fitting of the data for the downbhill and uphill angles 6,,(¢) relative
to the inclination angle ¢ for every measuring position by a modified
Gompertzian function which is given by Eq. 6 is the first step of the anal-
ysis procedure. All fitting parameters for every investigated test liquid
are summarized within the supplementary materials, Table I to
Table XXXXIL Thereby, the limits of the fitting range for the downbhill

Overview about the results of the overall curve shape analysis by Gompertzian fitting to identify the contact angles 6,4, with the lowest standard deviation on a hydrophobic modified sil-

icon surface.

Test liquid 04+ 04[°] ¢al’] Oa + 014 [°] Qual’] 0, + 0y [°] ul’l Oy £ 0y [°] O [°]
H,0 107.2 £ 23 1.8 1140 £33 19.1 945+ 19 155 88.1 +£22 242
2a 66.4 + 1.6 10.6 662+ 1.9 6.6 541+ 34 32 269 + 44 123
2b 556 £1.9 5.0 571420 9.6 494 + 1.7 0.1 158 +£ 5.2 12.8
2c 540 + 1.1 6.5 56.8 +1.5 163 493 +£0.9 0.3 23.34:5:2 243
[C4MIM][NTF] 751 £ 05 45 755.+05 52 64.0 £ 0.5 4.0, 594+ 1.0 6.3
[CMIM][NTE ] 727405 74 726 405 438 68.7 + 0.4 05 573412 8.0
[CMIM][NTE ] 729 + 04 39 734+ 04 55 685 + 0.2 0.1 577406 8.2
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side ¢4 and for the uphill side ¢y, are manually defined at the point
when a drop motion from the static (non-moving/slow-moving) to
the dynamic range (high velocity) is observed. The procedure is illus-
trated in Fig. 12.

Thereby, the Gompertzian function simulates an idealized course of
contact angles relative to the inclination angle without any pinning ef-
fect. By averaging these data, the procedure is able to describe the
trend of the measurements from a huge amount of contact angle data
(=10,000 images/contact angles per measurement) by only four fitting
parameters. Furthermore, it is possible to identify contact angles with
the smallest standard deviations 6, 6,. Contrary to the static wetting
analyses (subsection 3.5), this approach also considers the quasi-static
(slow-moving) and dynamic (high velocity) range of the measurements
so that e.g. strong pinning effects on the uphill side (Fig. 9, S1-3) can
also be analyzed and an overall characterization of the wettability of
the surface is possible. The motion behavior of sessile drops on inclining
plates is strongly influenced by the initial conditions of the drop dis-
placement (e.g. dispense rate, different initial drop diameters, different
local surface properties) and may result in possible outliners. These
outliners can be identified by performing the first step of the analysis
(Fig. 12) but are not removed to keep external non-automatic interven-
tions by the experimenter as low as possible. Averaging of the
Gompertzian fittings for every measuring position leads to average
data slopes and standard deviations. These data can also be represented
by a Gompertzian function leading to the averaged data for the FILs
(Table 7) and for the AlLs (Table 8) which describe the average dynamic
wetting behavior of 0.03 mL droplets of the test liquids on a hydropho-
bic silicon surface.

The fitting parameters A (Amplitude of the contact
angles = difference between the smallest and largest contact angle)
and k (slope of the data points) of the averaged Gompertzian functions
are especially important because they can be used to characterize the
pinning of the droplets on the surface during the dynamic wetting ex-
periments. This means that a strong pinning results in a large A-value
and a small k-value whereas a weak pinning results in a small A-value
and a large k-value. The average data of the Gompertzian fittings for

the FILs as test liquid are illustrated in Fig. 13 and for the AlLs in Fig. 14.

The Gompertzian function starts at minus infinity [45] so that phys-
ically meaningful values are only obtainable within the fitting range
(0 2 @4 £ Qrasu)- On an ideal solid surface, this means atomically flat,
rigid, and chemically homogeneous; it can be assumed that a character-
istic contact angle/inclination angle pair for the downhill motion 6,4/¢4
and for the uphill motion 6,0, should exist which corresponds to an in-
tersection point of all Gompertzian functions for every position. On real
solid surfaces, local inhomogeneities concerning the surface roughness
and/or chemical properties of the surface will result in a variance of
the contact angle behavior. Furthermore, different properties of the
used test liquids, e.g. viscosity and polarization, also influence the mo-
tion behavior as already illustrated in subsection 3.5. To find a meaning-
ful contact angle which characterizes the dynamic wetting properties of
the surface it is therefore reasonable to identify the contact angle/incli-
nation angle pair/range with the lowest standard deviations for all mea-
suring positions. For all sample surfaces the contact angle/inclination
angle pairs with the smallest standard deviation which are characteris-
tic for the overall wetting properties of the surfaces and the contact an-
gles/inclination angle pairs for the fitting limits for the downhill ¢;4 and
uphill motion ¢y, are summarized in Table 9.

The contact angles with the lowest standard deviation 6, are locat-
ed with the exception of the downhill angle for 2a and [CsMIM][NTf;]
within the fitting range and are therefore called “real”. The downhill
angle for 2a and [C¢MIM][NTf,] are located beyond the fitting range
and are therefore called “imaginary”. In this case it is physically more
reasonable to present the angles at the limit of the fitting range. These
are also the last contact angles which are less influenced by the motion
dynamics of the drop which generally results in larger standard
deviations.

4. Conclusion

The introduction of fluorous side chains into methyl-imidazolium ILs
is a useful tool for the tailoring of the properties of the common and
widely used family of imidazolium-based ionic liquids. The investigated
fluorous FILs showed a high thermal stability and wide liquid range
which is in the case of 2a and 2b even bigger than in the alkyl-
imidazolium ILs with the same number of C-atoms in the side chain.
These properties make the investigated fluorous ionic liquids promising
candidates for practical uses like being used as solvents, for immobiliza-
tion/extraction techniques or applications that demand higher temper-
atures. The FILs show a higher polarity when the measurements were
performed with Reichardt's Dye and a polarity in the same range of
the AlLs, when measured with Nile Red. Only 2a showed a markedly
higher polarity with both dyes. Viscosity and the crystal structure of
2d gave strong evidence for the formation of structured nanodomains
like they were observed in the alkyl-derivatives with long
hydrocarbon-chains. The contact angle analyses with the HPDSA ap-
proach illustrate a significant difference of the static and dynamic wet-
ting between the FILs and AILs. Whereas the AlLs show similar
wetting characteristics like “normal” organic test liquids with a small
surface tension, the FILs illustrate a strong pinning, especially on the up-
hill side. These differences demonstrate the strong ionic character of the
liquids which most likely leads to structuring on nanoscale and a
charged solid-liquid interface. This effect depends strongly on the po-
larization of the liquid and results in a step of the static contact angles
of about 10° if the length of fluorinated side changes from 2 to 4. Fur-
thermore, the dynamic wetting properties of the ionic liquids were an-
alyzed using a Gompertzian fitting procedure. In this work, it is
illustrated that this approach is able to analyze even strongly non-
axisymmetric systems down to a contact angle range near 0°. Using
this procedure, the overall contact angle behavior can be visualized
from a huge amount of contact angle data (=~ 10,000 images/contact an-
gles per measurement) with only four fitting parameters. By calculating
standard deviations, the procedure results in the possibility to identify
contact angle/inclination angle pairs with the lowest standard deviation
which can be called “characteristic” for the dynamic overall wetting sit-
uation on the surface which is an important parameter in science and
industry when liquids are involved in a process.
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