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Constants

Elementary charge e =1.602177310" C
Electric field constant g = 8.854187817 10" F m™
Avogadro’s constant N, =6.0221367 10% mol™
Gas constant R =8.31451017 (mol K)"

Boltzmann’'s constant kg = 1.380658 102 JK!

Planck’s constant h  =6.626075510"*Ts
Symbols
T  Temperature / K A Wavelength / m
@ Temperature / °C q Scattering angle / m™
x  Conductivity /S m’ D Diffusion coefficient / m*s™
p Density/g m> I(q) Scattering intensity / m™

A Molar conductivity / Sm* mol" ¥  Specific surface / m* m™

w  Weight fraction O  Invariant/m™
¢  Volume fraction d ~ Domain size / m
¢ Molarity / mol m™ é Correlation length / m

X






Introduction

I. Introduction

The research field of ionic liquids (ILs), which are defined as salts with a melting point below
100°C, began in 1914 with an observation of Paul Walden, who reported on the room
temperature liquid salt ethylammonium nitrate (EAN).! At that time, this paper did not
prompt any significant attention. Nowadays, papers appear faster than 40 per week
underlining the extreme growing interest in this field.” ILs are frequently termed “green
solvents” or “designer solvents”.**>° Moreover, they are often considered as future solvents
for catalysis,”® chemical reactions,”'® extractions,'’ electrochemical purposes'*'*'*!> and
many other potential applications.'®'” Of particular interest in this context are room

temperature ionic liquids (RTILs). The question arises if these substances really keep what

they promise. Are ionic liquids really green?

From a toxicological point of view they are not, since it cannot be neglected that large
amounts of organic solvents are necessary for the synthesis of most ILs. Furthermore, many
ILs, especially imidazolium and pyridinum ILs show a pronounced cytotoxicity and are not
biodegradable at all. ILs are termed “designer solvents” as they can be designed for a specific
purpose, for example for the optimization of a specific reaction in order to obtain the
maximum yield of the isolated product. Depending on the cation and the anion, ILs can be

designed low toxic, or exceptionally poisonous (with anions such as cyanide).

There are about 600 conventional solvents used in industry compared to at least 10° possible
simple ILs.'"® Consequently, there are 10'* binary and 10'® ternary possible IL combinations.
The reputation of “green solvents” mainly arises from the fact that ILs are non-volatile (at
least under standard conditions). Hence, ILs do not create atmospheric pollution that results
from the volatility of classic organic solvents. Nevertheless, it should be noted that a low
vapor pressure does not render ILs green. Consequently, [Ls cannot generally be classified as
“green solvents”. Depending on the application, the recovery, the sustainability and the
possibility to design an ionic liquid for a specific task, some ILs can indeed be considered as

green.

Apart from the applications of ILs mentioned above, they have also gained interest in classical
colloid and surface chemistry. The formation of amphiphilic association structures in and with

ionic liquids, such as micelles, vesicles, microemulsions and liquid crystalline phases has

19,20,21

been reviewed recently. The formation of micelles and liquid crystals in EAN was




Introduction

22,2324

already investigated in the 1980s by Evans and coworkers. . The self-aggregation of

common ionic and non-ionic surfactants in imidazolium based ILs was also reported.”*%*’
Anderson et al. documented micelle formation of SDS in 1-butyl-3-methylimidazolium
chloride ([bmim][Cl]) and of Brij 30 in 1-butyl-3-methylimidazolium hexalfluorophosphate
([bmim][PF¢]), respectively.25 Patrascu et al. investigated the aggregation behavior of
Poly(ethyleneglycol)-ethers in [bmim][BF4], [bmim][PFs] and 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide ([bmim][Tf;N]).® It was demonstrated that micellar size
can be tuned by changing the nature of the RTIL. Hao ef al. documented vesicle formation of
Zn*" fluorous- and zwitterionic surfactants in [bmim][BF4] and [bmim][PF], repectively.27
Greaves et al. found various protic ionic liquids (PILs) to promote self-assembly of

amphiphiles.”'** Thomaier et al. observed the formation of aggregates of the surfactant-like

ionic liquid 1-hexadecyl-3-methylimidazolium chloride [C;¢mim][CI] in EAN.”

From these investigations concerning micellar aggregates in ILs, some general conclusions
can be drawn. Compared to water the values for critical micelle concentrations (cmc) in
RTILs are significantly higher. Furthermore, the micelle aggregation numbers in RTILs are

smaller than those in water, the area per molecule is als o reduced compared to water.

Apart from studies of micellar aggregates in RTILs, such as shape and size of aggregates of
the binary system [C;smim][CI]/EAN described in detail in the PhD thesis of S. Thomaier,™
the formation of liquid crystalline phases has attracted attention. Recently, Zhao et al
presented a comprehensive phase diagram of the binary system [Ciemim][C1J/EAN.?" With
increasing [C;emim][CI] concentration aggregates of different morphologies have been
observed that show many similarities to those found in aqueous systems. In addition to
micellar regions, typical liquid crystalline phases, such as normal hexagonal (H,), lamellar

(Ly) and reverse bicontinuous cubic (7>) phases have been reported.

Surprisingly, most studies did not benefit from the excellent thermal stability of RTILs
compared to water. S. Thomaier demonstrated that aggregates of [C;smim][Cl] in EAN and
[bmim][BF,], respectively are stable up to at least 150°C.>° The possibility to form high
temperature stable self-assembled structures highlights the major advantage of aggregates
formed in room temperature ionic liquids. The wide liquid range of RTILs allows in principle
the formulation of either high temperature stable or low temperature stable colloidal systems

that cannot be obtained in classical binary surfactant/water mixtures.

Starting from these anterior results, the major aim of this thesis was the study of ternary (or
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pseudo-ternary) mixtures of RTIL/surfactant(+cosurfactant)/oil. The formation of nonaqueous
microemulsions with RTILs has already been described in literature. A comprehensive
overview about the state of the art concerning these nonaqueous microemulsions is given in
section IV. This thesis is mainly focused on the formulation and characterization of high-
temperature stable microemulsions with RTILs as polar phase. Herein, the influence of the
nature of the RTIL, of surfactant chain length and the nature of the oil on thermal stability and

phase behavior of microemulsions have been studied.







II. Fundamentals — Ionic Liquids

II. Fundamentals

1. Ionic Liquids

There is a still growing interest in ionic liquids (ILs) in general and room temperature ionic
liquids (RTILs) in particular because of their fascinating and outstanding properties and their
wide range of potential applications. In general, an ionic liquid is a liquid that consists only of
ions and exhibits a melting point below 100°C. This convention can be justified by the
improvement in the range of applications below this temperature. For several decades ILs
were considered as a curiosity that was only of partial interest, in particular for special
applications. This point of view has changed during the last two decades, the field of ILs is
nowadays growing at a very fast rate and several concrete applications have been developed.
Giving a comprehensive overview about the current IL research is almost impossible. In the
last decade, more than 8000 papers have been published in the field of ILs.” It is remarkable
that a review about ILs appears every two-to three days, and papers are appearing faster than

40 per week.

Therefore, it is obvious that the scope of ILs cannot be discussed within ten or twenty pages.
In the following section, only a brief overview about ILs, their synthesis strategies,
physicochemical properties, applications and potential for the future is given.

For more detailed information the reader is referred to the book “Ionic Liquids in Synthesis”

4,21,33,34

by Wasserscheid and Welton®” and several reviews which give at least an overview

about the current IL research.

1.1. General aspects and types of ionic liquids

The definition of ionic liquids allows distinguishing them from a classical molten salt. A
molten salt is mostly a high-melting, highly viscous and very corrosive substance while ionic
liquids are already liquid at lower temperatures (<100°C) and exhibit in most cases relatively
low viscosities. The first IL, ethanolammonium nitrate, described in literature was discovered
in 1888 by Gabriel”> with a melting point between 52-55°C.**2® The first true room
temperature ionic liquid, ethylammonium nitrate (EAN) was reported in 1914." This polar,
colorless liquid exhibits a melting point of 14°C,** is supposed to form three-dimensional

23,24

hydrogen bond networks™"" and has an equal number of donor and acceptor sides. In the late

1970s Osteryoung et al. and Wilkes et al. prepared chloroaluminate melts liquid at room
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temperature. However, the so-called first generation ILs with anions such as [AICl,] did not
attract much interest because of their sensibility towards hydrolysis. With the discovery of ILs

with hydrolysis stable anions the interest in ILs increased rapidly.”

In general, to obatin an IL with a low melting point preferably most of the following
conditions should be fullfilled. Both cation and anion should be single charged, otherwise
the Coulomb interactions would become too strong. The charge should be uniformly
distributed to reduce further the Coulomb interactions. Otherwise, too large ions lead to
increasing Van der Waals interactions that increase the melting point. Steric hindrance
further reduces the ion contact. A low degree of symmetry prevents a regular crystalline

packing.

Conventional ILs typically contain bulky organic cations with a low degree of symmetry
such as imidazolium, pyrrolidinium, tetraalkylphosphonium, trialkylsulfonium or
quaternary ammonium. These cations hinder the regular packing in a crystal lattice.
Consequently, the solid crystalline state becomes energetically less favorable, leading to
low melting points.”” This effect can be enhanced further by the implementation of an
anion with a delocalized charge, resulting in decreased interionic interactions.® A

selection of typical cations and anions of ILs is given in Figure I-1.

Ry R
N =
R1\N/\N+/R2 N ‘ o] N,
\—/ \ / Ny )J\ RN
T B, PRy NOy g o 7 N
R4

I I NSNS
R R —0—S—0O0 F,C—0—S8—O S
) i R R A W
/I\Re e, N ° °
R3 \ R/ \ Rz/

R3 2 R3

Figure I-1. Some examples for common cations and anions of ILs.

Depending on the combination of the cation and the anion, ILs can have either hydrophilic
or hydrophobic character. The most frequently investigated ILs are based on imidazolium
cations. Anions such as halides, acetate, nitrate and ethylsufate form hydrophilic ILs while
anions such as hexafluorophosphate, bis(trifluoromethylsulfonyl)imid lead to hydrophobic
ILs.
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Hence, ILs can be either water soluble or not miscible with water,>*4

However, most ILs are
hygroscopic, even hydrophobic ILs assimilate a certain amount of water until saturation is
obtained. By the choice and combination of the ions physicochemical properties such as
polarity, viscosity, solvation ability, melting point, thermal and electrochemical stability can
be targeted. Therefore, ILs are also called ‘“designer solvents” or “task-specific ionic

liquids™.*

Apart from these aprotic imidazolium or pyridinium based ionic liquids there was recently a
growing interest in protic ionic liquids (PILs).”"*! These PILS can be easily obtained by the
reaction of a Brensted acid and a Brensted base. Ethylammonium nitrate (EAN) is probably
the best studied PIL. It is obtained by the reaction of ethylamine with nitric acid in water. The
interest in EAN is related to the fact that it exhibits several unique solvent properties
associated only with water. These properties infered from the heats, entropies and free
energies of solutions of non-polar gases dissolved in EAN.” Furthermore, a nearly ideal heat
of mixing with water and micelle formation by surfactants dissolved in EAN underline this

: . 22,24
water-like behavior.”

The interest in ethylammonium nitrate led to the discovery of several
protic room temperature ionic liquids, mainly alkylammonium nitrates and thiocyanates.

Some of those are summarized in Table I-1.

Table I-1. Physicochemical properties of some selected PILs.

ionic liquid 6,/°C p/ gem™ n/cP &/ mS-cm’
EAN 147 1.216% 32% 26.9%

n- propylammonium nitrate 4.0" 1.157" 66.6"" -
Tri-n-butylammonium nitrate 21.5" 0.9176" 636.9% -
Dipropylammonium nitrate 5.5% - - -
Butylammonium thiocyanate 20.5% 0.949* 97.1% -
Di-n-propylammonium thiocyanate 5.54 0.964* 85.9% -
1- methylpropylammonium thiocyanate 22% 1.013% 196.3* -

6,: melting point; p: density at 27°C; #: viscosity at 27°C, «: specific conductivity at 27 °C

A comprehensive overview about types and physicochemical properties of PILs was currently

given in a review of Greaves and Drummond.?' Ideally, the acid-base reaction in PILs is
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quantitative so that the only individual species present are the resulting cation and anion. In
reality a complete proton transfer from the acid to the base is unlikely and may be less that
complete. Hence, both the neutral acid and base species can be present and association of
either ions or neutral species can occur. Mac Farlane et al. claimed that properties of mixtures
of ionic and small amounts of neutral species are clearly of the ionic liquid rather than of the
neutral species.* The question how high the degree of proton transfer has to be to classify a
substance as ionic liquid arises. Mac Farlane et al. suggested setting a limit of 1% of neutral
species for a substance being defined as pure ionic liquid.* Consequently, substances with
higher levels of neutral species can be classified as mixtures of ionic liquids and neutral
species.

Nevertheless, both aprotic ionic liquids and protic ionic liquids exhibit several outstanding

physicochemical properties, the most important ones will be discussed in the following.

1.2. Physicochemical properties

The physical and chemical properties of ionic liquids can be varied by the selection of suitable
cations and anions. Therefore, it is possible to optimize the ionic liquid for a specific
application. Nevertheless, physicochemical properties are significantly affected by the purity
of the substances. Hence, it is indispensable to use very pure starting materials as traces of
impurities are hardly to remove, especially if the melting point of the salt is far below room
temperature. A second crucial point is the water content of the IL as traces of water also
influence the physicochemical properties of the IL. Furthermore, most ILs are hygroscopic,

hence, the characterization of ILs should be carried out under inert-gas atmosphere.

1.2.1. Melting points and liquid range of ILs

The key criterion for the evaluation of an ionic liquid is its melting point. It is well known that
the characteristic properties vary with the choice of the cation and anion. In this context the
relation between structure of cation and anion and melting point is of particular interest. In
general, charge, size, symmetry, intermolecular interaction and delocalization of charge are

the main factors that influence the melting point.33’46

With increasing size of the anion the
Coulomb interactions in the crystal lattice are weaker and the melting point of the salt
decreases. For example, from CI to [BF4] to [PFs] to [AICls] the melting points of the
sodium salts decrease from 801°C to 185°C. These trends for the sodium salts can be

extrapolated to room temperature, the radius of the anion in excess that would be required to
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obtain a room-temperature liquid sodium salt should be of about (3.4 — 4) A.*" In section
IV.3., a new room temperature ionic liquid based on a sodium cation will be presented where
the properties are not only an effect of anion size, but also of intramolecular charge
neutralization through cation complexation. Tetraalkymmonium and phosphonium salts are
examples of large cations with delocalized charge. Further, decreasing symmetries in the ions
decreases melting points as the ion-ion packing is less efficient in the crystal cell.
Additionally, for cations containing alkyl substituents the alkyl chain length has significant
effects on the melting point. For example for 1-alkyl-3-methylimidazolium tetrafluroborate
salts with increasing alkyl chain lengths, n, the melting points decrease up to n = 8 - 10.
Beyond this point, the melting points of the salts start to increase again as van der Waals

interactions between the hydrocarbon chains contribute to the local structure.*®

Many ionic liquids have a wide liquid temperature range, frequently from -80°C up to 300°C.
For a typical ionic liquid, cooling from the liquid state leads to glass formation at low
temperatures. In many cases the glass transition temperatures of ILs are low and lie for 1-
alkyl-3-methylimidazolium salts in range between -70 and -90°C.>* The upper liquid range of
ILs 1s usually related to the thermal decomposition of ILs as most of them are non-volatile.
The statement that ILs have no vapor pressure has in the meantime not only theoretically been

49,3051 protic ILs are

refuted. In some cases even a distillation of ILs in vacuum was possible.
in principle readily distillable, as soon as they do not undergo thermal decomposition. The
mechanism involves the formation of the original acid and base neutral species by proton
transfer and reformation of the PIL on condensing.*’ Destillable PILs require a weakly basic

anion, otherwise the IL will undergo thermal decomposition before boiling.**

1.2.2. Viscosity and ionic conductivity

In general, ionic liquids are more viscous than most common polar solvents. For most ILs the
viscosities, 7, at ambient temperature range from 10 cP to 500 cP.'” For comparison,
viscosities of water, ethylene glycol and glycerol at room temperature are (0.89, 16.1 and 943)
cP, respectively.'” The viscosity of ILs is affected by both, their tendency to form hydrogen
bonds and the strength of their van der Waals interactions.” Within a series of imidazolium
based ILs containing the same cation, a change in anion clearly affects the viscosity. The
general order [(CF3S0,),N] <[BF4] < [CF3CO; ] < [CF3S057] < [(C,H5S0,):N"] < [C3F,COy
] < [CH3CO,7] < [CH3S057] < [C4FsSO57] with respect to the anion has been found.** For ionic

liquids with the same anion the trend of increasing viscosity with increasing chain length of
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the alkyl substituent has been found.*® The viscosities and specific conductivity, &, of many
ILs are strongly dependent on temperature and can be described by the empirical Vogel-
Fulcher- Tammann (VFT) equation, particularly for those ILs that show a glass transition
temperature. The VFT equation implies the fit parameters A and B and T, where the latter is

the so called VFT temperature.™

(1I-1)

(II- 2)

The overall trend pyridinium < ammonium < sulfonium < imidazolium in conductivity with
respect for the cation has been found.*® The correlation between type and size of anion and
conductivity will be discussed in detail in section IV.1.

The relationship between fluidity and conductance can be considered in terms of the Walden
53

rule,

An=const. (11-3)

where A is the molar conductivity of the ionic liquid defined as A =« M / p, where M is the
molecular weight and p the density of the IL. The Walden rule relates the ionic mobilities
which are represented by the molar conductivity to the fluidity of the medium through which
the ions move. For a liquid that can well be described by independently moving ions the
Walden plot (logA versus logz ') will correspond closely to the ideal line. The ideal line can
be represented by using aqueous potassium chloride solutions at high dilutions with a slope of
unity.>

In other words, in absence of any ion-ion interactions, the slope should be unity. Walden plots

54.55,56
=2 and MacFarlane and

of ionic liquids were first described by Angell and coworkers
coworkers.”” Depending on the deviation from the ideal KCl line Angell ef al. subdivided ILs
into different classes, namely superionic liquids, good ionic liquids, poor ionic liquids and
non-ionic liquids.” This classification is shown in Figure I-2. Substances, whose plot lies
more than one order of magnitude below the ideal line, can in this context be classified as
“poor” ionic liquids. On that basis, MacFarlane and coworkers demonstrated recently that a

number of phosphonium based ILs appear to exhibit strong ion pairing.”’ They proposed to
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term ILs exhibiting such behavior “liquid ion pairs”. PILs can generally be classified as “poor

ionic liquids”.*”*

superionic glasses aqueous KCI
' calibration point
B good Jb/

R Grotthus and other ionic
mechay liquids
i low
vapor T-denpendent

< jon-pairing

/poor ionic

liquids

superionic liquids

pressures

log (equivalent conductivity)

high vapor pressures

non-ionic liquids
1

log (fluidity)

Figure I-2. Classification diagram for ionic liquids, based on the classical Walden rule,

and deviations thereof, represented from ref. 55.

1.2.3. Solvent properties

The polarity of a solvent is probably the most widely used solvent classification. One simple
qualitative definition is that a polar solvent will dissolve and stabilize dipolar and charged
solutes.'” To evaluate solvent polarities often dielectric constants, dipole moments and
refractive indices are used as macroscopic physical solvent polarity parameters. A direct
measurement of the dielectric constant which requires a non-conducting medium is not
available for ionic liquids. Furthermore, solvent-solvent interactions take place on a molecular
level. Therefore, macroscopic physical solvent parameters have often failed in describing
solvent effects. In 1965, Reichardt defined solvent polarity as overall solvation capability
which depends on the “action of all, nonspecific and specific, intermolecular solute-solvent
interactions, excluding such interactions leading to definite chemical alterations of the ions or

molecules of the solute.”

Therefore, empirical solvent polarity scales mostly based on
solvatochromic or fluorescent dyes are utilized to classify ionic liquids. The most frequently
used dyes to evaluate polarity of ILs are solvatochromic pyridinium N-phenolate betaine

dyes.”® An empirical polarity scale called E1(30) scale has been defined as the molar

-11 -



1.2.  Physicochemical properties

transition energies of the standard betaine dye number 30, measured in different solvents at

ambient temperature and pressure

E,(30)/kcalmol™ =hv_, cN ,=28951/(A

max

/ nm)

(11-4)

where v is the wavenumber and A, the wavelength of the maximum of the long-

wavelength, solvatochromic, intramolecular CT absorption band of the standard betaine dye,
and A, ¢, and N, are Planck’s constant, the speed of light, and Avogadro’s constant,
respectively.’ With increasing E1(30) values the polarity of the substance increases. For
nonpolar substances, such as hydrocarbons and perfluorohydrocarbons a more lipophilic
betaine dye® is used as the standard betaine dye number 30 is not soluble in nonpolar
substances. The linear correlation between the Er values of the two dyes allows the

calculation of E1(30) values for nonpolar substances as well. In 1983 the dimensionless value

E was introduced using water and tetramethylsilane (TMS) as reference solvents to fix the

scale with EY (H,0) = 1.00 and E) (TMS) = 0.00.°* E/(30) and E} values are known for

more than 360 solvents and mixtures thereof.®’ The polarity scale of several organic solvents

including different groups of ionic liquids is illustrated in Figure I-3.

0

J

CH,Cl, CF3CH,0H
[Tms] CHOH [H0
@ DMF 1-PrOH H,OH Lj
O { Ace[:ne DNiSO EI[‘)H M]:O‘H
| | | | 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
T TSI RNH; X and RN X]
58
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RZ
" \A,’ ’Ra XB [ 1 Q
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Figure I-3. Normalized solvent polarity scale for several organic solvents and different

groups of ionic liquids, reproduced from ref. 61.
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For imidazolium based ILs solvent properties, especially the solubility in water are
significantly affected by the anion. For example, the [PF¢ ] and [NTf;] anion lead to water
insoluble hydrophobic ILs, anions such as [CH3CO;] and [NO;] to highly water soluble
hydrophilic ILs.> Some commonly used anions with respect to their solubility in water are

summarized in Figure [-4.

water-immiscible > water-miscible
[PF¢] [BF4] [CH3CO,]
[NTL,] [OTf] [CF5COy
[N(CN), ] [NOsT]
Br, CI, I’

Figure I-4. Effect of some commonly used anions in imidazolium based ionic liquids on

their water solubility, redrawn from ref. 3.

1.3. Applications

These outstanding physicochemical properties render ILs, especially room temperature lonic
Liquids (RTILs), excellent candidates for potential applications.™® There are about 600
conventional solvents used in industry compared to at least 10° possible simple ILs.”

Consequently, there are 10'? binary and 10'® ternary combinations of these possible.

Table I-2. Brief comparison of organic solvents with ionic liquids.

Property Organic solvents (0.s.) Ionic liquids

Number of solvents > 10° >10°

Flammability Usually flammable Usually non flammable
Vapor pressure Usually remarkable Negligible

Cost Normally cheap 2-100 times higher than o.s.
Chirality Rare Tuneable

Solvation Weakly solvating Strongly solvating
Catalytic ability Rare Common and tuneable
Recycability Green imperative Economic imperative
Viscosity / mPa s 0.2-100 22 - 40000
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In Table I-2 organic solvents are compared to ILs underlying the most important advantages
and disadventages of ILs. Data were taken from ref. 18 without raising a claim of being

comprehensive or representing outliners.

. . . . . . 87

ILs can replace conventional organic solvents in chemical reactions or catalysis™’ and can be
. . 11 . . .

used as media in extraction processes. Other studies concern the use of ionic liquids as

1314 The electrochemical

electrolytes in batteries,'> double layer capacitors or solar cells.
reactivity in ionic liquids'"> as well as their potential in biocatalysis,’ catalysis in general,®
and synthesis”'® have been reviewed recently. Furthermore, several industrial applictions

have been developed in the last years.'®

The probably most successful example for an industrial application is the Biphasic Acid
Scavenging utilising Tonic Liquid (BASIL™) process. This process was introduced by
BASF in 2002. It is used for the production of alkoxyphenylphosphines, which are generic
photoinitiator precursers. Originally, triethyamine was used as acid scavenger yielding
triethylammonium chloride as solid waste product. By replacing triethylamine with 1-
methylimidazole, the ionic liquid 1-methylimidazolium choride is obatined, which
separates from the reaction mixture as discrete phase, the yield increased from 50 % to 98
%. The IL can further by recycled via base decomposition yielding 1-methylimidazole.”

The process is carried out in a multi-ton scale.

Furthermore, ILs are used as additives in paints, for improved finish and drying processes.**
Several other industrial applications of ILs, such as dye-sensitised solar cells, lubricant

formulations, and additives in lithium ion batteries are in progress.'®
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2. Microemulsions

A typical literature search using the keyword “microemulsion” would return more than 1000
references per year in the past decades. Numerous books and reviews appeared concerning the
structure of microemulsions, their phase behavior and applications, which will be discussed in
section I1.2.3. Hence, it is obvious that everything known about microemulsions cannot be
said within a reasonable number of pages. In the following a selection has been made
describing only the most important facts and concepts having an intersection with the topic of

the thesis.

2.1. Definition

Microemulsions are thermodynamically stable, isotropic transparent mixtures of at least a
hydrophilic, a hydrophobic, and an amphiphilic component. In common microemulsions, the

polar liquid is water or a brine solution.

The first microemulsions to be recognized as something different from other known structures
were described in 1943 by Hoar and Schulman.”’ Herein, structures at that time named
“oleophatic hydro-micelle” are nowadays structures called reverse microemulsions. The term
microemulsion was first used by Schulman and coworkers in 1959 describing optically
isotropic transparent solution consisting of water, oil, surfactant and alcohol.®® A more recent
definition was given by Danielsson and Lindmann:*" “A microemulsion is a system of water,
oil and an amphiphile which is a single optically isotropic and thermodynamically stable
liquid solution”. The term “water” corresponds to a polar phase that is classically an aqueous
solution that can contain electrolytes and other additives. The word “amphiphile” from amphi
(both sides) and philos (liking) was coined by Winsor®® to describe substances with an affinity
towards both non-polar and polar phases. Herein, surfactants are the most important
amphiphiles. Their amphiphilc character is strong enough to be driven to the interface where
the polar part is located in the polar phase and vice versa. The term “oil” refers to an organic
phase that is immiscible or at least partially miscible with the polar phase. Therefore, non-
polar substances such as hydrocarbons, partially or totally chlorinated or fluorinated
hydrocarbons, single-chain alkanes, cyclic or aromatic hydrocarbons, but also triglyceride
natural oils can be used.”” n-Alkanes are the most frequently used non-polar phases in

microemulsions.
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It has been shown that the polar phase is not necessarily water and the non-polar phase not
compulsorily oil. Attempts have been made to formulate and characterize water-free
microemulsions,”*"""*7 for example by replacing water with ethylene glycerol”’, glycol or
formamide.”” In recent years, progress has been made by formulating nonaqueous
microemulsions with lonic Liquids. An overview about the current state of research

concerning ILs in microemulsions is discussed in detail in section IV.2.
2.2. Types of microemulsions and phase behavior

It is well known since hundreds of years that oil and water do not mix. If energy is added to
an oil/water system, for example in the form of stirring, very unstable dispersions are formed
which phase separate quickly if the system is allowed to relax. The addition of a surfactant
reduces the interfacial tension between the two immiscible liquids and a dispersion is formed.
Depending on the proportions of the ingredients, either oil-in-water (o/w) or a water-in-oil
(w/o) dispersions are formed. These so called macroemulsions have normally dimensions
between (0.2-10) um,”® they are turbid and thermodynamically unstable. Nevertheless,
macroemulsions remain stable for a considerable length of times as they are kinetically
stable.”” By contrast, microemulsions do in principle not require any mechanical work for

. . . . . . . 76
their formation. The conventional dimensions of microemulsions range from 3 nm to 10 nm.

2.2.1. Oil-in-water and water-in-oil microemulsions

Varieties of different colloidal structures in microemulsions have been described in literature
and will be discussed in the following section. The most clear-cut examples of
microemulsions are oil-in-water (o/w) and water-in-oil (w/0) microemulsions. In the case of
an o/w microemulsion water is the continuous phase with oil droplets stabilized by surfactant
molecules. For non-ionic surfactants and ionic double chain surfactants, such as sodium bis
(2-ethylhexyl) sulfosuccinate (AOT) no cosurfactant is necessary. For single-chain ionic
surfactants a cosurfactant is needed for the formation of a microemulsion, due to the strong
repulsion of the charged surfactant head groups. As cosurfactants often n-alcohols are used.
The easiest cases in this context are spherical micellar aggregates with oil in the core of the
swollen micelle as illustrated for an o/w microemulsion in the presence of cosurfactant in
Figure II-1. These water continuous microemulsions are often abbreviated as L;-phases and
are still subject of various investigations. This is related to the fact that many applications

concern the problem of solubilisation of oil in water.
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/\/\_Q surfactant
/\/\. cosurfactant

oil

bound water

Figure II-1. Schematic illustration of a o/w microemulsion, with oil in the core of the

swollen micellar structure.

Conversely, in a w/o microemulsion, oil is the continuous phase with dispersed water droplets
stabilized by surfactant molecules. Exemplarily, such w/o microemulsions are illustrated in

Figure II- 2 for a spherical aggregate with surfactant and cosurfactant.

surfactant

cosurfactant

free water

bound water

Figure II- 2. Schematic illustration of w/o microemulsions, with free water in the core of

the swollen reverse micellar structure and layers of rigidly held water.

-17 -



I1.2.2. Types of microemulsions and phase behavior

The common abbreviation for these oil-continuous structures is L,-phase. Compared to
studies of the physicochemical properties of L;-phases investigations are scarce on Lj-
phases.”® The L,-phases have attracted interest in the last years as media for the synthesis of

. . . 79,80
inorganic nanoparticles.””

The structure of the microemulsion depends on the volume fraction of oil, water and
amphiphile as well as on the nature of the interfacial film. o/w microemulsion droplets usually
form when the oil volume fraction is low, w/o microemulsions preferentially form when the

oil volume fraction is high.

2.2.2. Other structures

In the phase diagram of microemulsions regions exist, where the structure cannot simply be
pictured as spherical aggregates depending on the relative ratio of the constituting
components. In these regions of the phase diagram several structures have been reported such
as rod-like and bicontinuous structures as well as aggregates formed by droplet clusters.
Furthermore, several liquid crystalline phases have been found. Bicontinuous structures can
be found at almost equal amounts of water and oil. Bicontinuous structures are networks of oil
and water nanodomains separated and stabilized by a surfactant interfacial film with a net
curvature close to zero. A three-dimensional picture of such a bicontinuous structure is shown

in Figure II- 3.%'

Figure II- 3. Three-dimensional image of a bicontinuous structure taken from ref. 81.

Ls- or sponge phases are isotropic solutions consisting of multiply connected three-
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dimensional bi-layers.*” Currently, there is a growing interest in the local dynamics of bi-

layers in L3 phases.

83,84

Lamellar phases (Lq-phases) are not strictly microemulsions, but they are strongly related to

them. They have currently been reviewed by Dubois and Zemb.®

2.2.3. Winsor phase classification

. . . . . . 86
One well-known classification of microemulsions was introduced by Winsor™ who found

four general types of phase equilibria:

Type I: In a type I Winsor system, two phases are in equilibrium. A L; type of
aqueous micellar system and its extension to an o/w microemulsion is in
equilibrium with almost pure oil in the upper phase. Therefore, the surfactant
rich phase coexists with the oil phase with small non- aggregated amounts of
surfactant. This phase behavior has also often been labelled 2, since it appears

as two phases with a surfactant rich lower phase.

Type 1I: Contrary, in a type II system, the lower surfactant poor aqueous phase
is in equilibrium with an inverse micellar L, phase or a w/o microemulsion

where oil is the continuous phase. Therefore, the main amount of surfactant is

present in the oil phase. Winsor II systems are often noted 2, since the upper

phase is the surfactant rich phase.

Type III: Winsor Type III phases represent a three-phase system, separated
into a surfactant-rich phase in the middle and two excess phases, the lower
phase composed of almost pure water and an upper oil phase, both with small
amount of surfactant. The so-called middle phase microemulsion is in
equilibrium with both excess phases and can neither be diluted with water nor
with oil. Moreover, this phase is bicontinuous as neither water nor oil is the

continuous phase.

Type IV: This phase represents a true single phase oil, water and surfactant are
homogeneously mixed according to Schulman’s definition of

microemulsions.®’
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The different Winsor phases are illustrated in Figure 11-4.

/\/\/O surfactant
/\/\' cosurfactant

water

WINSOR 1 WINSOR II WINSOR 11T WINSOR IV

554
554

500556555

5500000555000 00040 000
F A

2
f

Figure II-4. Different phase forming situations for water-amphiphile-oil mixtures:

Winsor phases.

Depending on the type of surfactant and the sample composition the types I-IV form
preferentially. Nevertheless, phase transitions can be induced by several parameters such as
temperature for nonionic surfactants and electrolyte concentration for ionic ones. For non-
ionic surfactants, increasing temperature induces phase transitions from Winsor I to Winsor
IIT to Winsor II. The same order is given for ionic surfactants when the electrolyte
concentration increases. Qualitative effects on several variables on changes in phase behavior
were summarized by Bellocq ef al. for anionic surfactants.?’ These effects are summarized in

Table II-1.

Ethoxylated alcohols are the most widely used non-ionic surfactants, they are prepared by the
reaction of ethylene oxide with aliphatic or aromatic alcohols.*®® A common abbreviation for
these surfactants is C;E; where i denotes the carbon number in the hydrophobic tail and j the
repetition unit of oxyethylene groups:

C,'Ej = CH3(CH2),-O(CH2CH20)1H
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Table II-1. Qualitative effect of several variables on the observed phase behavior of

187

anionic surfactants, according to Bellocq ef al.”° Roman numerals denote the different

Winsor phases.

Scanned variables (increase) Ternary diagram transition
Salinity -1l —-1I
Oil: Alkane carbon number H-II—1
Alcohol: low molecular weight M-1I—1I
Alcohol: high molecular weight [ -1 —1I
Surfactant: lipophilic chain length [->1I—-1I
Temperature MI—-II—I

Most of the commercially available C,E; surfactants contain a relatively broad distribution of
degrees of ethoxylation.” In Table II-2 qualitative effects on different variables influencing
the phase behavior of ternary systems consisting of non-ionic surfactants (C;E;), water and oil

are summarized.

Table II-2. Qualitative effect of several variables on the observed phase behavior of non-
ionic surfactants, according to Wormuth ez al.”® Roman numerals denote the different

Winsor phases.

Scanned variables (increase) Ternary diagram transition
Salinity [->1T—-1I
Oil: Alkane carbon number - -1
Pressure [I-1I—-1I
Surfactant: lipophilic chain length [->1I—-1I
Temperature [ -1 —1II

2.2.4. Phase diagrams of microemulsions

Maps of the phase behavior of three components systems are often plotted in a “Gibbs
triangle”, which reflects the ternary composition in two-dimensional space. Exemplarily, a

ternary phase diagram of water, oil and amphiphile is shown in Figure II-5.
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w (oil)

Figure II-5. Schematic phase diagram of water, oil and surfactant mixtures showing

regions of 1, 2 and 3 phases.

The compositions of the ingredients may be expressed either in weight, molar or volume
fraction. In the majority of cases the compositions are represented in weight fractions, w.
Furthermore, the variables temperature and pressure are fixed. Each of the corners of the
triangle represents the three pure compounds, while the edges of the triangle map the three
binary compositions. In the example given in Figure II-5, the bottom edge denotes water-oil
mixtures, the left edge maps oil-surfactant mixtures and the right edge maps oil-surfactant
mixtures. The interior of the triangle maps the compositions of all the three components, for
example a point exactly at the middle of the triangle denotes equal amounts of water, oil and
surfactant (each 33.33 wr%). By moving closer to one of the corners, the composition
becomes richer in that particular component. The “1” in Figure II-5 describes the region

where a single microemulsion phase occurs, corresponding to a Winsor IV phase. The phase
“2” corresponds to a Winsor II, “2 “ to a Winsor I and “3* corresponds to a Winsor type III

phase, respectively.

It is important to distinguish between the phase behavior of microemulsions formed with non-
ionic surfactants and ionic ones, as there are many similarities but also some systematic

differences.

2.2.5. Microemulsions with non-ionic surfactants

As already mentioned in section I1.2.2.1, microemulsions with non-ionic surfactants,

especially C;E;, can be formed without the addition of any cosurfactant. Basic prerequisite for
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studying the properties of such microemulsions is knowledge of their phase behavior as it
depends on several parameters, such as temperature, pressure and the nature of the
components. Probably one of the most important variables in non-ionic microemulsions is

temperature,”’ while the effect of pressure has turned out to be rather weak.”

The molecular origin of the strong temperature dependence of the phase behavior of C.E;
containing system is related to the interaction between water and the oligo(ethylene oxide)
headgroup of the surfactant.”> Water can be considered as good solvent for oligo(ethylene
oxide) at low temperatures and becomes a bad solvent at more elevated temperatures,
resulting in a miscibility gap in the binary water- C,E; phase diagram.”*** At the so-called
cloud point, phase separation occurs into a surfactant rich and a surfactant lean phase. The
critical point where the two phases first appear at a specific temperature 73 is called cpg.
Contrary, the miscibility of C;E; with oil increases with increasing temperature, the miscibility

gap disappears at the critical point cp,, at a defined temperature 7.

The phase behavior of ternary non-ionic microemulsions has been studied systematically by
Kahlweit, Strey and coworkers.”®*”*® This led to a better understanding of the phase behavior
of CiE;surfactants, oil and water. Kahlweit ef al. % presented the temperature dependent phase
diagram by vertically stacking the Gibbs triangles into a prism, with temperature on the
vertical ordinate. Such a phase prism is shown exemplarily in Figure II-6, reproduced from

ref. 90.

Figure II-6. Schematic phase prism of mixtures of water, oil and non-ionic surfactant as
a function of temperature, taken from ref. 90. Tie- lines are shown within the two-phase

regions.
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The phase prism gives a quite complicated picture of the phase behavior of the ternary
system, including critical points, critical endpoints and three phase triangles. At low
temperatures the amphiphile is dissolved mainly in the water-rich phase. With increasing
temperature, a water-amphiphile nose appears. The three phase triangle appears at a lower
critical tie line at a temperature 7 and disappears at an upper critical tie line at a temperature
T,. According to the Winsor phase classification described in section 11.2.2.3, the system
shows a phase diagram of Winsor type I below 7;. Between 7; and 7,, a Winsor type III
system appears and one of type Il above T, can be observed. The position and the width of the
three phase temperature interval depend on the nature of surfactant and oil. Generally spoken,
for a given oil the three phase temperature interval lies lower, the more hydrophobic the

surfactant and for a given amphiphile it lies higher the more hydrophobic the oil.

As these phase prisms are relatively complicated and difficult to interpret, greater
understanding comes from going back to two-dimensional space by taking slices through the
phase prisms. In these slices it can then be seen how the variables of interest influence the
phase behavior. The mass fraction of oil, ¢, in a two-component water oil mixture is defined
as

mo

a=—"29— (1I-5)

mg, +mw

and the mass fraction of surfactant, 7, can be expressed as,

mg
V= (11-6)

mg + mg +mW

where myg, mo, and my are the masses of surfactant, oil and water, respectively.

Figure II-7 represents an idealized pseudo-binary slice through the phase prism obtained for
an equal ratio of water to oil (o = 0.5). The phase diagram where yis shown as a function of
temperature, 6, takes the shape of a fish. These so-called fish cut is the most often used two-

dimensional phase diagram concerning microemulsions with non-ionic surfactants.
The three- phase region (3) lies in the body of the fish, the tail of the fish delimits the single
phase region (1) of the fish, and one can distinguish between o/w, bicontinuous and w/o

microemulsions depending on the temperature. Furthermore, a 2 region and a 2 region lies

below and above the body of the fish, respectively. y represents the critical microemulsion
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concentration (cpc). Below this surfactant weight fraction, no mixing of oil and water can be

found.

w/o

bicontinuous 1

o/w

o7 10 7 20

Figure I1-7. Fish cut: Schematic phase diagram of equal amounts of oil and water (a =
0.5) as a function of non-ionic surfactant weight fraction and temperature (0), numbers
denote the different phases appearing described in detail in section I1.2.2.3. The diagram

was redrawn from typical phase diagrams given in literature.***’

As can be seen from Figure II-7, the efficiency, defined as the amount of surfactant that is

required to mix equal amounts of water and oil, of an ethoxylated surfactant depends strongly
on temperature. The greatest surfactant efficiency can therefore be observed at the point }_/
where the body and the tail of the fish meet. It is often called the “optimum formulation™ as it

i1s at a given temperature the minimum amount of surfactant that is required to mix equal

amounts of water and oil into a single phase microemulsion.

Another useful two-dimensional phase diagram is the y cut. It is a pseudo-binary phase
diagram that is found upon fixing the surfactant weight fraction and varying the ratio of ¢ as a
function of temperature. The x cut will not be discussed here in detail, as the above described
fish cut is the most frequently used one. There are many other variables that can influence the
phase behavior of ternary systems consisting of water, oil and non-ionic surfactant that are

summarized in Table 11-2.
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2.2.6. Microemulsions with ionic surfactants

As it has been discussed in the previous section for microemulsions with non-ionic surfactants
of the CiE; type, the hydrophilic lipophilic nature of the surfactant can be tuned with
temperature. Hence, it is possible to cover the whole range from o/w to w/o droplets by a

simple temperature variation.

Ionic surfactants, such as sodium dodecylsufate (SDS) or dodecytrimethylammoinum
bromide (C;;TAB) are strongly hydrophilic and do not form large micelles.”” An upper
critical solution temperature in aqueous solution is not observed for ionic surfactants and the
size of the micelles does not change significantly with temperature. The hydrophilic-
lipophilic balance cannot be tuned simply by temperature variation. Increasing the
hydrocarbon tail of ionic surfactants to compensate the high hydrophilicity does not yield
microemulsions. Long hydrocarbon tails favour the formation of viscous liquid crystalline
phases rather than the formation of microemulsions.'” Therefore, ionic surfactants do not
form microemulsions without the addition of at least a fourth component namely a

cosurfactant such as alcohols.

The hydrophobicity can be increased by adding double tails to the surfactant and the tendency
of the formation of liquid crystalline phases is reduced. Ionic double-chain surfactants, such
as AOT and didodecyldimethylammonium bromide (DDAB) constitute an important class of
surfactants and can form three-component microemulsions.'®"'?%!0%1%%10 The major
theoretical requirement for the existence of a three-component microemulsion system is that
the packing parameter is close to 1.1 For most of these double-chain surfactants, this
condition is fulfilled.'” Hence, no cosurfactant is necessary for the formation of

microemulsions.

On the contrary, for single chain ionic surfactants normally the addition of a cosurfactant is
needed in order to form stable microemulsions.'”’” The strong electrostatic interaction of the
charged surfactant head groups of ionic surfactants makes the addition of cosurfactant
necessary to decrease this repulsion and to change the spontaneous curvature.'” Most
commonly low molecular weight aliphatic alcohols are used as cosurfactants, but short chain

. 107,109
amines can be used as well.” "

The alcohol reduces overall hydrophilicity of the ionic
surfactant and favours therefore the formation of microemulsions. The surfactant molecules
remain present at the interface between the continuous phase and the dispersed droplet, while

the cosurfactant molecules are distributed between oil, water and the interface depending on
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their solubility. Furthermore, it has been observed that the cosurfactants affect the droplet
size, increasing amounts of cosurfactant results in a smaller droplet size. To obtain a middle
phase microemulsion, in addition to the presence of a cosurfactant, further addition of salt is

. 1110
required.

The main variables influencing the phase behavior of microemulsions formed with ionic
surfactants have been summarized in Table II-1. The addition of salts influences the phase
behavior of both ionic and non-ionic microemulsions in the same direction. On the contrary,
ionic surfactants respond to temperature in the opposite direction compared to non-ionic
surfactants. As already described in section I1.2.2.5, the hydrophilicity of non-ionic
surfactants increases with increasing temperature, while the water solubility decreases. Ionic

surfactants become more water soluble with increasing temperature.””’

Nevertheless, microemulsions composed of ionic surfactant, water, oil, and cosurfactant and
eventually salt tend to be relatively temperature-insensitive. Cosurfactant and salt

concentration are the main tuning parameters.' 10

2.3. Applications

The outstanding properties of microemulsions, such as high capacity to solubilize water and
oil, low interfacial tension, large interfacial area, spontaneous formation and fine
microstructures renders them excellent candidates for a variety of applications that have been

: : : 90,111,112,113
summarized in several review papers and books.” "~

Here, the probably most important
and promising applications described in literature are summarized in order to demonstrate

their significance and potential.

The use of microemulsions in enhanced oil recovery (EOR) represents a promising

application."*'"> Approximately 30 % of an oil reservoir can be extracted by primary

117

recovery and another 20 % can be obtained by EOR. " Oil remains trapped in the reservoir

because of its high interfacial tension of (20-25) mN-m™.'""? A surfactant formulation is
injected in the petroleum reservoir, a middle phase microemulsion is formed between excess
oil and excess brine and the interfacial tension can be reduced down to 10° mN'm™. In a

116

similar way microemulsions can be used to remove pollutants from solids ~ and to extract

. . 11
organohalide contaminants.'"’

A second important application is the synthesis of nanoparticles in microemulsions. In this

context particularly w/o type microemulsions are of importance. It has been suggested that the
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w/o droplets act as templates and control the nucleation for the particle growth of mainly
inorganic nanoparticles.''®!'®!"” Both w/o and o/w microemulsions can be used in a similar
way to synthesize polymer particles. The obtained polymers exhibit a better defined

.. . . . . . . 111.120
distribution compared to conventional emulsion polymerization techniques.”

Since several decades microemulsions are used as lubricants and corrosion inhibitors as the
metal surface is protected by a surfactant film. Furthermore, water imparts higher heat
capacity to the system compared to pure oil.'"?

121,122 123

Furthermore, microemulsions are applied in drug-delivery systems, skin care products

and are of industrial importance as they are encountered in agricultural spray formulations.'"'
Another interesting point concerns studies of enzymatic reactions in microemulsions.
Catalysis and enzymatic activity has been studied over the last years and has been

summarized by several authors.'**!%>126

Other interesting aspects are the use of microemulsions as reaction media in organic reactions

and catalyses, in biotechnological applications and in separation science.
2.4. Methods to characterize microemulsions

A variety of methods has been applied to study structure and dynamics of microemulsions and
has been summarized in several books and reviews. In the following the most frequently used
methods will be discussed. The methods that have been used to characterize the high
temperature stable microemulsions of this work will be discussed more detailed than the other
ones. Furthermore, it will mainly be focused on characterization techniques of w/o
microemulsions, as the microemulsions presented in the thesis mainly concern ionic liquid in
oil type microemulsions. Characterization techniques used are hence comparable to w/o- type

microemulsions.

2.4.1. Electrical conductivity

Investigations of transport properties of microemulsions, such as electrical conductivity and
viscosity provide important information about their internal dynamics. The conductivity of
o/w, w/o and bicontinuous microemulsions can be dramatically different and therefore allows
a differentiation about the different structures present. For w/o microemulsions, where oil is

the continuous phase, the conductance strongly depends on the water volume fraction.

For w/o microemulsions the conductivity is very low as oil is the continuous phase. With
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increasing amount of water, a rapid increase in electrical conductivity above a certain
threshold can be observed in certain cases. This sharp increase continues with the amount of
water, sometimes a plateau can be reached where the conductivity does not change
significantly with increasing water content. This behavior, especially the sharp increase of
several decades in conductivity above a certain threshold is known as percolation behavior
and has first been described by Lagues et al.'*’ In Figure II-8, the specific conductivity versus
volume fraction of the dispersed phase for a percolative system is shown. The curve exhibits a
sigmoid shape, the corresponding percolation threshold volume fraction, ¢p, is marked with a

red point on the curve and an arrow on the x-axis.

log (x) / a.u.

¢l a.u.
Figure II-8. Idealized evolution of the specific conductivity, x, versus the volume fraction

of the disperse phase, ¢, for a percolating systems, scale in arbitrary units. gp denotes the

percolation threshold volume fraction.

The phenomenon of percolation in microemulsions has been subject of a large number of
investigations and was summarized in several reviews and book chapters. Below the
percolation threshold, well separated dispersed water droplets, stabilized by surfactant and
eventually cosurfactant are present in a continuous oil medium, the conductivity is very low.
With increasing water content the structures start to swell. At the percolation threshold the
conductivity changes over several orders of magnitude. One explanation for the sharp increase
in conductivity at the percolation threshold implies the formation of droplet associations and

clusters, at least the droplets have to come sufficiently close to each other, so that an efficient
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transport of charge carriers can take place. The point of the formation of this random network

where long range connectivity is formed is equal to the percolation threshold volume fraction.

Below the percolation transition the conductivity is about 10°-10° S m™.'*® Although, the
conductivity is very low, this value is still much higher compared to the conductivity of an
non-polar solvent which is in the range of (10"%-10"°) S m™. The conductance of w/o
microemulsions at low water volume fractions or of a state much below ¢ can be explained

128
L.

following the charge fluctuation model of Eicke et a In the following this model will be

discussed for a w/o microemulsion formed with a cationic surfactant.

The charge fluctuation model assumes spherical droplets with radius » that move
independently from each other. In a thermal equilibrium these droplets are in sum uncharged
as the number of positive charged surfactant molecules, N;, is equal to the number of
negatively charged of counter ions, N>. However, due to spontaneous fluctuations, charged

droplets will form that carry an excess charge z.

Z=N2—N1 (II-7)

With the analytical droplet density p and the droplet density p; for the different charged

droplets i, the mean positive charge, <N >, and the mean negative charge, <N >, can be

+

expressed as:

(N)=Y N2 (11-8)
i %
(N)=2N, % (11-9)

As the overall charge of the droplets in sum must be zero due to the electroneutrality

condition the mean charge N can be written as:
(N,)=(N_)=N (11-10)

In analogy to diluted electrolyte solutions, the current density j is given by
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J=27 PV &y (1-11)

where v; is the velocity of migration of the spherical droplets in an electrical field, £. There
exists an equilibrium between the electric force and the Stokes friction. With the viscosity, 7,

the velocity of migration is equal to:

p=Zak (1I-12)
6rnr

The combination of eq. (II- 8) with Ohm’s law,

J
E ( )

where x is the specific conductivity of the microemulsion yields:

2
e, 2
K= Z. . II'14
P §,~’ P P (I1-14)

In the case of microemulsion droplets x can also be expressed in terms of the mean square

charge <zz> , which is defined as

2\ _ 2& _
(z2) Zz p (I1-15)

However, due to the electroneutrality the mean charge <z> must be equal to zero.

LA
K‘—67”7r<z> (1I-16)

The mean square charge <22> can be expressed in terms of the mean-squared fluctuation of the

number of ions residing on a droplet 6N, =N, — <Ni> withi=1,2.
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(22)=(ON3 )=2(oN, N, )+ (o7 ) (1I-17)

<éNz 6N1> can be written as'*’

(8N, 6N,) =k, T(a] (I1-18)
/ Pl oty

where kg is the Boltzmann constant, 7" the absolute temperature and u; the chemical potential
of the /" component, with j = 1, 2.
The chemical potential 4; can be expressed as

,ujz,u?—i-,ujx+kBTNi (I1-19)

where ,u? is the standard chemical potential of the ideal solution and u;" denotes the excess

chemical potential defined as

o aGex
H= N . (11-20)

1

where G is the excess Gibbs free energy. G can be set equal to Born’s energy of ion
solvation, with the dielectric permittivity of the vacuum, &, and the dielectric constant of the

solvent, &.

2 2 2
Gr=—"5% % (N,-N) (I1-21)
dreye.r 8mwey e, 1

The combination of eq.s (II-14)-(I1-17) gives

S T (11-22)
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From eq. (II-10) and (II-18) the specific conductivity of a dilute microemulsion with the

volume fraction of the droplets, @, defined as ¢=4 n r*/ 3 can finally be expressed as

80 Sr kBT ¢
K=—"-—""—" -
2en P (11-23)

It is interesting to note that the final relation between specific conductivity and radius is
independent of the charge of the ions.

Another important model to describe specific conductivity of dilute w/o microemulsions

below the percolation threshold has been proposed by Kallay et al.'**'*!

They distinguish
between two different radii, Born’s radius rg and the radius of the water core of the reverse
micelle. With thickness of the surfactant layer, /, around the water core, the radius of the

whole droplet, 7, can be expressed as
r=ry+I (I1-24)

Finally, the following equation is obtained for the specific conductivity of a w/o

microemulsion:

& & ky T p(r=1)
K= Z
2rnn r

(11-25)

Furthermore, improved charge fluctuation models have been proposed by Hall'** and by Halle

and Bjorling.'”

All these models are based on dilute w/o microemulsions below the percolation threshold. In
the following more concentrated systems near and above the percolation transition will be

considered.

The percolation phenomenon can be divided in two types, static and dynamic percolation. By
static percolation a mixture of isolators and solid conductors where the conductivity is almost
zero below the threshold is considered. In the dynamic percolation, the droplets are in motion,

where the probability for collisions is very high near the threshold condition. Concerning the
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charge transfer, there are two different mechanisms that can be found in literature. One is in
favour with the transfer by hopping of the surfactant from one droplet to another."**'**> The
second one is that the charge transport takes place via ion transfer by interfacial layer

. 136,137 134,138,139
opening. o

The model of dynamic percolation assumes spherical independently
moving droplets as in the charge fluctuation model. The conductivity can be described below
and above the percolation threshold by appropriate asymptotic power laws, where x; and x>

correspond to the conductivities of the percolating droplets and of the homogeneous phase.
()=l ()+un(|g-4,|)  ¢>>4,+A (11-26)
In(x)=In (k) ~sIn (| g4, |) p<<d, —A (11-27)

A is the width of the transition region and x4 and s are two characteristic exponents and can be
determined from the slopes of the equations (II-22) and (II-23)). According to computer
simulations the exponents x4 and s vary from ¢ = 1.94 and s = 1.2 for dynamic and ¢ = 2 and s
= (.6-0.7 for static percolation. The dynamic percolation exponent u was predicted by Grest
et al."** based on the theory of dynamic percolation and were later confirmed by Kim and

10 the exponent s was calculated by Derrida ef al.'*' Consequently, it is possible to

Huang,
differentiate between dynamic and static percolation of microemulsions. The same scaling
laws hold for non-ionic surfactants where the percolation effect can also be induced by

temperature variation. 142

Beside the percolation phenomenon, an antipercolation effect has also been reported.'*'** In
the case of antipercolation the conductivity decreases with increasing water content, salt
concentration or temperature. It was suggested that there was no interconnection among the

droplets and therefore the probability that a charge hopping transfer takes place decreases.

2.4.2. Viscosity

Viscosity measurements yield important information about the rheological behavior of
microemulsions and can show characteristic features. Normally, Winsor I and Winsor II
microemulsions are low viscous, Newtonian fluids. Bicontinuous structures often exhibit a

non-Newtonian behavior.'*
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A change in the composition of the microemulsion system can affect the viscosity of
microemulsions significantly. An oil continuous system can change into a bicontinuous one,
followed by a water continuous microemulsion. These structural changes exhibit distinct
changes in viscosity. In literature, there is no accurate theory on viscosity of microemulsions,

. .. . 145
but several semi empirical relations have been found.

Concerning the percolation theory, similar equations as postulated for the conductivity have
been suggested.'*® For normal aqueous microemulsions without the addition of any additives
(polymers, thickeners), the viscosity percolation phenomenon could not be detected. One
condition to observe percolation is that the viscosity of the continuous phase is significantly
different from the viscosity of the polar phase. Therefore, it was not possible to verify these
equations quantitatively as 7jwater 18 not sufficiently different from 7,;. Boned and coworkers
replaced water by glycerol in a microemulsion consisting of AOT, water and isooctane.” In
that case the condition was fulfilled as 77,ii << 7giycerol. They found that the critical exponents
obtained from viscosity measurements are very close to those obtained from conductivity

measurements.

The conductivity of a well defined and less complex system shows inverse dependence of the
viscosity. For example in electrolyte solutions with solvents of different viscosity the rule of

Walden is valid (eq. 11-3).

In microemulsions it has been found that this rule is often not valid, especially at the stage of
percolation. The conductivity increases slowly or rapidly with the volume fraction of the
dispersed phase at a constant temperature, the corresponding viscosity may increase or

- . 142,146
decrease and can pass through a minimum or a maximum. "

2.4.3. Dynamic light scattering (DLS)

Basically, one can distinguish between two different types of scattering. First, analysis of time
dependent fluctuations in the scattered radiation, so-called dynamic- or quasielastic scattering,
yields dynamic information. These experiments give information how the particles are
moving in Brownian motion and their shapes fluctuate in time. Second, static scattering is
described by the measurement of the angle dependence of the scattered intensity and yields
structural information. The scattered intensity in absolute scale yields information about the

molecular weight of the scattering objects.

Dynamic light scattering has become a standard method for the study of colloidal suspensions
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in general and for the study of microemulsions in particular. In DLS experiments, the time
correlation of the scattered light is measured. Therefore, the detected signal depends directly

on the motion of the scattering centres in the solution.

Scattered radiation is observed when the investigated system is heterogeneous, for dispersed
particles the main scattered signal related to the difference in optical properties, particularly
the refractive index difference. The propagation of the incident beam is described by a

scattering vector ¢ which is defined as

dazn . (0O
q= P sin 7 (I1-28)

where 7 is the refractive index of the medium (for microemulsions of the continuous phase),
A the laser wavelength and @ the scattering angle with respect to the incident beam (90° for a
standard DLS experiment). When a monochromatic beam with the frequency v shines on an
immobile particle, the particle emits scattered radiation with the same frequency vy of the
incident beam in all directions of space. With particles in motion and an immobile observer
the moving particle emits scattered radiation of the frequency vy, but the observer will detect a
frequency v = vy +Av. The frequency Av is the so-called Doppler shift which depends on ¢
and the velocity of the particle, v. The frequency shift Av can be positive or negative as the
particles are in thermal and random Brownian motion and can hence change direction and
speed. The spectrum of scattered particles in Brownian motion looks like a bell shaped curve,
the dynamic properties of the scatters can be obtained by the Fourier transform of the
spectrum. The latter is the intensity autocorrelation function g () which is an average value
of the product of the intensity registered at an observation time ¢, its intensity /(¢) and the

intensity registered at the time delay z, /(t+7).

g () =(I01(t+7)) (11-29)

The intensity autocorrelation function is related to the field autocorrelation function g”(#) by

the Siegert relation.
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g®(0)=1+Bg" ()| (11-30)
For monodisperse non- interacting spherical particles g”(z) exhibits a single exponential

decay, where /is the decay rate.

gV ()=exp(-T1) (11-31)

When a baseline A is taken into account, a single exponential decay in terms of the intensity

normalized autocorrelation function can be described as:

g? () —1=A+(Bexp(-T't))’ (11-32)
The decay rate /is linked to the translational diffusion coefficient D:

'=Dgqg? (I1-33)

The diffusion coefficient is related to the hydrodynamic radius by the Stokes- Einstein eq.

— kBT
67nR,

(11-34)

The probably most widely used method for the analysis of quasi elastic light scattering data is
the cumulant method. For monodiperse systems g”(z) is a mono-exponential decaying
function, consequently In (g”(2)) as a function of the decay time is a straight line with a slope
proportional to the decay rate and inversely proportional to the particle size. In contrast, for
polydisperse systems a multi-exponential decay in g”’(z) can be detected, In (g””(1)) as a
function of the decay time is no longer a straight line. The cumulant method proceeds by
expanding the Laplace transform about the average decay rate T where C(7) is the

distribution function.

f:TFC(F)dF (I1-35)
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The results is a series expansion of the exponential function g”(2).

K. ** K,#
23 4.

1) T _T
In(g () =T, ~T'1+ =2 ==

(I1-36)

A similar fit is obtained by using In (g(z) (1))” instead of g(l) (). Nevertheless, light scattering
data are relative insensitive to polydispersity. For example one can determine T to better than
1%, K, about 20%, but can evaluate only little more than the sign of K3.'*” The polydispersity
index (PDI) is defined as:

K
PDI= f—f (I11-37)

For a PDI < 0.05 a monodisperse, for 0.1 < PDI < 0.2 a narrow and for 0.2 < PDI < 0.5 a

broad particle distribution can be assumed.'*’

To get information about the particle distribution nonlinear data analysis can be used. The

148,149

constrained regularization method (Contin) described by Provencher is beside the non-

159 the most often used one.'*” The

negatively constrained least-squares method (NNLS)
following linear fit model can be used, where C(7/) denotes the decay rate distribution

function:

T,

g? (-1 { mfxexp(—Ft) C(F)dFJ (11-38)

T,

min

w/0 microemulsions are generally very concentrated systems, and far away from the ideal
case of a very diluted solution. Consequently, one cannot obtain a free particle diffusion
coefficient due to particle interactions and multiple scattering. Moreover, it is well known that

the polydispersity in microemulsions is high.m’152

Hence, for highly concentrated solutions
like microemulsions the free particle diffusion coefficient Dy must be replaced by the so-

called effective diffusion coefficient D.; Consequently, the hydrodynamic radius must be
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replaced by an apparent hydrodynamic radius Rp,,,. The interpretation of dynamic light
scattering results of microemulsions is difficult. Nevertheless, the Ry, give at least an idea
of a dimension and can be compared to other characterization techniques, such as small angle

scattering experiments.

2.4.4. Small angle scattering (SAS)

Small angle X-ray scattering (SAXS), small angle neutron scattering (SANS) and light
scattering techniques provide the most obvious methods for obtaining quantitative
information on size, shape and structure of colloidal particles, since they are based on
interactions between incident radiations and particles. Valuable information can be extracted
from SAS experiments when the incident wavelength, A, falls within the size range of the
structures to be detected. Therefore, microemulsion droplets can be well characterized by X-

rays (A= 0.5-2.3 A) and neutrons (1= 0.1-30 A).

The overview given here is mainly restricted to static SAS experiments. X-rays are scattered
by electrons and neutrons are scattered by nuclei. Hence, each type of radiation has its
advantages and disadvantages as a probe for soft matter. The scattering at a single electron is

given by its scattering length p}= 2.8:10"° m is often called Thomson scattering length.

Consequently, the X-ray scattering length of a molecule containing z electrons is given
bys* =zb,. The coherent neutron scattering lengths b; .., for atoms and isotopes can be found

. 153,154
in literature.>”

In practise, the mean coherent scattering length density, p..», is @ parameter
to quantify the scattering efficiency of different components in a system. p.,; is the sum over

all atomic contributions in the molecular volume 7,

Z bi ,coh

a PN, & 11-39
pcnh == = MA Zbi,coh ( )
i=l

where b; .o is the coherent scattering length of the i atom in the molecule containing 7
atoms, p the density, M the molar mass and N4 is Avogardo’s constant. The same equation
holds for the calculation of the X-ray scattering length density, p,, when b; . is replaced by

b’ . While X- Ray scattering lengths are proportional to the atomic number, neutron scattering

lengths vary with the type of nucleus, which can be positive or negative. A particular
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difference is observed for the coherent scattering length of a hydrogen nucleus (bgcon = -
3.74-10" c¢m) and a deuterium nucleus (bpcon = 6.67-10™"° cm).'> Consequently, a partial
deuteration of the components of a sample change the neutron scattering properties
completely, while the assumption that the chemical and physical properties do not change
significantly has to be made. Nevertheless, the ability to vary the contrast is the main
advantage of SANS. Furthermore, neutrons have particular advantage over X-rays for the
study of sensitive samples, such as samples of biological material, since X- rays cause
molecular degradation due to radiative heating.

The scattering contrast of a particle in solution is defined by the difference of the scattering

length of the particle, pp, and the solvent, pg.'>>'

Ap=pp=ps (11-40)

The scattering vector, ¢, is defined as the modulus between the incident wavevector, k;, and

the scattered wavevector, &, as shown schematically in Figure I1-9.

neutrons k;

detector
X-ray

Figure I1-9: Schematic correlation between the incident wavevector, k;, and the scattered

wavevector, k.

The scattering vector ¢ is related to the scattering angle &

dzn . (O
q=lk, ~k|= /1 sm[gj (11-41)
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where A is the wavelength of the incident beam and #n the refraction of the medium.

We consider a coherent beam (neutrons or X- rays) illuminates a sample of the volume V" and
a thickness d. The incident beam is attenuated on its way through the sample through
scattering and absorption. The sample transmission 7 is defined as the ratio of the outgoing to
the incoming intensity, [, at a scattering angle &= 0. p is the attenuation coefficient. For X-
rays, absorption is the essential part of the attenuation and p is therefore identical to the
absorption coefficient. Contrary, for neutrons, the attenuation coefficient can be subdivided in
absorption, coherent and incoherent scattering. Coherent scattering means that an incident
neutron wave interacts with the nuclei in a sample in a coordinated fashion, the scattered
waves can interfere with each other. Incoherent scattering means that the neutron waves
interact independently with each nucleus in the sample, the scattered waves cannot interfere

with each other.

_1(6=0)
===

1

T =exp(—ud) (11-42)

The radiation with a wavelength A; has an incident flux ®;, while the beam size is defined by
an aperture with an area A. The scattered intensity / is observed at a scattering angle #and at a
distance L within a solid angle A¢2 on the detector. The detector has an efficiency E(A), with

E(1) < 1. The incident intensity per second /; can be expressed as:

[ =® (L) AE(A) (11-43)

The incident radiation interacts with the sample of a number density p at a position x (0 <x <
d) with the probability do/d(2 per unit solid angle. The incident intensity is first attenuated
before interacting with the sample by the factor exp(-ux) and further attenuated within the
sample with the factor exp(-u(d-x))/cos@. The integration over the sample along x yields the
intensity /(6).
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1(0) =I®x E AQexp(-ux) 4 p eXp(_C” (d=x)do ;. (11-44)

osd dQ

As the scattering angles for neutrons and X-rays are sufficiently small, cos@~= 1, the equation

can be simplified to:

1(0)=®, EAQAAT pi% —d EAQAdT = (I11-45)
dQ dQ

The first term can be summarized in an instrumental constant C(4) = @, E AQ A, while the

second term is specific to the sample only.

A complete SAS experiment includes measurements of the scattering intensities of the
sample, of its external background (empty cell) and of a standard sample that is necessary for
absolute calibration. Furthermore, transmission measurements of the sample, reference
sample, empty cell, standard sample and the direct beam have to be performed. A more
detailed description concerning the data reduction and absolute calibration is given in the
experimental section. As a final result the differential cross section per unit volume d2/d(2 is

obtained which can be denoted as normalized scattering intensity /(g).

I (q)z%(q)zéj—g (11-46)

For an ideal diluted solution, each particle is independent from all the others, the scattering
intensity /(g) is proportional to the so-called form factor P(g). With increasing concentration,
each particle will notice the presence of all the other particles. Therefore, the position of one
particle will be dependent of the position of the rest, for example due to particle interaction.
This particle interaction can be described by the so-called structure factor S(g). The scattering

intensity can be expressed as

I(q)=nP(q)S(q) (11-47)

where 7 is the number density n = N/V.
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Small angle scattering (SAS) experiments have been widely used to study aqueous

. . 2,1 1 1 1 161
microemulsions.”>!%7:158:159.160.16

Microemulsions are far away from ideal diluted solutions as
the surfactant concentration is very high. In most cases SAS spectra of microemulsions
exhibit a single broad scattering peak.'**'*""'®* Furthermore, a characteristic ¢ dependence at

large ¢ was observed, which is attributed to a well-defined internal interface.'”>"*'%* Th

e
peak position varies systematically with surfactant concentration and the water to oil ratio.
For the evaluation of scattering data from microemulsions several models have been

developed.

Debye model

A prediction of a scattering pattern of a porous solid was already described by Debye et
al.'**'® Microemulsions contain a polar and non-polar domains separated by a surfactant
film. The system described in the Debye model consists of a continuous matrix with
embedded particles, where the scattering regimes are completely independent in their position

and shape. The correlation function can be described as

g(r)zeXP[— éj (11-48)

where the loss of “memory” of being located in medium 1 is associated to a translation » from
the original point. It was assumed that the decay of the correlation function can be described
by one typical size &, the so-called correlation length. The corresponding scattering intensity

can be written as

_8rEAP’

I(a)=
D= ragy

(11-49)

The Debye model does not comprise a scattering peak. Hence, this model considers only one

characteristic length and is no longer applied to describe SAS of microemulsions.

Teubner-Strey model

The probably most popular model was developed by Teubner and Strey.'®' In the Teubner-
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Strey model the structure of the polar and non-polar regimes are not independent from each

other.

The oil and water regimes are coupled via the surfactant film resulting in a broad scattering
peak. Both, the scattering peak and the ¢ dependence at large ¢ can be described with this

model. The model is particularly valid for bicontinuous structures. The correlation function

g(r) is given by

g(r)zexp[— éjsin(zzr) Zjlrr (I1-50)

including two parameters, the domain size d, which is a measure of the quasiperiodic repeat
distance between polar and nonpolar domains and the correlation length & which can be
interpreted as a dispersion of d.'® Fourier transformation of the correlation function gives the

scattering intensity

8w Ap*c,V

1
I(g)=—
@ §a2+clq2+czq4

(1I-51)

with the scattering volume ¥ and the fitting parameters a,, c¢;, ¢;. For the parameters the
stability condition 4 a; ¢, — ¢;?> 0 with a,> 0, ¢; <0, ¢, > 0 must be fulfilled. The relation

between the two characteristic lengths scales can be expressed as

) 12 | -2
_| 1% 14a I1-52
d {2(%} Jr4 c, ] ( )

1/2 -2
dzzﬁll(az] 1 cl} (11-53)
2 ¢ 4 ¢,

The position of the maximum of the scattering, g, is related to both, the domain size and

the correlation length.
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) 2_7[ z_i 1/2 _
%m—ﬂcij gJ (I1-54)

Alternatively the scattering intensity can be expressed as

1y

I =
(q) (l_IO/Imax)(qz/qriax_1)2+]0/]max

(11-55)

Where 7,4c = I(gmayx) 1s the maximum scattering intensity and 7, = /(0) the scattering intensity
at the limit ¢ — 0. The ratio d/& yields information about the polydispersity of the polar and
non-polar domains, the order increases the smaller this ratio.

167,168,169

The amphiphilic factor £, can be calculated according to

¢

f=—
(4a,¢,)"

(11-56)

The factor f, approaches 1 for the disorder line, where the solution loses its quasiperiodical
order.>* The liquid crystalline lamellar phase corresponds to f;=-1.'® These values delimit the
region, where microemulsions may be found.'®® The factor ranges from -0.9 to -0.7 for well-

. . . . 167,169
structured bicontinuous microemulsions. "

Direct determinations from scattering curves

The most important parameters are the specific area X' at the polar/non-polar interface and the
polar and non-polar volume fractions ¢,,; and ¢,,,. The polar and non-polar volume fraction
can be calculated from the known composition of the sample and the corresponding molar
volumes. The specific area can be obtained with Porod’s law.'® For a sharp interface the

scattering intensity /(g) is decreasing with ¢™* at large g. The Porod law can be expressed as
lim(/ ¢*) =2 7" Ap* % (II-57)
q—>0

where Ap? is the square of the scattering contrast between the polar and the non-polar part.
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For concentrated systems that do not consist of separated particles and even for bicontinuous
structures the same equation holds.'”® At least mathematically one can go far enough in ¢ so
that a piece of surface is isolated and decorrelated from any other part of the surface. When
the polar/non-polar interface is rough, no Porod limit can be observed at large g. A Porod
limit is observed when 7 ¢ versus ¢’ yields a limiting value at large g. When a Porod limit is
observed, the experimental invariant (.., can be determined. From a formalistic point of view
the integral goes from zero to infinity, but the g-range is limited. Therefore, an additional term

can be added that takes this contribution into account.

0=[ 1@ da= | 1) de 2@ (11-58)

0 exp

For the determination of Q,,, it is essential to subtract the background, due to the incoherent
contribution in a neutron scattering experiment for instance. The background 4 can be

obtained from the plot /(g)q” versus ¢” as I(q)g’ =B + 4 ¢’

Qexp should be identical to the theoretical invariant Oy, which is given by

che‘o = 2 7[2 Ap2 @pol ( 1 - @pol) (II'59)

The obtained specific surface 2 can be used to evaluate the structure, as different models have

been proposed, such as models for bicontinuous structures, w/o spheres and repulsive spheres.

Cubic random cell model (CRC)

The CRC model was first described by Jouffroy and coworkers'’' and is valid for
bicontinuous structures. This model assumes that the structure can be described by a set of
cubes of the size d” filled with water or oil. The size is the so-called persistence length and is

related to gmay.

d* = 272- / q]TlaX (II-60)

The value of d" can be set equal to the domain size d in the Teubner-Strey model. For cubic
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random cells that are covered by a surfactant film, the persistence length can be written as

26[26@1)01 (I_onl ) (II-61)
The CRC model is valid when 0.18 < &,,; < 0.82.'7

Spheres of water in oil

For w/o spheres the relation between the specific surface, d and the volume fraction can be

173
expressed as:'’

Sd=4840, ) (I1-62)

Repulsive spheres

For repulsive spheres the relation between the specific surface, d and the volume fraction can

. 157
be written as:

$d=4320,% (11-63)

Generalized indirect Fourier transformation (GIFT)

The scattering intensity /(g) can be expressed as a product of form factor P(q) and structure
factor S(g) as already described in eq. (II-43). Microemulsions are polydisperse systems, in
the case of polydisperse interacting particles the scattering intensity can be written in a similar

way,

1(q)=nP(9)S,;(q) (11-64)

where 7 is the number density, I_’(q) is the mean form factor averaged over all particle

dimensions and Se4(q) is the effective structure factor of interacting spheres.'™!7>-17¢

P(q)=Y.x, f; B{(q) (11-65)
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|
S, =7q)kZJfk f,Bi(@)B(q)S,,(q) (11-66)

where x; is the mole fraction of species £, f; the form amplitude of species k at ¢ = 0, By the
normalized form amplitude of &k and Sy, the partial structure factor describing the hard sphere
interaction between species k& and /. It is important to note that for polydisperse interacting
spheres Sej(g) 1s not independent of the form factor. Hence, Sc4(g) also includes particle
properties. Furthermore, the relation between the isothermal compressibility and the structure

factor at ¢ = 0 is not valid for S,s(q).""”

Another possibility to evaluate small angle scattering spectra of such concentrated systems is
possible with the “generalized indirect Fourier transformation” (GIFT) method.'”®!'""'® The
GIFT method allows to determine the form factor P(g) and the structure factor S(g)
simultaneously, whereby P(q) is extracted in a model free way. Recent applications have
shown, that the GIFT method can also be used for polydisperse and nonglobular

167,181

systems. In the case of polydisperse interacting particles, the scattering intensity can be

expressed as

I(q)=n Py (q) S,;(q) (11-67)

where Py is the form factor extracted in a model free way. Furthermore, the pair distance
distribution function p(7) is obtained. The p(r) is more descriptive, because real distances
within the particles are obtained. Hence, it is possible to make directly a qualitative estimation
about the particle shape. The p(r) function is related to the convolution square of the

scattering length density.
p(r)=r*Ap? (11-68)

The p(r) function approaches to zero at the maximum particle dimension and represents a
histogram of distances inside the particle weightened by the scattering length density
differences. Hence, one can extract the diameter from this function. The area under the p(7)

function is proportional to the forward-scattering intensity.

The effective structure factor in terms of Percus-Yevick closure relation and hard sphere

interaction yields a correlation peak similar to that of the Teubner-Strey model. It is valid for
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uncharged systems and has often been used to describe SAS curves of microemulsions. It is

described by the volume fraction, polydispersity and effective interaction radius Rer.

2.4.5. Other methods

One important method to visualize microemulsion structures is freeze-fracture transmission
electron microscopy (FFTEM). Samples are rapidly frozen, fractured and replicated with a
thin metal film. The metal replica of the fracture face yields images of the local structure of
the microemulsion phase. FFTEM images of microemulsions should be considered with care

in order to get not misled by artefacts.'®

It has been shown that FFTEM images of
bicontinuous microemulsions are in agreement with knowledge from these systems by other
characterization techniques, such as SAS.”*'®'™ More recently, a freeze fracture direct
imaging technique has been developed that also allows to take micrographs of oil-rich

. . . . . . : 185
microemulsions, reliable images of w/o microemulsions could be obtained.

'H-NMR self diffusion measurements have been used to investigate the type of
microemulsion, microstructure and phase transitions.”>'*¢!#"1¥:1%9 Eqpecially bicontinuous
microemulsion structures can be observed by this method."®" In a typical experiment, the
molecular self-diffusion coefficients of each component can be determined simultaneously.
Comparison of their diffusion coefficients yields important information about the
microemulsion structure. For a o/w droplet structure, surfactant and oil diffusion coefficients
are in the same order of magnitude, as they diffuse as droplets. For o/w structure, diffusion
coefficient of water is only slightly reduced compared to pure water, as water is the
continuous phase. In the case of w/o structures with oil as continuous phase, water and
surfactant have the same diffusion coefficients while the diffusion coefficient of the oil phase
1s very similar to its pure state. On the contrary, for bicontinuous structures diffusion
coefficients of water as well as of oil are high, both water and oil diffuse freely within the
water and oil domains, respectively. Their diffusion coefficients are only slightly reduced
compared to the pure compounds. In a bicontinuous structure the surfactant molecules exhibit
a lateral diffusion within the film. Compared to a droplet structure, the lateral diffusion
coefficient is significantly higher. Consequently, NMR self-diffusion experiments allow
distinguishing between w/0, o/w and bicontinuous structures.

NMR spin relaxation measurements yield information about the rate of molecular
reorientation or tumbling. Reorientation involves the rotational diffusion of the droplet and

191

the lateral diffusion of the surfactant within the surfactant film.””” With a known lateral
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diffusion coefficient, a quantitative analysis of the droplet size can be made. For small
droplets, the reorientation is fast, while it is slow for large droplets. However, these kind of
studies a scarce in the field of microemulsions as these studies require deuterium-labeled

surfactants and the size determination is not as direct as with SAS experiments.'®’
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III. Experimental

1. Chemicals

1-chlorobutane (Fluka > 99.5%), ethyl bromide (Fluka, 99%) and 1-butylimidazole were
distilled prior to use. 1-chlorododecane (Merck, > 95%), 1-chlorotetradecane (Aldrich >
98%), 1-chlorohexadecane (Fluka > 97%) and 1-chlorooctadecane (Merck > 98%) were used
as received. 1-Methylimidazole was destilled from KOH (Merck > 99%), stored over
molecular sieves and redistilled prior to use. Aqueous solutions of ethylamine (Fluka, 70%)
and nitric acid (Merck, 65%), as well as sodium tetrafluoroborate (Aldrich, 98%), potassium
hexafluorophosphate (Fluka, > 97%) and diethyl sulfate (Fluka, 99%) were used without
further purification. Dodecane (298%) and 1-decanol (298%) were obtained from Aldrich and
used as received. Triethylene glycol monomethyl ether (purum, > 97%) and sodium (in
kerosene, purum) were obtained from Fluka and used without further purification.
Chloroacetic acid was purchased from Riedel-de Haén (pure). Ortho-Phosphoric acid was
applied as an 85% aqueous solution (Merck, p.a.). Sodium hydrogen carbonate (Merck, p.a.),
potassium hydrogen carbonate (Roth, 99.5%) and lithium hydroxide (Aldrich, 98%) were
used as received.

Solvents were of analytical grade, as obtained from Baker (ethanol), Merck (acetone, toluene)
and Acros (dichloromethane), respectively. Dichloromethane was distilled from P,Os.
Acetonitrile (Merck, gradient grade) was distilled from calcium hydride. Purified water was
taken from a millipore system.

For SANS measurements, dodecane-ds was obtained from Euriso-Top (98 %).
2. Synthesis

2.1. Ethylammonium nitrate (EAN)

Ethylammonium nitrate (EAN) was prepared by the reaction of equimolar amounts of
ethylamine with nitric acid as described by Evans e al.”*> Water was first removed through
rotary evaporation, followed by lyophilization. The obtained crude EAN was recrystallized
trice from acetonitrile. The resulting colorless liquid was dried in vacuo (p < 10 bar) at 50°C
for one week and then stored under nitrogen atmosphere. Any occurrences of nitrous oxide

impurities which, if present, would produce yellow discolorations,'”> could not be discerned.
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The water content determined by coulometric Karl-Fischer titration of the final product was

determined to be less than 100 ppm (m/m).

'H-NMR (300 MHz, CD;CN, TMS): &: 7.35 (s, 3 H, NH;"), 3.03 (quart, 2 H, J = 7.41 Hz,
CHs), 1.23 (t, 3 H, J=7.38 Hz, CH,)

BC.NMR (300 MHz, CD;CN, TMS): &c: 35.24 (CH,),11.56 (CHs)
Water content (Karl-Fischer titration): 48 ppm (m/m)
Melting point (DSC-onset): Ty, = 14°C

Decomposition temperature (TGA-onset): Ty =252°C

2.2. 1-Butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4])

1-Butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4]) was prepared according to a
procedure described by Holbrey et al.'”? 1-Butyl-3-methylimidazolium chloride ([bmim][Cl])
was synthesized via the reaction of 1-methylimidazole with 1-chlorobutane in acetonitrile,
and subsequently purified by recrystallizing trice from acetonitrile. The postmetathesis
product was obtained from an ion exchange between [bmim][Cl] and sodium tetrafluoroborate
in distilled ice-cooled water. [bmim][BF4] was subsequently extracted with dichloromethane
and dried under vacuum. The resulting colorless liquid was dried in a high-vacuum chamber
(p < 10 bar) at 50°C for one week, leading to the final product containing less than 60 ppm
(m/m) of water.

1-Butyl-3-methvlimidazolium chloride (Jbmim][Cl1])

TH-NMR (300 MHz, CDsCN, TMS): & 10.62 (s, 1 H, NCHN), 7.59 (¢, 1H, J = 1.65 Hz,
NCHCHN), 7.46 (t, 1H, J = 1.65 Hz, NCHCHN), 4.27 (t, 2H, J = 7.41 Hz, NCH,CH,), 4.07
(s, 3H, NCH3), 1.84 (quint, 2H, J = 7.41 Hz, NCH,CH,CH,), 1.32 (sext, 2H, J = 7.41,
NCH,CH,CH,CHs), 0.90 (t, 3H, J = 7. 40, CH,CH3)

BC.NMR (300 MHz, CDCls, TMS): &: 136.9, 123.1, 121.8, 48.7, 35.3, 31.3, 18.6, 12.3
ESI-MS: m/z (+ESI): m/z (+p): 138.9 (100%, C"), 313.0 (1.14%, 2CA"-Cluster)
Melting point (DSC-onset): Ty, = 64°C

Water content (Karl-Fischer titration): 120 ppm (m/m)
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1-Butyl-3-methylimidazolium tetrafluoroborate (Jbmim]|[BF4])

"H.NMR (300 MHz, CDsCN, TMS): &: 8.52 (s, 1 H, NCHN), 7.43 (t, 1H, J = 1.78 Hz,
NCHCHN), 7.38 (t, 1H, J= 1.8 Hz, NCHCHN), 4.14 (t, 2H, J = 7.31 Hz, NCH,CH.,), 3.82 (s,
3H, NCH3), 1.82 (quint, 2H, J = 7.40 Hz, NCH,CH,CH,), 1.32 (sext, 2H, J = 7.43,
NCH,CH,CH,CHs), 0.91 (t, 3H, J = 7. 33, CH,CH3)

3C-NMR (300 MHz, CD;CN, TMS): &: 135.7, 123.4, 122.0, 48.9, 35.5, 31.3, 18.6, 12.4
PF.NMR (300 MHz, CD;CN, TMS): -149.9 (s, '°BFy), -149.9 (s, ''BEy)

"B NMR (400MHz, CD;CN, TMS): -0.50
ESI-MS: m/z (+ESI): m/z (+p): 138.9 (100.00%, C"), 365.1 (1.02%, 2CA™-Cluster)

Water content (Karl-Fischer titration): 55 ppm (m/m)

Decomposition temperature (TGA-onset): T4 =391°C

2.3. 1-Butyl-3-methylimidazolium hexafluorophosphate ([bmim][PFs])

The RTIL [bmim][PFs] was obtained via metathesis of 1-butyl-methylimidazolium chloride
([bmim][Cl]) and potassium hexafluorophosphate, following a slightly modified procedure

described by Cammarata et al.'*

[bmim][PF¢] was obtained from an ion exchange between
[bmim][Cl] and potassium hexafluorophosphate in distilled ice-cooled water. [bmim][PFs]
was then extracted with dichloromethane and dried under vacuum. The resulting colorless
liquid was dried under high-vacuum (p < 10™® bar) at 40°C for 5 days. Potentiometric titration
of aqueous RTIL solution against a AgNO; standard solution yielded a halide mass fraction <

50-10° for [bmim][PFs].

TH-NMR (300 MHz, CDsCN, TMS): &;: 8.38 (s, 1 H, NCHN), 7.35 (m, 2H, NCHCHN),
4.11 (t, 2H, J = 7.11 Hz, NCH,CH,), 3.82 (s, 3H, NCH3), 1.80 (quint, 2H, J = 7.38 Hz,
NCH,CH,CH,), 1.34 (sext, 2H, J = 7.68, NCH,CH,CH,CH3), 0.93 (t, 3H, J = 7. 11,
CH,CH3)

BC-NMR (300 MHz, CD;CN, TMS): 8¢: 135.6, 123.4, 122.0, 49.2, 49.0, 35.5, 31.3, 18.7,
12.3

PF.NMR (300 MHz, CD;CN, TMS): -72.7 (s), -70.20 (s)
Water content (Karl-Fischer titration): 60 ppm (m/m)

Decomposition temperature (TGA-onset): Ty =437°C
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2.4. 1-Alkyl-3-methylimidazolium chloride (|[C,mim][Cl], n = 12, 14, 16,18)

The surface active 1-alkyl-3-methylimidazolium chlorides [C,mim][Cl] were obtained by a

019 Equimolar amounts of 1-

slightly modified procedure described in literature.
methylimidazole and  I-chloroalkanes  (1-chlorodecane, 1-chlorotertadecane, 1-
chlorohexadecane, 1-chlorooctadecane) were stirred between 5 to 14 days depending on the
conversion in dry acetonitrile at 80°C under nitrogen atmosphere. The conversion was
monitored via NMR. The raw products crystallized as slightly yellow solid and were
recrystallized trice from tetrahydrofurane. The substances were subsequently dried under high
vacuum (p < 10 bar) at 30°C ([C;;mim][Cl]) and 40°C ([C4.;smim][Cl]), respectively, for

one week yielding white crystalline solids.

1-Dodecyl-3-methylimidazolium chloride (|Ci2mim]|[C1])

'H.NMR (300 MHz, CDCls, TMS): &: 10.54 (s, 1H, NCHN), 7.59 (t, 1H, J = 1.90 Hz,
NCHCHN), 7.38 (t, 1H, J = 1.91 Hz, NCHCHN), 4.24 (t, 2H, J = 6.90 Hz, NCH,CH,), 4.11
(s, 3H, NCH3), 1.84 (quint, 2H, J= 7.14 Hz, NCH,CH,CH,), 1.27 (m, 20H, (CH,)0), 0.80 (t,
3H, J = 6.84 Hz, CH,CH3)

BC-NMR (300 MHz, D,0, TMS): &: 123.75, 122.10, 49.51, 35.84, 31.83, 29.78, 29.61,
29.57,29.39, 29.30, 28.95, 26.00, 22.53, 13.79

ESI-MS: m/z (+ESI): m/z (+p): 251 (100%, C"), 538 (1.80%, C,A" Cluster)
Melting point (DSC-onset): T, =41°C

Decomposition temperature (TGA-onset): Tq =273°C

1-Tetradecyl-3-methylimidazolium chloride (JC;4smim]|CI])

TH.NMR (300 MHz, CDCl;, TMS): &y: 9.89 (s, IH, NCHN), 7.55 (t, 1H, J = 1.65 Hz,
NCHCHN), 7.53 (t, 1H, J = 1.65 Hz, NCHCHN), 4.20 (t, 2H, J = 7.14 Hz, NCH,CH,), 3.90
(s, 3H, NCH3), 1.85 (quint, 2H, J= 7.13 Hz, NCH,CH,CH,), 1.27 (m, 20H, (CHa);0), 0.86 (t,
3H, J=7.11 Hz, CH,CH3)

BC-NMR (300 MHz, D,0, TMS): &: 123.81, 122.08, 49.49, 35.89, 31.96, 29.90, 29.82,
29.61,29.47,29.15, 26.16, 22.63, 13.85

ESI-MS: m/z (+ESD): m/z (+p): 279 (100%, C"), 593 (4.17%, C,A" Cluster)
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Melting point (DSC-onset): Ty, = 53°C

Decomposition temperature (TGA-onset): Ty = 280°C

1-Hexadecyl-3-methylimidazolium chloride (JC;smim][Cl])

'H-NMR (300 MHz, CDCls, TMS): &y: 10.79 (s, IH, NCHN), 7.43 (t, 1H, J = 1.92 Hz,
NCHCHN), 7.28 (t, IH, J = 1.92 Hz, NCHCHN), 4.29 (t, 2H, J = 7.41 Hz, NCH,CH,), 4.11
(s, 3H, NCH3), 1.88 (quint, 2H, J= 7.14 Hz, NCH,CH,CH,), 1.27 (m, 28H, (CHa)4), 0.86 (t,
3H, J=7.14 Hz, CH,CH3)

BC.NMR (300 MHz, D,0, TMS): 8¢: 123.82, 122.07, 49.48, 35.91, 32.02, 30.05, 29.95,
29.71, 29.56, 29.23, 26.22, 22.67, 13.86

ESI-MS: m/z (+ESI): m/z (+p): 307 (100%, C"), 593 (1.18%, C>A" Cluster)
Melting point (DSC-onset): T, = 64°C
Decomposition temperature (TGA-onset): Ty =274°C

1-Octadecyl-3-methvlimidazolium chloride (JC;smim][Cl])

"H.NMR (300 MHz, CDCls, TMS): 8y: 10.82 (s, 1H, NCHN), 7.34 (t, 1H, J = 1.92 Hz,
NCHCHN), 7.24 (t, 1H, J = 1.92 Hz, NCHCHN), 4.30 (t, 2H, J = 7.38 Hz, NCH,CH,), 4.11
(s, 3H, NCH3), 1.89 (quint, 2H, J = 7.41 Hz, NCH,CH,CH,), 1.27 (m, 30H, (CHy)16), 0.86 (t,
3H, J = 6.68 Hz, CH,CH3)

BC-NMR (300 MHz, D,0, TMS): 8¢: 123.82, 122.06, 49.47, 35.93, 32.05, 30.16, 29.95,
29.76, 29.56, 29.25, 26.24, 22.69, 13.88

ESI-MS: m/z (+ESI): m/z (+p): 335 (100%, C"), 593 (1.19%, C2A" Cluster)
Melting point (DSC-onset): Ty, = 70°C

Decomposition temperature (TGA-onset): Ty =279°C

2.5. 1-Ethyl-3-methylimidazolium ethylsulfate ([emim][EtSQy])

1-Ethyl-3-methylimidazolium ethylsulfate ([emim][etSO4]) was prepared in analogy to a
protocol reported in literature.'”® First, diethylsulfate was added to 1-methylimidazole in
toluene and the mixture was cooled in an ice bath under a nitrogen atmosphere. The reaction

mixture was stirred overnight at room temperature, followed by decantation of the upper
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organic phase. The lower IL phase was washed several times with toluene. Drying in high

vacuum yielded the desired ionic liquid exhibiting a water content of less than 50 ppm.

"H-.NMR (300 MHz, CDCl;, TMS): 8y: 9.39 (s, 1H, NCHN), 7.49 (d, 2H, J = 1.62 Hz,
NCHCHN), 4.24 (q, 2H, J = 7.38 Hz, NCH,CHj), 4.02 (q, 2H, J = 7.11, CH;CH,S04), 3.94
(s, 3H, NCH3), 1.48 (t, 3H, J = 7.41 Hz, CH;CH,SOy), 1.21 (t, 3H, J = 7.14, NCH,CH3)

BC-NMR (300 MHz, D,0, TMS): 8¢: 139.13, 123.76, 121.96, 63.31, 45.12, 36.34, 15.48,
15.23

ESI-MS: m/z (+ESI): m/z (+p): 110.9 (57.14%, C"), 181.0 (31.55%, 2CA"-Cluster), 347.1
(100.00%, C,'C")

Water content (Karl-Fischer titration): 25 ppm (m/m)
Glass transition temperature: T, = -80°C

Decomposition temperature (TGA-onset): Ty =356°C

2.6. 2,5,8,11-Tetraoxatridecan-13-oic acid (TOTOA)

2,5,8,11-Tetraoxatridecan-13-oic acid (TOTOA) was prepared according to a modified
procedure described by Matsushima ez al.,"” in high purity (> 99%, GC).

Sodium (30.44 g, 1.32 mol) was stepwise added to 360 mL of triethylene glycol monomethyl
ether (TEGME) under nitrogen atmosphere. Dissolution of the sodium was achieved by
vigorous stirring and gradual heating to 120°C. The formed hydrogen was casually removed
by applying a slight N, flow. The clear yellowish solution was subsequently cooled to 100°C,
and chloroacetic acid (62.91 g, 0.67 mol) dissolved in 110 mL TEGME was added dropwise
within 20 minutes. Then, the reaction mixture was stirred at 100°C for 12 hours. After
removing excess TEGME by distillation in vacuo, a brown suspension remained. Subsequent
treatment with an aqueous solution of phosphoric acid (95.69 g, 0.98 mol) yielded a clear
brown solution, to which 300 mL dichloromethane were added. The organic phase was
separated, and the aqueous phase was extracted repeatedly with 100 mL dichloromethane.
The unified organic phases were dried over magnesium sulfate. Filtration and solvent
evaporation resulted in a slightly yellow liquid. The crude 2,5,8,11-tetraoxatridecan-13-oic
acid was purified by threefold distillation (b.p. 135-145°C at 107 mbar), yielding 120.91 g of

a clear colourless viscous liquid (81.2%).

TH-NMR (300 MHz, CDCls, TMS): 8ii: 9.82 (s, 1 H, COOH), 4.08 (s, 2 H, CH,COOH), 3.56
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(m, 12 H, CH,), 3.29 (s, 3 H, CH3)

BC.NMR (300 MHz, CDCl;, TMS): 8c: 173.00 (COOH), 71.89 (CH;0CH,), 71.20
(CH,OCH,COOH), 70.29 — 70.46 (4 C, CH.), 68.74 (CH,COOH), 58.76 (CHs)

Elemental analysis: calculated: 48.64% C, 8.16% H; found: 47.56% C, 8.39% H

ESI-MS (H,0 / MeOH, NH;Ac): m/z (+p): 102.9 (21 %), 176.8 (12 %, EH'- HCOOH), 222.9
(57 %, EH"), 240.0 (100 %, ENH;"); m/z (-p): 221.0 (100 %, E — H"), 443.2 (10 %, 2E - H")

GC analysis: purity 99.3%
Water content (Karl-Fischer titration): 110 ppm (m/m)

2.7. TOTOA alkali salts

Alkali salts of 2,5,8,11-tetraoxatridecan-13-oic acid were prepared by direct neutralisation of
the acid with alkali base. In the case of sodium and potassium, equimolar amounts of the
corresponding hydrogen carbonate and the acid were dissolved in water and stirred for 1 hour.
Lyophilization and subsequent drying in vacuo gave the desired salts in quantitative yields.
[Na][TOTO] was obtained as a faintly yellow viscous liquid, [K][TOTO] as white crystals.
The synthesis of the Li salt was carried out in 5:1 (v:v) mixture of ethanol and water using
lithium hydroxide as base. After conversion, solvents were removed by lyophilization and the

product was vacuum-dried, resulting in a highly viscous colourless liquid.

Lithium 2.5.8.11-tetraoxatridecan-13-oate (|[Li][TOTO])

"H-NMR (300 MHz, CDCls, TMS): 8i: 3.90 (s, 2H, CH,COOH), 3.62 (m, 10 H, CH,) 3.53
(m, 2 H, CH»), 3.35 (s, 3 H, CH3)

BC.NMR (400 MHz, CDCl;, TMS): 8¢c: 176.18 (COOH), 71.86 (CH;0CH,), 70.98
(CH,COOH), 69.88 — 70.40 (4 C, CH,), 69.33 (CH,OCH,COOH), 58.98 (CH3)

Elemental analysis: calculated: 47.38% C, 7.51% H; found: 45.89% C, 7.87% H

ESI-MS (DCM-MeOH, NHAc): m/z (+p): 222.9 (20%, EH"), 228.9 (78%, MH"), 236.0
(18%, MLi"), 240.0 (19%, ENHy4"), 267.0 (11%), 463.2 (100%, M,Li"), 691.4 (55%, M;Li");
m/z (-p): 221.0 (100%, E —H"), 287.0 (22%, MCH3COO"), 449.2 (47%, 2M — Li")

Water content (Karl-Fischer titration): 103 ppm (m/m)

Glass transition temperature: T, = -53°C
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Decomposition temperature (TGA-onset): Ty =357°C

Sodium 2.5,8.11-tetraoxatridecan-13-oate ([Na]J[TOTO])

"H-NMR (300 MHz, CDCls, TMS): 8y;: 3.78 (s, 2 H, CH,COOH), 3.58 (m, 10 H, CH,), 3.48
(m, 2 H, CH), 3.30 (s, 3 H, CHs)

BC.NMR (300 MHz, CDCl;, TMS): 8¢c: 175.80 (COOH), 71.68 (CH;OCH,), 71.19
(CH,COOH), 69.86 — 70.09 (4 C, CH,), 69.12 (CH,OCH,COOH), 58.86 (CHs)

Elemental analysis: calculated: 44.26% C, 7.02% H; found: 43.44% C, 6.46% H

ESI-MS (DCM-MeOH, NHAc): m/z (+p): 222.9 (10%, EH"), 244.9 (100%, MH"), 266.9
(75%, MNa"), 391.1 (22%), 511.2 (44%, MaNa"), 755.3 (19%, M3Na"), 849.3 (14%); m/z (-
p): 221.0 (100%, E — H"), 303.0 (31%, MCH;CO0O), 465.2 (45%, 2M — Na"), 709.4 (10%,
3M —Na")

Water content (Karl-Fischer titration): 211 ppm (m/m)
Glass transition temperature: T, = -57°C

Decomposition temperature (TGA-onset): Ty = 384°C

Potassium 2,5.8.11-tetraoxatridecan-13-oate (|[K]|[TOTO])

TH-NMR (300 MHz, CDCls, TMS): &y: 3.78 (s, CH,COOH), 3.56 (m, 5 H, CH,), 3.48 (m, 2
H, CH,), 3.31 (s, 3 H, CHs)

BC.NMR (300 MHz, CDCl;, TMS): 8c: 174.87 (COOH), 71.49 (CH;OCH,), 71.43
(CH,COOH), 69.80 — 70.20 (4 C, CH»), 69.00 (CH,OCH,COOH), 58.83 (CH;)

Elemental analysis: calculated: 41.52% C, 6.58% H; found: 40.05% C, 6.87% H

ESI-MS (DCM-MeOH, NH;Ac): m/z (+p): 223.0 (13%, EH"), 240.1 (28%, ENH,"), 261.0
(100%, MH"), 299.0 (61%, MK"), 407.2 (17%), 521.2 (65%, MoH"), 559.2 (76%, M,K"),
781.3 (13%, M3H"), 819.3 (38%, M3K"); m/z (-p): 119 (44%), 144.9 (26%), 156.9 (10%),
221.0 (100%, E — H"), 281.1 (39%, ECH3COO’), 319.0 (39%, MCH;CO0"), 417.1 (13%),
443.2 (51%, 2E —H"), 481.2 ( 44%, ME —H"), 579.2 (15%, M,CH3COO"), 741.4 (26%)

Water content (Karl-Fischer titration): 1292 ppm (m/m)

Melting point (DSC-onset): T, = 60°C
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Decomposition temperature (TGA-onset): Ty = 369°C
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3. Experimental methods

3.1. Analytical methods

'H-, C-, ""B- and ""F-NMR spectra were recorded at 300 MHz or 400 MHz in CDCl;,
CDsCN or D0 using Bruker Avance 300 and Avance 400 spectrometers, respectively.

ESI-MS data were acquired on a ThermoQuest Finnigan TSQ 7000 spectrometer in
dichloromethane-methanol (DCM-MeOH) mixtures to which a 10 mmol L' ammonium
acetate (NH4Ac) solution was added. For the imidazolium ILs the free cations are refered as
C+, the anions as A". Throughout the analyses of mass spectrometry data, we refer to the free

TOTOA acid as E, while the alkali salts are denoted as M.

Elemental analysis was performed by the Central Analytics Department at the University of

Regensburg.

The water content of all products was determined by coulometric Karl-Fischer titration, using

an Abimed MCI analyser (Model CA-02).

Differential scanning calorimetry (DSC) measurements of the 1-alkyl-3-methylimidazolium
chloride ionic liquids were performed at a Perkin-Elmer DSC 7 with heating rate of 10 °C
min™. The investigated temperature ranged from 25°C to 150°C. The DSC measurements of
EAN were carried out on a Setaram microDSC IIT" within a temperature range between 10°C
and 50°C applying a heating rate of 0.3°C min™'. For the TOTO alkali salts DSC data were
recorded operating a Mettler DSC 30 in a nitrogen atmosphere using Al crucibles. The
[Li][TOTO] and [Na][TOTO] salts were investigated within a temperature range of (-150 -
20)°C, while the [K][TOTO] salt was measured from (-100 to 100)°C. The heating rate was in
all cases 10 °C min™'. Transition temperatures were generally obtained from heating curves,
melting points were determined by onset analysis. Glass transition points were determined

from the thermograms using the half-step temperature of the transition.

Infrared spectroscopy was performed on a Jasco FTIR 610 spectrometer using a attenuated

total reflection (ATR) ZnSe crystal.

Thermal stability was studied using a thermogravimetric analyser from Perkin-Elmer TGA 7.
Samples were measured at a heating rate of 10°C min™, applying a continuous nitrogen flow.
Decomposition temperatures were determined using onset points of mass loss, being defined

as the intersection of the baseline before decomposition and the tangent to the mass loss

-60 -



II1. Experimental

versus temperature.

The electrochemical stability of the salts was investigated by means of cyclic voltammetry
(CV) measurements, employing platinum working and counter electrodes and Ag/Ag” (BAS)
with Kryptofix® 22 (Merck, for synthesis) as reference electrode. For all measurements,
samples were dissolved in dry acetonitrile (Merck, for DNA synthesis, < 10 ppm H,0). Scans
were recorded under inert gas starting in anodic direction, with a rate of 10 mV s™'. Sincere
thanks are given to Dr. C. Schreiner who performed the CV measurements of the TOTO alkali

salts.

Gas chromatography (GC) was performed on a HP 6890 analyser equipped with an
autosampler and an FID detector. A HP-5 column type was used for analysing TOTOA
batches, the carrier gas was high-purity helium. Samples were injected at 250°C, peaks were
detected at 300°C. Dipl. Chem. B. Ramsauer is gratefully acknowledged for help with the GC

measurements.

3.2. Electrical conductivity

Conductivity measurements of the pure ionic liquids have been performed within a
temperature range between -25°C and 195°C in intervals of 10°C. Conductivity
measurements of the high temperature stable microemulsions have been performed between

30°C and 150°C in intervals of 30°C.

Measurements of the pure ILs in the low temperature region (-25 - 30)°C were carried out
with an in-house built apparatus described by Barthel et al. equipped with a precision
thermostat, symmetrical Wheatstone bridge with Wagner earth, sine generator and resistance
decade.”™" A similar apparatus constructed for conductivity measurements up to 150°C was
used for the high temperature region of the microemulsions (60 - 150)°C. For the conductivity
measurements of pure ILs at high temperatures (35- 195)°C a precision thermostat combined
with symmetrical Wheatstone bridge with Wagner earth, sine generator and resistance decade
was set up. Both thermostats were stable to < 0.003°C over the investigated temperature
range, a set of six three-electrode capillary (setl) cells with cell constants ranging from 2 m™
to 1161 m™ and a set of four two electrode capillary cells (set2) with cell constants, B, ranging
from 1260 m™ to 3400 m™" were used. Cell constants were determined with aqueous KCl
solutions according to a procedure described by Wachter et al.** Resistances were measured

at frequencies between 480 Hz and 10 kHz from which the value R at infinite frequency was
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obtained by linear extrapolation.’” Repeated measurements of selected samples agreed within
0.3 %. The relative uncertainty of the electrical conductivities was estimated to be less than

0.5 %. The obtained cell constants are summarized in Table I1I-1.

Table III-1. Cell constants at 25°C obtained from -calibration with aqueous KCI

solutions.

Cell number Setl Set 2
B/m’ B/m’
1 2.084 1260
2 24.61 2440
3 53.6 4613
4 224.0 3400

5 470 -

6 1161 -

The temperature dependence of cell constants is affected by the expansion coefficient of

platinum and Pyrex glass and can be expressed as

B(T)=B(298.15K)(1+ B(T —298.15K)) (II-1)

with the temperature coefficient which can be written as:

ﬁ—;(d—BJ 11-2
" B(298.15K)\ dT (111-2)

The temperature coefficient is therefore dependent on the type of cell used. It was first

1 ‘and experimentally verified by Barthel and

described by Robinson and Stokes
coworkers.'**2% For capillary cells £ was found to be -3.5:10° K'. As the application of
changed the electrical conductivities only within the given uncertainty limits, the temperature

dependence of the cell constants was not taken into account.
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3.3. Dynamic light scattering

Dynamic light scattering (DLS) experiments were carried out at a CGS-II goniometer from
ALV (Germany). All measurements were performed at a scattering angle of 90°. A 22 mW
He-Ne laser working at 632.8 nm and stabilized by a voltage regulator served as light source.
The measurement temperature was adjusted with a Lauda RS 6 thermostat, the sample
temperature was controlled with two platinum resistance thermometers that were placed in the
toluene bath surrounding the sample. The accuracy in temperature was better than + 0.1°C.
For each measurement standard glass cuvettes, cleaned with a cuvette cleaning apparatus in
order to avoid any impurities or dust in the sample, were used. Furthermore, the
microemulsions were filtered directly into the cuvettes with cellulose acetate syringe filters
(0.2 um pore diameter) to avoid the presence of dust. The software simultaneously gave the
temporal averaged intensities and the intensity time-correlation function from the input
signals of the detector. For each measurement 10 runs each of 45 s duration have been
performed, the mean value of the ten runs was taken for the data analysis. The filling level of
the toluene bath surrounding the sample was controlled, before starting a new measurement

series.

The accuracy of the measurements was controlled by measuring several polystyrene standards
in water. Therefore, three different standards with diameters d = 100nm + 3nm (Fluka), d =
220 nm £+ 6nm (Duke Scientific Corp.) and d = 290 nm + 8 nm (Interfacial Dynamic Corp.)
were diluted with water until a slightly bluish solution was obtained. For each standard an
intensity autorrelation function was obtained exhibiting a single exponential decay. These
functions are shown in Figure III-1, full lines fit with a single exponential decay according to

eq. II-29. The non-weightened size distributions of the standards are shown in Figure II1-2.

(@®(t-1)
(@™(1)-1)

00 - 0ok L sl L1 L |
1E-7 1E-6 1E-5 1E4 1E-3 001 01 1 10 100 1E-T 1E6 1E-5 1E+4 1E3 001 041 1 10 100 VE-7 1E& 1ES 1E4 1E3 001 01 1 LR
/s tls /s

a b c
Figure III-1. Intensity autocorrelation functions for polystyrene standards with

diameters, d = 100nm (a), d = 220 nm (b) and d = 290 nm (c), full lines fit with eq. I1-29.
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Figure I11-2. Distribution functions for polystyrene standards d = 100nm (a), d = 220 nm
(b) and d =290 nm (c).

The results for the radii from the exponential fit, the cumulant and the maxima of the
distribution functions, Ry™", as well as the PDI are summarized in Table 1II-2. All results are
in good agreement with the sizes certified by the manufacturer within the given uncertainty

limits confirming the accuracy of the DLS apparatus.

Table III-2. Results from the data analysis of the polystyrene standards at 25°C.

Ryp(manufacturer) / nm 50 110 145

Cumulant fit

Ry(first order) / nm 50.8 114.0 154.2
Ru(second order) / nm 50.2 113.4 153.9
Ry(third order) / nm 50.3 114.0 155.0
PDI 0.033 0.016 0.005

Single exponential fit

Ry / nm 50.7 113.9 154.2
Distribution
Ry™ / nm 504 110.0 150.0

3.4. Densities

Densities, p, were determined using a vibrating tube densimeter (Anton Paar DMA 60) within

temperatures ranging from 25°C to 65°C. The calibration of the instrument was performed for
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each temperature with purified dry nitrogen and degassed water with precise density values

available from literature.*”* The uncertainty of p was estimated to be less than 0.1 kg m™.

For the high temperature stable microemulsions densities between 30°C and 150°C were
required. Therefore, densities of the pure EAN, dodecane, biodiesel and the densities of the
[Ciemim][Cl]+decanol mixture (1:4, molar ratio) were measured with a pyknometer at (25 -
150) °C in intervals of 10°C. The pyknometer was calibrated with degassed water at
temperatures ranging from 20°C to 50°C in intervals of 10°C, no temperature effect on the

pyknometer volume could be detected within its standard deviation.

3.5. Viscosities

Viscosity measurements were carried out on a Bohlin rheometer (type CVO 120 High
Resolution) under argon atmosphere at controlled temperature. The temperature calibration
was performed with a standard viscosity oil and a platinum resistance thermometer within a
temperature range between (20- 65)°C. The accuracy in temperature was estimated to be
better than + 0.2°C. The microemulsions were measured at 30°C, [Na][TOTO] in the range of
(20- 65)°C, working with a CP40/4° cone. Samples were studied at shear rates ranging from
(0.25 to 200) s™, except for the measurement of [Na][TOTO] at 20°C, which had to be
stopped at 50 s due to the high viscosity.

3.6. Small angle X-Ray scattering (SAXS)

SAXS experiments for microemulsions with dodecane at 30°C were performed in flat cells of
0.1 mm and 0.2 mm thicknesses with Kapton windows on the Huxley-Holms High Flux
camera.””>?* The X-ray source is a copper rotating anode operating at 15 kW. The K,
radiation (4 = 0.154 nm) is selected by a Xenocs monochromator mirror. Spectra were
recorded with a two-dimensional gas detector of 0.3 m in diameter giving an effective g-range
of (0.2 to 3.5) nm™ (¢ = 47/ A sin(@ / 2)), where 0 is the scattering angle and A the

wavelength of the incident beam. Data correction, radial averaging, and absolute scaling were

performed using routine procedures.””

Small angle X-ray scattering data for microemulsions with biodiesel were obtained using a
XENOCS set-up. The X-ray beam originates from a Mo GENIX source. The K, radiation
(A=0.71 A™") is selected using a multilayered curved mirror (one reflexion) focusing the beam

at the infinite. The size of the beam (less than 1mm?) in front of the sample is defined by
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scatterless slits provided by FORVIS.?" Sample and empty cell transmissions are determined
using an offline pin-diode that can be inserted downstream the sample. The sample distance to
the 2D MAR345 is 750 cm. Small angle scattering experiments covered a g-range between
(0.02 and 4.0) nm™. Quartz capillaries are used as sample containers; usual corrections for
background (empty cell and detector noise) subtractions and intensity normalization using

Lupolen™ as standard were applied.

3.7. Small angle neutron scattering (SANS)

SANS experiments were carried out on the instrument D22 at the Institut Laue-Langevin.
Quartz cells from Hellma were used, which are stable up to 8 bars at 300°C with a height of
50 mm, a length of 40 mm and a thickness of 1 mm. SANS spectra were recorded at 30°C,
60°C, 90°C and 150°C. Samples were thermostated in a cupper block allowing rapid heating
and cooling of the samples. Sample temperatures were measured with a platinum resistance
thermometer from a reference cell, the temperature accuracy was estimated to be better than +
0.5°C. Three configurations were used to cover a g-range between (0.07 and 4.0) nm'.
Experiments were carried out at a wavelength of 0.6 nm with a relative wavelength spread

AL/ of 10%.2"7

A schematic representation of the steady-state instrument D22 at the Institut Laue Langevin

(ILL) is given in Figure III-3.

Velocity selector Collimation Diaphragm| |Sample Defector|  Another
e posifion

[]

Neutron guides Evacuated fube (20m)

Figure I1I-3. Schematic representation of the D22 instrument, ILL, Grenoble, France 208

By the horizontal cold source of the reactor, a white beam is produced. The maximum neutron

g8 2 -l
flux at the sample is 1.2-10 cm s . The wavelength can be adjusted by a mechanical velocity
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selector consisting of a rotating drum with helically curved absorbing slits at its surface. The
rotation speed can be varied between 28000 to 4000 runs per minute, resulting in wavelengths
between (0.46 and 4.0) nm. The wavelength calibration is performed with silver behenate as it

exhibits narrow Bragg peaks. The collimation part on D22 is composed by eight guides

3
having a cross section of (55:40) mm?. D22 possesses the largest area multi-detector ( He) of
all small-angle scattering instruments (active area (96-96) cm’ with pixel size (7.5:7.5)

1’1’11’112).209

It moves inside a 2.5 m wide and 20 m long vacuum tube providing sample detector
distances of (1.35 to 18) m. It can be translated laterally by 50 cm, and rotated around its
vertical axis to reduce parallax. The beam stop preventing detector damages are made of B4C

and Cd with flexible sizes depending on the sample geometry.*”

The raw data obtained from the SANS measurements were radial averaged, corrected for
electronic background and empty cell using standard ILL software. Particular care was taken

for the normalization using water scattering.

The smearing of the scattered intensity can be subdivided in three factors, the infinite size of
the incident beam, the wavelength resolution and the detector pixel size.”'° The pixel size has

a negligible effect. The g resolution can be expressed as

Aq=—q(ﬁj+[47ﬁj cosOAO (III-3)

where A is the wavelength of the incident beam and & the scattering angle. Hence, Ag* can be

written as

SAY (4zY
Ag?=g> 1 + 1 c0s*0A0%=Aq*(1) + Aq*(0)

AT

Where A4/4 is related to the full width at half maximum (FWHM) of the triangular function
describing the wavelength distribution by FWHM = Ay(44/1) and 46 to the width of the

(I11-4)

incident beam. A triangular function centered on Ay, the wavelength of the incident beam can

be expressed as:
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o Ay (1=(AZ/ 2)
= T nf -5 (I1I-5)

-1 2/1+10(1+(A/1/22))/1
[, (AL/ A)] [, (AL A)]

T(1)= >4, (I11-6)

For a wavelength of 4y = 0.6 nm the wavelength distribution of 10% in terms of a triangular

function is illustrated in Figure I11-4.

1.00 =

075 4

T(2)

0.25 | -

A
0.00 A L L. g 5 1 . 1 . 1
0.54 0.56 0.58 0.60 062 0.64 0.66

A/ nm
Figure I11-4. Triangular function used to describe the wavelength distribution with Ao =

0.6 nm and A4 =10 %
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IV. Results and Discussion

1.  The conductivity of imidazolium-based ionic liquids over a wide

temperature range. Variation of the anion

The application of room temperature ionic liquids (RTILs) in high temperature stable
colloidal systems such as microemulsions requires knowledge of the physicochemical
properties of the pure compounds. One important method used to characterize the high
temperature stable microemulsions was temperature dependent conductivity. Therefore, prior
knowledge of important transport properties, such as conductivity of the ILs is essential.
Furthermore, the purity of the substances and the accuracy of the data can be evaluated by

comparing the results to available literature data.

1.1. Abstract

The effect of counter ion on the electrical conductivity, x, of 1-butyl-3-methylimidazolium
([bmim]) based room temperature ionic liquids (RTILs) was studied over a wide temperature
range. Data for x of [bmim][DCA], [bmim][PFs], [bmim][TA] and [bmim][TfO] over a
maximum temperature range of (248 to 468) K, depending on the limitations caused by the
crystallization temperature and the thermal stability, respectively, are reported. The
uncertainty in « is estimated to be less than 0.5 %. The obtained conductivity values are well
described by the Vogel-Fulcher-Tammann equation. To ensure the high thermal stability,
degradation temperatures of the RTILs were determined via thermogravimetric analyses.
Additionally, densities, p, and the corresponding molar conductivities, A, are reported for the
temperature range of (278 to 338) K. Deviations from the ideal KCI line were illustrated in
terms of a Walden plot that indicate that the investigated salts can be classified as high-

ionicity ionic liquids.
1.2. Introduction

Over the last years Ionic Liquids (ILs) have gained more and more attention, because of their
unique properties such as negligible vapor pressures, high electrical conductivities and

thermal stability, coupled with a wide liquid range.'”'°

These properties render ILs, especially
room temperature Ionic Liquids (RTILs), excellent candidates for potential applications.>*

Tonic liquids can be applied as solvents in organic reactions or catalysis™® and as media in
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extraction processes.'' Other studies concern the use of ionic liquids as electrolytes in

batteries, > double layer capacitors or solar cells.'>"*

In recent years, progress has been made in the determination of thermodynamic and transport
properties of RTILs, with imidazolium-based compounds being in the focus of many studies.
Various groups studied the conductivity, x, and viscosity, 7, of imidazolium based
RTILs.**?""?!8 Yoshida et al. described x and 7 of different RTILs based on the dicyanamide
anion at 293 K,?"” whereby Hunger ef al. documented electrical conductivity of 1-butyl-3-
methylimidazolium dicyanamide ([bmim][DCA]) over a temperature range of (278 to 338)
K.2" The electrical conductivity of I-butyl-3-methylimidazolium hexafluorophosphate
([bmim][PF4]) has been reported by Widegren et al. (288 — 323) K,*"* Tokuda et al. (263 —
373) K*'* and Suarez et al. (273 — 293) K.*'' Moreover, x of 1-butyl-3-methylimidazolium
trifluoroacetate ([bmim][TA]) has been described at 293 K*° and at temperatures ranging from
(263 to 373) K. Electrical conductivity data of 1-butyl-3-methylimidazolium
trifluoromethanesulfonate ([bmim][TfO]) have been determined by Tokuda et al. between 263
K and 373 K*'* and by Bonhéte et al. at 293 K.*°

Nevertheless, to the best of our knowledge, there is no study that benefits from the wide liquid
range and high thermal stability of RTILs and describes ionic conductivities over a wide
temperature range. The physicochemical properties of RTILs, such as conductivity, depend on
both, the nature and size of cation and anion. Herein, we study the effect of anion on the
conductivity of RTILs based on the [bmim] cation. Precise temperature dependent
conductivity data of [bmim][DCA] (248 - 468) K, [bmim][PF¢] (268 - 468 ) K, [bmim][TfO]
(268 K- 468 K), and [bmim][TA] (248 K- 368 K) are reported. This study complements an
investigation of Stoppa et al.>*> on the cation-dependence of « for a series of imidazolium

tetrafluoroborates.

1.3. Synthesis and sample handling

The RTIL [bmim][PFs] was synthesized as described in section II1.2.3. The RTILs
[bmim][DCA], [bmim][TfO] and [bmim][TA] were synthesized by A. Stoppa and J. Hunger

who are gratefully acknowledged here.

[bmim][DCA] was obtained by the metathesis reaction of 1-butyl-3-methylimidazolium

chloride ([bmim][Cl]) and sodium dicyanamide, following a slightly modified procedure

194
L.

described by Cammarata ef al.'** A detailed description of the synthesis is given elsewhere.*®
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The RTILs [bmim][TfO] and [bmim][TA] were prepared by slowly adding a slight molar
excess (~1:1.1) of methyl trifluoromethanesulfonate or methyl trifluoroacetate, respectively,
to a solution of 1-butylimidazole in acetonitrile. Excess reactants were removed by vacuum

distillation.

All RTILs were dried under high vacuum (p < 10°® bar) at 40°C for one week yielding slightly
yellow liquids with water mass fractions < 80-ppm (m/m). Potentiometric titration of freshly
prepared aqueous RTIL solutions against standardized AgNOs;(aq) yielded halide mass
fractions < 50-10° for [bmim][PFs] and = 0.0021 for [bmim][DCA], respectively. No AgCl
precipitation could be observed when adding AgNOs(aq) to [bmim][TA] and [bmim][TfO].
No contaminations were detected with 'H-, °C- and (where applicable) "F-NMR. The
samples were stored in a N,-filled glovebox; conductivity cells were filled under nitrogen

atmosphere.

1.4. Results and discussion

The data for the electrical conductivities of the four RTILs are summarized in Table IV-1.

[bmim][DCA] was investigated over the full range of (248 to 468) K, whereas [bmim][PFs]
and [bmim][TfO] could only be studied between (268 and 468) K, as samples crystallized in
the conductivity cells when cooling to 258 K. For [bmim][TA] data are reported between (248
and 368) K, since the formation of bubbles was observed above 375 K. This effect may be
related to a partial degradation of [bmim][TA] at these temperatures, although TGA
experiments yielded a decomposition temperature of 74 =461 K. As already small amounts of
impurities, including degradation products, can have significant effects on the conductivity of
[bmim][TA], we abstain from reporting k values for T > 368 K. The electrical conductivity
decreases over the whole investigated temperature range in the order [bmim][DCA] >
[bmim][PF¢] > [bmim][TfO] > [bmim][TA].

The present data for [bmim][DCA] (Figure IV-1) are in reasonable agreement with the x

215

value given by Yoshida et al. for 298 K.”° However, they are systematically lower, with

values for the relative deviation, it = (K — &rit) / K- 100, of |oLi] < 11.3, than those reported

by Hunger et al. (Figure IV-1)."

A possible reason is the amount of halide impurities, for
which ref. 219 reports a mass fraction of 0.005 whereas that of the present sample is only

0.0021.
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Table IV-1. Conductivities, x, of the investigated RTILs.

T/K x/Sm’!

[bmim] [DCA] [bmim][PFs] [bmim][TfO] [bmim][TA]

248.15 0.0483 0.00858
258.15 0.1180 0.0244
268.15 0.242 0.0164 0.0539 0.0569
278.15 0.433 0.0385 0.1038 0.1144
288.15 0.702 0.0792 0.1808 0.205
298.15 1.052 0.1465 0.290 0.332
308.15 1.483 0.248 0.436 0.504
318.15 1.991 0.390 0.621 0.723
328.15 2.57 0.578 0.848 0.988
338.15 3.22 0.815 1.117 1.301
348.15 3.93 1.102 1.426 1.658
358.15 4.69 1.440 1.775 2.06
368.15 541 1.825 2.16 2.50
378.15 6.34 2.26 2.60

388.15 7.26 2.74 3.04

398.15 8.19 3.25 3.52

408.15 9.15 3.81 4.03

418.15 10.12 4.39 4.56

428.15 11.12 5.01 5.12

438.15 12.10 5.65 5.69

448.15 13.09 6.31 6.28

458.15 13.75 7.00 6.88

468.15 14.54 7.69 7.50
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Figure IV-1. Specific conductivities of [bmim|[DCA] from this study (e)and relative
deviations, i, of data reported by Hunger et al (Am) and Yoshida et al. (DZIS) Full
lines show a fit of x with the VFT equation, the corresponding fit parameters are given

in Table I'V-2, dashed lines indicate a (arbitary) i = £3 margin.
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Figure IV-2. Specific conductivities of [bmim][PF] (o) compared to data documented by
Widegren et al. (Am), Tokuda et al. (D214) and Suarez et al. (0211) and relative deviations,
OLit, of interpolated values from the published data. Full lines show a fit of x with the
VFT equation, the corresponding fit parameters are given in Table V-2, dashed lines

indicate a (arbitary) J.; = =3 margin.

For [bmim][PF¢] (Figure IV-2) conductivity data were reported by Widegren ef al.?"> between
(288.15 and 323.15) K and by Suarez et al.*'' between (273.50 and 349.50) K. Whereas the
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IV.1. Conductivity of room temperature ionic liquids over a wide temperature range

former are in excellent agreement with our results (-0.6 < i < 0.6) the latter deviate
considerably (-10.4 < & < 7.5). Conductivities published by Tokuda et al.*'* for the range
(273.15 to 373.15 K) also agree well (-3.4 < it < 5.2) except for the point at 263.15 K (it =
-144.9).

Except for the lowest temperature, conductivities reported by Tokuda et al*'* for
[bmim][TfO] (Figure IV-1) in the range (263.15 and 373.15) K are in very good agreement
with the present data (|6Li| < 3.8). The value reported by Bonhéte e al.*® for 293 K deviates

again considerably (S < -60).
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Figure IV-3. Specific conductivities of [bmim][TfO] (e) compared to data documented
by Tokuda er al. (A*'*) and Bonhéte ef al. (0*’) and relative deviations, &y, of
interpolated values from the published data. Full lines show a fit of x with the VFT
equation, the corresponding fit parameters are given in Table IV-2, dashed lines indicate

a (arbitary) opi = £3 margin.

Also for [bmim][TA] comparison of conductivity data is only possible with the results of
Tokuda et al*" in the range (263.15 and 373.15) K and with Bonhote et al.* for 293 K

214

(Figure 1V-4). Whilst the former are all systematically smaller (o < 10.4)"" the latter is

larger by 22%.%

To ensure the high thermal stability of the RTILs, the decomposition temperatures (74) have
been determined via thermogravimetric analysis. The obtained values from onset analysis

were Ty =566 K for [bmim][DCA], T4 = 710 K for [bmim][PF¢], T4 = 689 K for [bmim][TfO]
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IV. Results and discussion

and T4 = 461 K for [bmim][TA]. These values are in quite good agreement compared to
literature data Ty = 573 K**° for [bmim][DCA], T4 = 706 K*'? for [bmim][PFs], T4 = 682*'%,
665 K**° for [bmim][TfO] and T = 449 K*'? for [bmim][TA].
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Figure I'V-4. Specific conductivities of [bmim|][TA] (e) compared to data documented by
Tokuda et al. (Am) and Bonhote et al. (D40) and relative deviations, Jii, of interpolated
values from the published data. Full lines show a fit of x with the VFT equation, the
corresponding fit parameters are given in Table IV-2, dashed lines indicate a (arbitary)

ALit = =3 margin.

The conductivity of RTILs, especially for those that show a glass transition temperature (7)
can often be described by the empirical Vogel-Fulcher-Tammann eq. with the fit parameters

A and Band T, where the latter is the so called VFT temperature.™

In(x/Sm)=InA/Sm™)+B/(T-Tp) (IV-1)

The conductivity data for the four RTILs were found to be well described by the VFT
equation. The values obtained for A, B and Ty, are summarized in Table IV-2, together with
the corresponding uncertainty of the fit, o. The conductivity data compared to literature data

with the relative deviations as well as the corresponding VFT fit are illustrated for

[bmim][DCA] (Figure IV-1), [bmim][PF¢] (Figure IV-2), [bmim][TfO] (Figure 1V-3) and
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IV.1. Conductivity of room temperature ionic liquids over a wide temperature range

[bmim][TA] (Figure IV-4).

Table IV-2. Parameters of the VFT fit with the standard uncertainty of the overall fit, o.

[bmim][DCA] [bmim][PFq] [bmim][TfO] [bmim][TA]
A/Sm’ 104.3 131.1 95.1 103.5
B/K -572.0 -818.1 -767.2 7373
To /K 173.7 177.4 165.6 169.8
100-o 1.0 1.6 0.3 0.7

Consistent with the literature®® the VFT temperature (Table 2) is ~20-30 K below the glass-
transition temperature, 7, determined via differential scanning calorimetry, namely 7, = (179
K;*'2 183 K**) for [bmim][DCA]J; (196 K; 2'? 197 K;**° 196 K**") for [bmim][PF4] ; 191 K"
for [bmim][TfO] and 7, = 195 K?'? for [bmim][TA]. Tokuda and coworkers reported values
of Ty = 174 K for [bmim][PFs], 162 K for [bmim][TfO] and 172 K for [bmim][TA].*"
Keeping in mind the different temperature ranges of both studies the agreement of these 7
with the VFT temperatures of Table IV-2 is very good and reflects the generally excellent
agreement of the experimental conductivities of both investigations. In contrast to the
behavior of the [C,mim][BF4] compounds studied in the companion study, where a linear
dependence of the strength parameter B/T on the number of carbon atoms, », in the N-alkyl
chain was observed,263 no general trend in A, B, Ty, or B/T can be found when varying the

anion of [bmim]" RTILs.

To get more information about the transport properties of the RTILs densities, p, were
measured between 278.15 K and 338.15 K, a viscosity correction as described by Heintz et
al*** was not taken into account, since reliable viscosity data and/or more sophisticated
correction procedures are currently not available, we refrain from giving corrected p values.
The respective values and the corresponding molar conductivities, A,, are summarized in
Table IV-3. The relation of fluidity to conductance can be considered in terms of a Walden
plot of the data, as described by Angell et al.”***>”°The Walden rule relates the ion mobilities

to the fluidity of the medium: if a liquid substantially consists of independent ions only, then
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the Walden plot will be close to an ideal line, which is represented by potassium chloride.™
Substances whose plot lies more than one order of magnitude below the ideal line can in this
context be classified as “poor” ionic liquids (compare Figure I-2). The Walden plots for the
RTILs [bmim][PFs], [bmim][TfO] and [bmim][TA], where fluidities, 7', are available are
illustrated in Figure IV- 5. Viscosities were calculated from the viscosity VFT parameters

reported by Tokuda et al.*'

Despite some anion-specific deviations, all data are close to the
“ideal” KCI line representing complete dissociation.”****#?! Thus, the RTILs [bmim][PF],

[bmim][TfO] and [bmim][TA] can be classified as high-ionicity ionic liquids.

Table I'V-3. Densities, p, and molar conductivities, A, of the investigated RTILs.

T/K ol 104 A/ o/ 10%An/  p/ 1044w/ p/ 104 An/

3 S . 3 S . 3 S . 3 S .
kg'm . kegm . kgm . kgm X
m?mol m?mol m?mol m2mol
[bmim] [DCA] [bmim][PFs] [bmim][TfO] [bmim][TA]

278.15 1072.2 0.830 1383.4  0.1021  1313.2 0.228 12304  0.235
288.15  1066.1 1.352 1376.9 0.211 1305.5 0.399 12234  0.422
298.15 1059.6 2.038 1368.3 0.393 1297.4 0.644 12155  0.692
308.15 1053.4 2.89 1360.0 0.668 1289.3 0974  1207.7 1.053
318.15 10473 3.90 1351.6 1.058 1281.6 1.398  1200.2 1.519
328.15 1040.9 5.07 1343.2 1.577 1273.6 1.920 1192.6 2.09

338.15 1034.7 6.39 1334.7 2.24 1265.8 2.54 1185.1 2.77
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Figure IV- 5. Walden plot for [bmim][PFg] (@), [bmim][TfO] (A) and [bmim][TA] (m).
Required viscosities were calculated from the VFT parameters given in ref. 212. The

solid line represents the ideal KCI line.

1.5. Concluding remarks

In this study, where we benefit from the excellent thermal stability and wide liquid range of
RTILs, the effect of different anions on the conductivity of highly pure [bmim]” RTILs has
been investigated over the exceptionally wide temperature range of (248 to 468) K. Electrical
conductivity measurements of the RTILs [bmim][DCA], [bmim][PFs], [bmim][TfO] and
[bmim][TA] have been performed, supplementing a companion study on the cation-
dependence of x for imidazolium RTILs. At a given temperature conductivity decreases in the
order [bmim][DCA] > [bmim][TA] > [bmim][TfO] > [bmim][PF¢]. Temperature dependence
is well described by the VFT equation. Whilst our data compare favorably with some
literature results, significant deviations from others were noted. Walden plots of the molar
conductance, available for [bmim][PFs], [bmim][TfO] and [bmim][TA] in the limited
temperature range of (278 to 338) K suggest that these RTILs can be classified as high-

ionicity ionic liquids.
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2. Microemulsions with an ionic liquid surfactant and room temperature

ionic liquids as polar phase

2.1. Introduction

Ionic liquids (ILs), especially imidazolium and pyridinium based ionic liquids, have attracted
more and more attention in recent years, because of their outstanding properties, as described
in detail in section I1.**** Beside these ionic liquids, there is also a growing interest in protic
jonic liquids®'*® and research towards greener ILs.'**%%

Particular attention has been paid to room temperature ionic liquids (RTIL). The RTIL
ethylammonium nitrate has been described almost a century ago by Walden.' This polar,
colorless liquid exhibits a melting point of 14°C* and is supposed to form three-dimensional

24,224

hydrogen bonded networks. Recent studies confirm this assumption with far-IR

spectroscopy and static quantum chemical calculations.**>*°

The formation of amphiphilic
association structures in and with ionic liquids, such as micelles, vesicles, microemulsions
and liquid crystalline phases has been reviewed recently.'”?***" The formation of micelles
formed by common surfactants in EAN was first documented in 1982 by Evans et al.,”***
whereas the formation of liquid crystals of lipids in EAN*** as well as lyotropic liquid crystals
of non-ionic surfactants were observed in the same RTIL.*® The formation of liquid
crystalline phases of binary mixtures of [C;gmim][Cl] and EAN has also been described
lately.’! The self-aggregation of common ionic and non-ionic surfactants in imidazolium

based RTIL was also reported.”>**’

As imidazolium based ionic liquids (ILs) with long-chain hydrocarbon residues exhibit
surfactant properties in water,””***>** Thomaier et al. could recently demonstrate that the
surfactant like ionic liquid (SLIL) 1-hexadecyl-3-methylimidazolium chloride ([C;smim][Cl])
forms colloidal structures in EAN as well. They found a critical aggregation concentration
(cac) approximately ten times higher than the critical micelle concentration (cmc) in the
corresponding aqueous system.” This gap is in accordance with the results of Evans ef al.,
who found that the cacs of classical surfactants in EAN are between 5 and 10 times higher
than in water.”> Starting from these anterior results that show clearly the possibility to use
[C1smim][Cl] in order to obtain colloidal structures in EAN, we decided to go a step beyond
and formulate non- aqueous microemulsions containing [C;¢mim][Cl] as surfactant and a

RTIL as the polar phase. Microemulsions are thermodynamically stable, isotropic transparent

-79 -



IV.2.1. Introduction

mixtures of at least a hydrophilic, a hydrophobic and an amphiphilic component. In common

microemulsions the polar liquid is water or a brine solution.

Efforts have been made to replace water by a mixture of molten salts (nitrate mixtures of
ethylenediamine/ammonia/potassium) in a system composed of sodium dodecyl sulfate

234

(SDS), 1- pentanol and decane.”" In recent years attempts have also been made to formulate

nonaqueous reverse microemulsions containing RTILs as polar micro-environment. 09223
2 . . . . .

38 Recently, microemulsions, where ILs are used as oil substitutes, water substitutes,
additives or surfactants have been reviewed."”? These investigations deal with non-polar

239 237 238
solvents such as cyclohexane,”” p-Xylene™' and toluene

as continuous phase, a room
temperature ionic liquid and a nonionic surfactant. Atkin er al. investigated recently
microemulsions composed of nonionic alkyl oligoethylenoxide surfactants (CiE;), alkanes
(octane, decane, dodecane and tetradecane) and EAN as polar phase.'”” They observed a
single broad small- angle X- ray scattering (SAXS) peak like in aqueous systems, the
Teubner- Strey model was used to analyze the scattering curves. Gao et al. used 1-butyl-3-
methylimidazolium tetrafluoroborate ([bmim]][BF4]) as polar compound in nonaqueous
microemulsions. Freeze-fracture electron microscopy (FFEM) indicated a droplet structure
similar to classical water-in-oil (w/0) microemulsions.”*> Using small angle neutron scattering
(SANS) Eastoe and co-workers demonstrated for the same system a regular increase in
droplet volume with added [bmim]][BF4].'® Li er al. investigated the micropolarity of
microemulsions consisting of [bmim][BF4], TX-100 and toluene.”*® By the addition of
[bmim][BF4] into the TX-100/toluene reverse micelles, the polarity of the IL/o

microemulsions increased, after the formation of the IL pools the polarity remained

constant.89

All studies concerning ILs in microemulsions described in literature have been performed
below the boiling point of water. In the present study, we are interested in microemulsions
that are stable over a wide temperature range at ambient pressure. For this purpose, water
must be replaced by a RTIL. Most investigations dealing with microemulsions comprising
RTIL as polar pool described in literature use nonionic surfactants. The main disadvantage of
these systems is the reduced thermal stability and the high temperature sensitivity induced by
the nonionic surfactants. To the best of our knowledge, other studies concerning
microemulsions composed of oil, a cationic long chain ionic liquid surfactant (surfactant IL),
cosurfactant and room temperature ionic liquid as polar microenvironment have not been

reported in the open literature. We are interested in reverse microemulsions with nano- sized
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RTIL polar cores exhibiting a thermal stability above the stability range of common
microemulsions (>100°C). The microemulsions with surfactant IL exhibit different properties
compared to the microemulsions with nonionic surfactants described in literature. All
ingredients exhibit high boiling points and thermal stability, which predestines the

microemulsions for high temperature applications.

2.2. Investigations at ambient temperature

2.2.1. Abstract

Nonaqueous microemulsions comprising an ionic liquid as surfactant and a room-temperature

ionic liquid as polar pseudo-phase are presented.

Microemulsions containing the long- chain ionic liquid 1-hexadecyl-3-methyl-imidazolium
chloride ([C1smim][Cl]) as surfactant, decanol as cosurfactant, dodecane as continuous phase
and room temperature ionic liquids (ethylammonium nitrate (EAN) and 1-butyl-3-
methylimidazolium tetrafluoroborate ([bmim]]|[BF4]), respectively) as polar micro-

environment have been formulated.

Droplet structures of EAN/o have been confirmed with conductivity measurements. In
presence of EAN a model of dynamic percolation could be applied. Dynamic light scattering
(DLS) measurements indicated a swelling of the formed nano-structures with increasing
amount of EAN, a linear dependence of the hydrodynamic radii on the EAN weight fraction
was observed. Both systems exhibit a single broad peak in SAXS and follow a characteristic
q'4 dependence of the scattering intensity at large g values. The Teubner-Strey model was
successfully used to fit the spectra giving f; , the amphiphilic factor, and the two characteristic
lengths of microemulsions, namely the periodicity, d, and the correlation length, ¢
Furthermore, the specific area of the interface could be determined from the Porod limit and
the experimental invariant. The amphiphilic factor clearly demonstrated structural differences
between the two systems confirming that the nature of the polar ionic liquid plays an
important role on the rigidity of the interfacial film. The adaptability of three different models
ranging from spherical ionic liquid in oil over repulsive spheres to bicontinuous structures has

been checked.
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2.2.2. Sample handling and experimental path

The synthesis of the ionic liquids used here are described in section III.2. ILs were stored in a

N, filled glove box to avoid any contact with water and air.

The pseudo ternary phase diagrams were recorded at 30.0 £ 0.5°C, because of the larger
single phase region observed compared to 25°C, especially in the case of [bmim][BF4]. The
phase determination was done according to the dynamic and static procedure described by
Clausse et al.**® The realms-of-existence of a clear and monophasic solution of the quaternary
system were determined as a pseudo- ternary mixture implicating a pseudo constituent formed
by the clear and homogenous solution of [C;¢mim][Cl]/decanol in a molar ratio of 1:4. The
molar ratio of [C;smim][Cl]/decanol was chosen 1:4 because with this ratio the largest single-
phase area was observed. In tubes different proportions of the surfactant-cosurfactant mixture
to dodecane were prepared in 5% steps between 0 and 100 weight percent of the surfactant-
cosurfactant solution. The RTIL was added under a nitrogen flow drop by drop under gentle
agitation. The phase transitions were observed through cross polarized filters. The weight
fractions of RTIL at which transparency-to-turbidity occurred were derived from precise
weight measurements. The composition of the solution was then calculated from the masses
of surfactant-cosurfactant, dodecane and RTIL. It was estimated that the accuracy of the

measurements for the transparency-to-turbidity transition was better than + 2%.

All measurements were carried out along an experimental path, where the amount of
surfactant and cosurfactant was kept constant and the amount of RTIL was increased. The
experimental paths were chosen in relation with the topology of the partial phase diagrams
with the intention that a high amount of RTIL can be added with a relatively low amount of
surfactant used. The paths that are not identical for the two RTILs due to the different phase

diagram toplogy, are described in results and discussion section.

2.2.3. Results and discussion

The most important equations used for the data evaluation are for a better overview repeated

here, although they have already been reported in chapter II.

2.2.3.1. Microregions and phase behavior

The pseudo-ternary phase diagrams of the dodecane/([Ci;¢smim][Cl]/decanol)/EAN and the

corresponding dodecane/([C;¢mim][Cl]+decanol)/[bmim][BF4] systems at 30°C are illustrated

-82 -



IV. Results and discussion

in Figure IV-6.

Dodecane/(JCismim][Cll+decanol)/EAN phase diagram (Figure IV-6 a):

A large monophasic region (L) extending from oil rich- to EAN rich- regions could be
observed. The boundaries between the microemulsion phase L and the multi-phase region are
irregular and exhibit an appendage towards 100% EAN. Such irregular boundaries with an
appendage were already reported for the system 1-hexanol/water/Brij30, where the appendage

turns to 100% of 1-hexanol.*!

This observation gives first hints on the reduced ionic
character of [C;smim][Cl]. The partial nonionic character of the surfactant can be related to
the smeared charge of the surfactant headgroup. The unmixing limit of EAN and the pseudo-
constituent is 72% (w/w) of EAN. As observed with nonionic surfactants, such phase diagram

topologies correspond to microemulsion systems showing a flexible interfacial film.

multi phase region

e T T T T T T d T Y v b, 7 7 T 4
0.0 02 04 06 08 1.0 00 0.2 04 08 08 10
w (dodecane)

w (dodecane)

a b
Figure IV-6. Pseudo ternary phase diagram of (a) dodecane/(|Cismim][Cl]+decanol)/
EAN and (b) dodecane/(]Ci¢smim][Cl]+decanol)/[bmim][BF4] (in weight fraction at 30°C
with a [C;smim][Cl]/decanol molar ratio of 1 to 4). L represents the clear and isotropic

single phase region.

Dodecane/(JCi¢smim][Cl]+decanol)/[bmim][BF4] phase diagram (Figure IV-6 b):

The clear and isotropic 1-phase region (L) in the [bmim][BF4] system is significantly smaller
compared to the EAN system. The amount of [bmim][BF4] that can be solubilized increases
linearly with the surfactant/cosurfactant concentration until around 60% (w/w). Increasing

[bmim][BF4] concentration above its solubility limit leads the system to expel [bmim][BF4] as
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a second liquid phase. This behavior is typical of rigid film microemulsions.*** The phase
diagram is regular, no appendage could be observed. The unmixing limit of [bmim][BF4] and
the pseudo- constituent is 41 wt% of [bmim][BF4] which is one reason for the reduced single-

phase area (L) compared to the EAN phase diagram.

2.2.3.2. Conductivity

Conductivity measurements can yield information about the percolative’* or anti-percolative
behavior of the microemulsions. For percolative systems the conductivity of w/o
microemulsions shows a pronounced change over some orders of magnitude above a certain
threshold.'” At low water contents the conductivity is very low as oil is the continuous phase
with reverse micelles well separated from each other. At the percolation threshold the droplets
come sufficiently close to each other or form droplet clusters that an effective transport of

charge carriers can take place.

For the microemulsion formed with EAN, an experimental path, where the amount of
surfactant plus cosurfactant was kept constant at 30 wt% (Ps = 30), while the amount of EAN
increases. Along this experimental path, a percolation phenomenon as described for aqueous
microemulsions was observed. The specific conductivity as a function of the EAN volume

fraction gean indicating the percolation phenomenon is illustrated in Figure IV-7.
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Figure IV-7. Specific conductivity, x;, versus ggan for an experimental path with Ps = 30.

One of the conditions to observe a percolative behavior in a microemulsion system is that the

interfacial film has to be flexible enough. For rigid film systems anti-percolation behavior is

-84 -



IV. Results and discussion

EAN

more likely to happen. The so-called percolation threshold go~"" where a significant change

in conductivity was observed was determined following the method of Lagourette ez al.** by
plotting the conductivity x”* versus the EAN volume fraction @ean- The middle part of the
curve can be fitted by a straight line whose intersection with the gean axes provides ¢pEAN

which is found to be 0.105. The droplet volume fraction can be written as

VEAN + V[Cl6mi11z][Cl]+decanol
¢ = (IV-2)

VEAN + V[Cl(,mim][Cl]+decanol + Vdodecane

with the assumption of ideal mixing,where V; is the volume of compound i.

The percolation threshold ¢p in terms of the droplet volume fraction was determined to 0.33.
At low EAN content (gean < 0.04) the conductivity remains around (10°-10°) S m™ and is 3-
4 orders of magnitude lower than above the percolation transition. However, the conductivity
is still much higher compared to a typical non-polar solvent. Eicke ef al. described this fact
for classical w/o microemulsions and explained this phenomenon by the assumption that
nanodroplets carry positive or negative excess charges.*** At higher EAN (gean > 0.11)
content, the conductivity increases linearly with the volume fraction of EAN. The model of

138,139

dynamic percolation assumes spherical independently moving droplets as in the charge

fluctuation model. The conductivity can be described below and above the percolation

45

threshold by appropriate asymptotic power laws,”*® where x; and &, correspond to the

conductivities of the percolating droplets and of the homogeneous phase.

n(k)=ln(x)+uln(|g-¢,|)  $>>4,+4 (IV-3)
n(k)=ln(x,)-sin(|¢-¢,|)  ¢<<¢ -4 (IV-4)

A is the width of the transition region and  and s are two characteristic exponents and can be
determined from the slopes of equations IV-3 and IV-4. According to computer simulations
the exponents u and s vary from ¢ = 1.94 and s = 1.2 for dynamic and ¢ = 2 and s = 0.6-0.7
for static percolation. Consequently, it is possible to differentiate between dynamic and static

percolation of microemulsions.
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IV.2.2. Investigations at ambient temperature

Therefore, In(x) was plotted as a function of In(]¢# - #p) in order to determine the critical
exponents x4 and s (Figure IV-8). The critical exponent u could be obtained by fitting a
straight line to the experimental data in the upper part of the diagram. The average value of
parameter u was 1.65, which differs from the expected theoretical value. Such differences
between the experimental and the theoretical value have already been observed in
literature.****® As the exponent y is almost the same for these two models, it cannot be used
for a clear differentiation between the theoretical values. As can be seen in Figure IV-8, the
lower curve is not linear over the whole range, and such behavior has also been described in
literature before.”*® In that case, s was determined to be 1.28, which is in better agreement
with the model of dynamic percolation. However, this is only a rough estimation, because the

slope of the curve determining s depends on the number of points that are taken into account.
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Figure IV-8. Determination of the critical exponents for the microemulsions with EAN.

128
L

According to the charge fluctuation model of Eicke et a the droplet radii r; can be

determined according to equation I'V-5.

k, T
K:ggo s 1 @

V-5
2rxnr) (IV-5)

where g is the electric field constant, &, the relative permittivity of the continuous phase, ¢

the droplet volume fraction, 7 the temperature, 7 the viscosity of the continuous phase and kg
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the Boltzmann constant. To ensure that the charge fluctuation model is valid, ¢ values far
below the percolation threshold in the range of 0.24 to 0.28 were used with 7= 303 K, =
0.00124 Pas'> and & = 2.2. The mean value of the droplet radii ;, was found to be 18.9 ATt
was described in literature that Eicke’s model gives too large values of the droplet radii for

droplets smaller than 70 A.'2%13!-132
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Figure IV-9. Determination of the droplet radii according to the charge fluctuation

model.

In the case of the microemulsions formed with [bmim][BF,] conductivity was measured along
an experimental path where the amount of surfactant+cosurfactant was kept at 65 wt%. This
relatively high amount of surfactant was necessary to obtain single phase microemulsions as

can be seen from the phase diagram.
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Figure I'V-10. Specific conductivity, &, versus ¢pmimjBrs4) for an experimental path where

the amount of surfactant+cosurfactant was kept at 65 wt%.

No significant change in slope of the curve could be found, the conductivity increases
continuously with increasing amount of [bmim][BF4] as can be seen from Figure IV-10.
Consequently, no percolation threshold could be determined. This effect could be related to
the high surfactant amount used resulting in a higher electric conductivity without the
addition of RTIL. Furthermore, these results yield important information about the structure
of the microemulsions. The conductivity where only very small amount of RTIL was added
was already about two orders of magnitude higher compared to the EAN system. This can be
interpreted that no well separated droplets of [bmim][BF4] with dodecane as continuous phase
are present. Nevertheless, the viscosity as will be discussed in the following section is

relatively low, which speaks against the formation of a bicontinuous structure.

2.2.3.3. Viscosity

Along the experimental paths at 30°C dynamic viscosities, 7, of the microemulsions show a
Newtonian behavior. The mean values of 7 versus the volume fraction of RTIL are given in
Figure IV-11 for the EAN system and the [bmim][BF4] system, respectively. For both
systems, no significant change in slope could be detected. The difference in viscosities of the

continuous phase and the RTIL is not large enough to detect a significant effect.
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Figure IV-11. Dynamic viscosities at 30°C in dependence of the volume fraction of EAN

a) and [bmim][BF4] b), respectively.

Hence, it was not possible to confirm the dynamic percolation behavior of the EAN-system
quantitatively by the application of the analogous power laws, because the viscosity did not
increase over several orders of magnitude as in the conductivity measurements. The viscosity

of the [bmim][BF,] system changes almost linearly with the [bmim][BF4] volume fraction.

2.2.3.4. Dynamic light scattering (DLS)

In order to get more information about the size and shape of the IL/o microemulsion droplets,
dynamic light scattering measurements have been performed as a function of the amount of
RTIL. The same experimental path as used for the previous experiments was chosen. The
amount of surfactant and cosurfactant w([C;¢mim][Cl]+decanol) was kept constant at 30
weight percent for the EAN system and 65 weight percent for the [bmim][BF4] system,
respectively. Along the experimental path the amount of RTIL was increased. For the
[bmim][BF4] system the scattering intensity was too low for a convenient data evaluation, this
is likely to be linked to the high surfactant/co-surfactant concentration used. For the EAN
microemulsion the autocorrelation functions (g(z)(t)-]) versus the lag times 7 showed a
monomodal trend and could well be described by a single exponential fit. To evaluate the size
of the droplets, the apparent hydrodynamic radii (Ruapp) Were calculated according to the
Stokes- Einstein equation. We assumed dodecane to be the continuous phase of the

microemulsion and used 7= 0.00124 Pas'** and T = 303 K. The droplets show a swelling in
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dependence of the addition of the polar component EAN Figure IV-12 shows the

hydrodynamic radii as a function of ¢g4x indicating a swelling of the formed structures.
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Figure 1V-12. Hydrodynamic radii Ry.pp, in dependence of ggan at 30°C indicating a

swelling of the reverse micelles with increasing amount of EAN.

2.2.3.5. Small angle X-ray scattering (SAXS)

All SAXS experiments have been carried out along the same experimental path described for
the previous experiments.

It has been shown in literature that small angle X-ray spectra in reverse microemulsions
containing water, oil and surfactant exhibit a single broad peak.'”'®"'®? Recently,
microemulsions consisting of nonionic surfactant, oil and EAN were investigated with SAXS.
These microemulsions showed also a single broad small-angle X- ray scattering peak similar
to aqueous systems.'”

The specific area X (cm’/cm’) at the polar/non-polar interface can be obtained from the SAXS
spectra in the large g-range where the scattered intensity follows a g™ behavior. This so-called
Porod regime can be described by equation 1V-6, where Ap is the scattering length density

difference between the polar and the non-polar part.**’

lim (I ¢")=27xAp* X (IV-6)
q—>®
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This regime is only obtained, if a thin interface separates two media of different scattering
length densities.**’ Such a hypothesis is verified by evaluating the so-called experimental
invariant (Qey, €q. IV-7), which is a general property of scattering spectra and is calculated
from the scattering intensity.'’’ Furthermore, an additional term was added in order to

consider the contribution to the integral at higher g- values (eq. IV-7)."

[1(q)q"]

exp

0 Gexp
Oup = [1(0) 4 dg = [1(q) ¢? dg + (IV-7)
0 0

Theoretically, O, must be equal to the theoretical invariant (Qu.co, €q. IV-9) calculated with
the volume fraction of the polar compounds @, (eq. IV-8) and the scattering length density

contrast Ap.

@, = @RTIL + @OH + @[mim Jrcij (IV-8)

pol
cheo =2 72-2 Ap2 @pol ( 1- @pol) (IV'9)

For the present microemulsions the compositions of the ionic liquid and organic pseudo-
phases within the microemulsion, which are required to calculate 4p, are not known. In
particular the distribution of the cosurfactant in the film and the organic phase, repectively, is
unknown. This is a recurrent problem for modeling microemulsion systems. Sometimes it is
possible to solve this problem when microemulsions in equilibrium with an aqueous and an
oil phase are studied.”*® In that case, a careful chemical analysis of the different phases in
equilibrium with the microemulsion enables the determination, by using mass action laws, of
the exact composition of the organic and aqueous phases within the microemulsion as well as
the composition of the interface.

The specific surface, 2, can be determined by combining equations IV-6 - IV-9 yielding
equation IV-10. The only assumption which is made here, is that Qcxp = Omeo. However, the
evaluation of Qe 1s difficult because the exact distribution of the components is not known.
As the background and the experimental invariant are precisely determined, Qcyp 1s the more

reliable value.
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5 gi’q;lo([q‘;)”@pol(]_@pol)

P (IV-10)
fl(q) q* dq

The Porod’s limit and the experimental invariant were both determined experimentally from
the spectra, and @,,;, the volume fraction of the scattering part, i.e. the polar reverse micelles,
was evaluated from the weighted amounts of the different ingredients and their densities. As
the studied ILs and the surfactant are sparingly soluble in the alcane phase we can consider
with good confidence that along the experimental path the polar IL (EAN or [bmim][BF.4])
and the polar heads of the surfactant -[mim][Cl] are inside the reverse micelles. Concerning
decanol, as it is cosoluble with dodecane and insoluble in the polar ILs, a partitoning of the
hydroxyl group of the decanol occurs between the alkane phase and the alkane/polar IL
interface. For that reason, a parameter o was defined that takes the distribution of decanol
between the interfacial film and the oil phase into account For a = 1, the OH groups of
decanol are completely concentrated in the interfacial film. For a = 0, all decanol is in the
alkane phase and does not contribute to the interfacial film. @,,; and 2 were calculated for
different « values in 0.25 steps varying from 0 to 1. These results are summarized in Table

IV-4 for the EAN systems and Table IV-5 for the [bmim][BF4] systems, respectively.

Table IV-4. 2 for the EAN microemulsions along the experimental path for different o

values with the corresponding invariant and Porod limit.

Fean/ % 0.00 207 424 619 1047 15.17
Puodecane | %0 7336 70.94 68.47 66.19 61.19 5592
accanol / %0 17.78 18.02 1822 18.44 1892 19.30
dic16mimyer / % 8.86 897 9.07 9.8 942 961
Qexp / (cm™/10°T) 157 126 161 1.66 168 1.87
Porod limit / (cm™/10°") 220 100 100 89 83 73

o=0.00 130 122 133 142 184 1.85

o=025 150 132 141 149 190 1.89

X/ (cm*/cm’/10°) SE—
o=0.50 1.69 143 149 155 195 193
o=0.75 188 1.54 157 1.62 2.01 196

o=1.00 2.07 164 165 1.68 206 2.00
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Table IV-5. 2 for the [bmim][BF4] microemulsions along the experimental path for

different « values with the corresponding invariant and Porod limit.

Gomimpra) | % 000 228 442 641 11.12 16.10
Paodecane / %o 38.77 35.84 3295 30.03 23.70 16.86
Baccanol / %o 40.87 4131 41.81 4243 4352 4476
drc16mimyey / % 2036 20.57 20.81 21.13 21.66 22.28
Qexp ! (cm™*/10°T) 457 480 503 540 566 5.82
Porod limit / (cm/107%) 50 50 50 50 50 50

o=0.00 224 278 320 343 419 489

o=025 256 306 347 3.67 439 505

X/ (cm*/cm’/10°) SE—
o=0.50 2.87 335 372 390 459 521
o=0.75 3.17 3.62 397 412 477 536

oa=1.00 347 389 421 433 495 550

With increasing o, 2 increases for a constant volume fraction of RTIL. Moreover, X
decreases with the amount of EAN and increases slightly with the amount of [bmim][BF4]. 2
as a function of the RTIL volume fraction can be seen in Figure IV-13 a for EAN and Figure

IV-13 b for the [bmim][BF4] systems, respectively.
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Figure 1V-13. 2 as function of the RTIL volume fraction for a values between 0 and 1

(0.00; 0.25; 0.50; 0.75; 1.00), a increases from the bottom up.
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Furthermore, the SAXS spectra of both systems were fitted by the Teubner-Strey (TS)

1,''** which can be used to describe small angle scattering by microemulsions. A

mode
characteristic ¢ dependence of the intensity distribution at large ¢ values can be observed.
The TS model comprises three fitting parameters to describe the broad peak and the ¢™* decay.

The scattering function can be written as,

1

I(g)= +1 .
(9) vregrog (IV-11)

with a;> 0, ¢ 1< 0, c;> 0 and the stability condition 4 a, c; - ¢;>> 0.

From the fit, two length scales characterizing microemulsions can be obtained: ¢ and d, where
d represents the domain size and ¢ a correlation length. The two length scales can be

expressed as:''

| -1
c|lfe)* e |
2. ie (IV-12)
1 1/2 1 -1/2
d=2ﬁ[—(&] ——i] (IV-13)
2\ ¢ 4 ¢,
167-169

The amphiphilic factor £, can be calculated according to:

¢

Jo=—"~
(4a,c, )A

(IV-14)

£, equals to 1 for the disorder line, where the solution loses its quasiperiodical order.”*” The

169
-1.

liquid crystalline lamellar phase corresponds to f,= These values delimit the region,

where microemulsions may be found.'® The factor ranges between -0.9 and -0.7 for well-

. . . . 167.1
structured bicontinuous microemulsions.'®”1%’
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Figure I'V-14. a) SAXS curves in dependence of the amount of EAN at 30°C (wgan = 0%,
3%, 6%, 9%, 15%, 21%), the scattering intensity increases with wg,y, full lines fit with
the TS model. b) SAXS curves in dependence of the amount of [bmim][BF,] at 30°C
(w[bmim][BF4] = 0%, 3%, 6%, 9%, 15%, 21%), the scattering intensity increases with
w[bmim]|[BFj, full lines fit with the TS model.

For both systems, the position of the peak maxima varies with the amount of RTIL and is
shifted to smaller g values for increasing RTIL content. The scattering curves could be well
described by the Teubner-Strey formula according to eq. IV-11 (full lines Figure 1V-14). The
SAXS curves for different RTIL concentrations and the corresponding fits from the TS model
(full lines) are illustrated in Figure IV-14 a for the EAN Figure IV-14 b for the [bmim][BF4]
microemulsions.

However, for the [bmim][BF4] system the data points at low g- values are not quantitatively
described by the TS formula. In Table IV-6 the obtained values for the periodicity d, the
correlation length &, and the amphiphilic factor f, are summarized. For the EAN system, d and
¢ increase with the amount of EAN, whereas the amphiphilic factor ranges between -0.55 and
-0.69. This effect can be associated with the swelling of the formed structures when the

volume fraction of EAN is increased.

For the microemulsion containing [bmim][BF4] the correlation length ¢ does not change
significantly and the periodicity increases slightly, which is related to the high surfactant mass
ratio used. The amphiphilic factor ranges between -0.85 and -0.93 which is very close to the

limit of well structured bicontinuous microemulsions.
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Table IV-6. Periodicity d, correlation length ¢ and amphiphilic factor f, derived from

Teubner-Strey fits in dependence of the composition of the microemulsion.

Microemulsion system RTIL/wt% &/nmm d/mm dié  f,
0 1.4 3.8 2.7  0.69
3 1.6 5.1 3.1  0.60
EAN-dodecane- 6 1.9 6.5 34 055
[C1emim][Cl}+decanol 9 22 76 35 053
15 2.9 9.6 33 0.56
21 3.7 11.2 3.0 0.63
0 2.3 2.9 1.2 093
3 24 3.0 1.3 092
[bmim][BF4]-dodecane- 6 2.5 3.2 1.3 0.92
[Ci1smim][Cl]+decanol 9 25 33 13 0091
15 23 3.6 1.5 0.89
21 2.1 3.7 1.8 0.85

These results can be compared to different model curves:"’

The cubic random cell model (CRC) for bicontinuous structure (valid when 0.18<®<0.82):'7?

2d=60,,(1-0,, ) (IV-15)
Spheres of water in oil (w/0) or (IL/0), respectively:'"

Sd=4840, ) (IV-16)

Repulsive spheres:"’
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Figure IV-15. 2'd versus @,, for the EAN (a) and the [bmim][BF,] (b) system of the
experimental data e, the cubic random cell model x, the model of IL/o spheres A and the

model of repulsive spheres [ | for a between 0 and 1 (0.00; 0.25; 0.50; 0.75; 1.00).

For the EAN system, the experimental curve lies between the two sphere models confirming
the existence of spherical structures, as shown in Figure IV-15 a. For the [bmim][BF4]
system, the experimental curve fits well with the model of repulsive spheres as shown in

Figure IV-15b.

2.2.4. Concluding remarks

Microemulsions consisting of dodecane, the ionic liquid surfactant [C;¢mim][Cl], cosurfactant
and RTIL (EAN and [bmim][BF4], respectively, were formulated and investigated. The
observed transparent and homogenous 1-phase region was characterized by different methods.
All measurements were carried out along an experimental path, where the amount of
surfactant and cosurfactant was kept constant and the amount of RTIL was increased. The
experimental paths were chosen according to the topology of the phase diagrams and are
hence not identical for the two systems. The conductivity along these experimental paths
indicates a percolation behavior in the case of the EAN system, in the case of [bmim][BF4] no
significant change in slope could be observed. For the EAN microemulsion, a model of

dynamic percolation could be applied. The hydrodynamic radii increase with the amount of
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EAN, confirming the swelling behavior of the formed structures. Both systems exhibit a
single broad peak in SAXS, which is typical for microemulsions. Furthermore, a ¢™* slope,
characteristic of a sharp interface between the polar and the non-polar media could be
observed. The specific area of the interface in dependence of RTIL volume fraction is in
accordance with a swelling of the formed structures. The Teubner-Strey model was
successfully used to fit the SAXS spectra. The SAXS data confirm the presence of spherical
shape ionic liquid in oil microemulsions in the case of the EAN systems, whereas for
[bmim][BF4] systems the data suggest a probable contribution of [bmim][BF4] to the

formation of the interfacial film.

The striking difference in the interfacial rigidity of the microemulsions, which is induced by
changing the nature of the polar IL, EAN and [bmim][BF4], is confirmed by independent
techniques: phase diagram determination, X'd vs. ¢ plots obtained from SAXS spectra
treatments, conductivity and DLS measurements. Note that the experimental paths for the two
systems are not identical and can also play an important role on the different behavior. The
difference between the two systems may be linked to the change in the cohesive forces of the
polar ILs or to the co-surfactant property of [bmim][BF,], leading to a reinforcement of the

interfacial film.

All ingredients show a good thermal stability and high boiling points, which is of particular
interest for the formulation of high temperature stable microemulsions. The stability range of
conventional microemulsions is limited to 100°C. An extension of the conventional thermal
stability range of microemulsions opens a wide field of potential applications such as
extractions or size controlled high temperature synthesis of inorganic materials. The thermal

stability of these systems will be discussed in the following sections.
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2.3. Ethylammonium nitrate in high temperature stable microemulsions

2.3.1. Abstract

In the previous section, microemulsions composed of the room-temperature ionic liquid
ethylammonium nitrate (EAN) as polar phase, dodecane as continuous phase and 1-
hexadecyl-3-methylimidazolium chloride ([Ci;smim][Cl]), an IL that acts as surfactant, and
decanol as cosurfactant at ambient temperature have been characterized. In this chapter, the
high thermal stability of these microemulsions at ambient pressure is demonstrated. Along an
experimental path, no phase change could be observed visually within a temperature ranging
from 30°C to 150°C. The microemulsions are characterized with quasi-elastic light scattering
measurements at ambient temperature and temperature dependent conductivity and

temperature dependent small angle neutron scattering (SANS) experiments (30-150)°C.

Conductivity measurements confirm the high thermal stability and highlight a percolation
phenomenon even at 150°C. DLS measurements at ambient temperature indicate a swelling of
the formed structures with increasing amount of EAN up to a certain threshold. The SANS
experiments were performed below this threshold. The data evaluation of such concentrated
systems like microemulsions is possible with the “Generalised Indirect Fourier
Transformation” method (GIFT). The small angle scattering data were evaluated via the GIFT
method. For comparison the model of Teubner and Strey (TS) which was often used to
describe scattering curves of microemulsions was also applied. The GIFT method yields good
fits throughout the experimental path, while the TS model gives relatively poor fits.
Conductivity, light scattering and SANS results are in agreement with the existence of a L,-
phase along the whole investigated temperature range. Moreover, these results clearly
demonstrate the possibility to formulate high temperature stable microemulsions at ambient

pressure with ionic liquids.

2.3.2. Sample handling and experimental path

The dried RTILs were stored in a N»-filled glovebox. Nj-protection was also maintained

during all subsequent steps of the microemulsion preparation.

In the previous section, microemulsions composed of EAN, [C;smim][Cl], dodecane and 1-
decanol were investigated. At ambient temperature, we chose an experimental path, where the

amount of surfactant plus cosurfactant was kept constant at 30 weight percent (Ps = 30)."”
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By visual observation we noticed that a higher amount of surfactant plus cosurfactant is
necessary for a thermal stability up to 150°C at ambient pressure. With increasing amount of
surfactant, the thermal stability increased. Hence, the total amount surfactant + cosurfactant
was kept constant at 40 weight percent (Ps = 40). All experiments described here follow this

experimental path.
2.3.3. Results and discussion

2.3.3.1. Density

For the calculation of the volume fraction of the dispersed phase, ¢, densities, p, were
measured between 25°C and 150°C. The temperature dependent densities of EAN, dodecane

and the surfactant+cosurfactant mixtures are illustrated in Figure IV-16.
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Figure IV-16. Temperature dependent densities of dodecane (o) [Cismim][Cl]+decanol

(molar ratio 1:4) (0) and EAN (A), full lines represent a linear fit.

The following linear density-temperature relationships were obtained:
pean/ gem”™ = 1.223-0.00055-6 / °C

DICI6mim][Cli+decanol | € €M™ = 0.884 —0.00063-6 / °C

Diodecane | g €M™ = 0.763 —0.00073-6 / °C

The temperature dependent volume fractions of the dispersed phase were calculated with the

assumption of ideal mixing according to eq. I11-8.
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2.3.3.2. Visual observations

Visually, no phase change along the experimental path could be observed within 30°C and

150°C as illustrated exemplarily for 12 wt% EAN in Figure IV-17.

Figure IV-17. Photos of the microemulsion at 30°C and 150°C, indicating the excellent

thermal stability of the systems (exemplary shown for wgan= 12 %).

2.3.3.3. Solubility of EAN in dodecane

Interfacial tension measurements of the EAN/dodecane interface indicate the immiscibility of
the two compounds as the interfacial tension at 30°C between EAN and dodecane was
determined to be 19.1 mN m™'. The immiscibility of the polar phase EAN and the non-polar
phase dodecane at ambient temperature and at 150°C was further confirmed by 'H-NMR

and refractive index measurements.

For this purpose, 5 g EAN were added to 5 g dodecane and stirred at ambient temperature
and at 150°C, respectively, for three hours. Then, 2 mL of the upper phase (dodecane)
were removed and cooled down to room temperature. By cooling down, no phase
separation occurred. As the refractve indices of dodecane (np*’ = 1.4221)*° and EAN
(np> = 1.4524)® differ significantly, a partial miscibility of the compounds would be
detectable. The refractive indices of pure dodecane and the oil phase of the dodecane-EAN
mixture were identical within the uncertainty limits indicating the immiscibility of EAN in

dodecane.

The phases were further characterized by means of 'H-NMR measurements. Within the
detection limits, EAN could not be detected with 'H-NMR in the non-polar phase at both
temperatures, 30°C and 150°C. The 'H-NMR spectra of the pure EAN and pure dodecane are
shown in Figure IV-18 and Figure IV-19, respectively.
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85 50

Figure IV-18. "H-NMR of EAN in acetonitrile-d;.

= {3.0000

Figure IV-19. "H-NMR of dodecane in chloroform-d.

The upper phases (oil phases) are shown in Figure IV-20 for 30°C and Figure IV-21 for
150°C. No traces of EAN could be detected in the dodecane phase neither at 30°C, nor at

150°C. Therefore, we can assume with good confidence that EAN is not miscible in dodecane

over the whole investigated temperature range.
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Figure 1V-20. "H-NMR of dodecane saturated with EAN at 30°C, the quartet from CH3-
CH,-NH;" NO3 could not be detected demonstrating the immiscibility of EAN in

dodecane.

=

Figure 1V-21. "H-NMR of dodecane saturated with EAN at 150°C, the quartet from
CH;-CH,-NH," NO5 could not be detected demonstrating the immisciblity of EAN in

dodecane.

2.3.3.4. Conductivity

Conductivity measurements have been performed at various temperatures between 30°C and
150°C (30°C, 60°C, 90°C, 120°C, and 150°C). The high temperature stable microemulsions
show indeed a percolation phenomenon over the whole temperature range. The conductivity
versus the droplet volume fraction at 30°C and 150°C are shown in Figure IV-22 a and b,

respectively.
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Figure IV-22. Specific conductivity as a function of the volume fraction ¢ at 30°C (a) and

150°C (b), respectively.

For both temperatures, the conductivity changes over several orders of magnitude along the
experimental path demonstrating a percolation phenomenon. The specific conductivity at a
fixed volume fraction increases with increasing temperature. For example the conductivity
without the addition of EAN at Ps = 40 was determined to 6.69-10° S m™ at 30 °C and
9.80-10* S m™! at 150°C. At the maximum EAN content measured at Ps = 40 and wgan = 36
% the specific conductivity was determined to 0.08 S m™ at 30°C and 1.37 S m™ at 150°C.

Hence, two effects can be summarized, on the one hand the percolation phenomenon with
increasing amount of EAN, on the other hand a significant increase in conductivity with
increasing temperature at a fixed EAN content. Furthermore, the threshold, where the
conductivity starts to increase sharply was shifted with increasing temperature to lower
volume fractions. This observation was confirmed for different temperatures as can be seen in
Figure IV- 23. From the insert of Figure IV- 23 one can see very clearly that the threshold,
where the conductivity increases remarkably and percolation appears, is shifted with

increasing temperature to the left hand side (lower ¢).

This so called percolation threshold volume fraction ¢ was calculated from the inflection
point of the curve log(x) = f(¢). The curves log(x) = f(¢) exhibit a sigmoid shape as shown in
Figure IV-24. A fourth order polynomial was fitted to the curves, the percolation threshold
volume fraction, ¢p, was calculated from the inflection point of the fit curve by setting the

second derivative of the polynomial equal to zero.
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Figure IV- 23. Specific conductivity as a function of the volume fraction ¢ demonstrating

the percolative behavior at different temperatures (30°C (©), 60°C (+), 90°C (%), 120°C

(*) and 150°C(A)).
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Figure 1V-24. Determination of the percolation threshold volume fraction at various

temperatures (30°C (0), 60°C (+), 90°C (%), 120°C (*) and 150°C(A)), full lines represent

fourth order polynomial fits.

@, values as a function of temperature are summarized in Table IV-7 and are illustrated in

Figure IV- 25. Interestingly, ¢, decreased linearly with increasing temperature. This effect can

be explained by the increased motion of the formed IL nanodomains when the temperature is

raised. Hence, the probability that two RTIL pools meet increases and the percolation

threshold is thus shifted to smaller ¢. The conductivity measurements demonstrate anyway the
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wide thermal stability range of the microemulsions.

Table IV-7. Percolation threshold volume fraction ¢p at investigated temperatures.

6 /°C 30 60 90 120 150

op 048 046 043 041 0.39
160 + T T T T T T T T T
120 |- o g
100 .
&0 -]
20 ] 1 Il s

L L
0.38 0.40 0.42 0.44 0.46 048 0.50

Figure IV- 25. Temperature dependence of the percolation threshold volume fraction ¢@p.

Although the conductivity measurements yield hints of the microemulsion structure and the
high thermal stability of these systems, they are no direct proof of the existence of
microemulsions at high temperatures. Furthermore, information about the particle size is

missing. Therefore, DLS measurements at ambient temperature have been performed.

2.3.3.5. Dynamic light scattering (DLS)

For the DLS measurements the amount of EAN was varied between 0 and 36 wt%. For EAN
concentrations between 0% and 18% a single exponential decay of the autocorrelation
function was observed. For higher EAN contents a bimodal decay was found. Exemplarily,
the intensity correlation functions versus time are illustrated in Figure IV- 26 a and b for 12
and 30 wt% EAN, respectively. To each curve a single exponential decay (eq. IV-18) was
fitted as it is shown by full lines in Figure IV- 26.

(g(Z) -D=a, +(a, - exp(_azl‘))2 (IV-13)
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Figure 1V- 26. Intensity autocorrelation functions at 30°C with Pg = 40 indicating a
single exponential decay for wgan = 12 % (a) and a bimodal decay for wgan = 30 % (b),

full lines are fits for a single exponential decay.

For 12 wt% EAN the intensity autocorrelation function could be well described by a single
exponential decay. For 30 wt% EAN a single exponential decay was not sufficient to describe
the curve. This gives first evidences for structural variations at higher EAN weight fractions.
Interestingly, the percolation threshold is very close to the amount of EAN where a bimodal
decay was observed. For the calculation of Ry, we used the viscosity of dodecane (77 =
1.236 cP)'* at 30°C since it was assumed to be the continuous phase. By calculating the
apparent hydrodynamic radii of the samples, where monomodal decays were observed (0 wt%
EAN - 18 wt% EAN), a regular increase of the size with increasing amount of EAN was
found. This regular swelling is shown in Figure IV-27. The polydispersity indices ranged
between 0.24 and 0.30, no tendency in the variation of the polydispersity indices with

increasing EAN content could be observed.
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Figure IV-27. Regular swelling at 30°C with Ps = 40 of the reverse micelles with
increasing EAN content for concentrations where a single exponential decay in the

intensity autocorrelation function was observed.

To get more insight into the structure, particularly for those EAN weight fractions, where the
intensity correlation function did not show a single exponential decay, a nonlinear data
analysis provided by ALV was used. The data analysis program fits an integral type model
function using a constrained regularization method. This regularization method (Contin)
described by Provencher'**'* is beside the non-negatively constrained least-squares method
(NNLS)'* the most often used one.'*” The following fit model was used, where G denotes the

decay rate distribution function.

T,

g?()-1= [ mfxexp(—l“t)G(F)dF} (IV-19)

T,

min

In Figure IV-28 the distribution functions along the whole experimental path are illustrated.
At low EAN content, the regular swelling is confirmed, above 18% EAN a second peak
appears. One possible explanation for this second peak at higher amounts of EAN is the
formation of droplet clusters or the formation of more elongated structures. Such hypotheses
are in agreement with the conductivity measurements as above the percolation threshold
elongated structures and channels are formed, at least droplets come sufficiently near to each

other that an efficient transport of charge carriers is possible.
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fﬂ?pp / nm

Figure IV-28. Size distribution in dependence of EAN content at 30°C with Ps =40
indicating a swelling of the reverse micelles followed by the formation of percolated

aggregates at wgan > 18 %.

The structural information obtained from the DLS measurements are not sufficient to prove
any high thermal stability of the microemulsions. Hence, temperature dependent SANS

experiments have been performed.

2.3.3.6. Small angle neutron scattering (SANS)

Small angle scattering (SAS) experiments are in general a powerful method to determine
shape, size and internal structure of colloidal particles. They have been widely used to study
aqueous microemulsions.””"*"*%1* " Small angle scattering spectra of aqueous
microemulsions often exhibit a single broad correlation peak followed by a ¢ dependence at
large g. As discussed in detail in the previous section, one model to describe small angle
scattering curves from microemulsions is the TS formula, which was particularly developed

for bicontinuous structures.

The temperature dependent SANS curves for 6 wt% EAN between 30°C and 150°C are
shown in Figure IV-29. A single broad scattering peak was observed as often described for
aqueous systems. At large ¢ values the intensity exhibits as ¢ decay, but not over the whole

range for large g values. Furthermore, the peak maxima became less pronounced with
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increasing temperature. Full lines in Figure IV-29 represent the fit obtained from the TS

formula (eq. 111-17).
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Figure IV-29. SANS spectra for 6 wt% EAN, Pgs = 40 and 54 wt% dodecane d-,; at
different temperatures (30°C, 60°C, 90°C and 150°C), full lines are fit curves obtained

from the TS formula.

Regarding the double linear plot it should be stressed that the peak maxima could not be
described well with the TS formula. The double logarithmic plot indicates that the intensity
does not follow a g™ behavior over the whole large ¢ range. As shown here exemplarily for 6
wt% EAN, the TS formula did not yield satisfactory fits. The same was found for a
concentration series, particularly at 150°C, where the scattering peak is too weak to yield
convenient fit results. These findings indicate that the present microemulsions do not show a
bicontinuous structure. Such speculations are in agreement with the DLS and conductivity
measurements that indicate the existence of reverse micelles with RTIL cores in a continuous
oil matrix below the percolation threshold. Nevertheless, the domain size d, correlation length
¢ and amphiphilic factor f, give at least a first idea of the microemulsion structure and
dimension. The TS fit was not applied for the SANS spectra at 150°C as the scattering peak
was too weak to obtain a convenient fit. The parameters are summarized for a concentration

series at different temperatures in Table IV-8.
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Table I'V-8. Fit results from the TS model with domain size, d, the correlation length, &,
and the amphiphilic factor, f,.

WEAN

iy ¢ /mm d/nm fa
0

30°C  60°C  90°C  30°C 60°C  90°C  30°C  60°C  90°C

0.0 0.9 0.8 0.8 4.4 4.5 4.7 -024  -0.16 -0.12

2.9 1.1 1.0 1.1 4.9 5.0 5.2 -031  -0.25 -0.29

5.7 1.3 1.2 1.2 5.5 5.6 59 -036  -0.29  -0.25

94 1.6 1.5 1.5 6.2 6.2 6.6 -0.43  -0.38  -0.33

11.8 1.8 1.7 1.7 6.6 6.6 7.0 -0.48  -042  -0.37

15.7 2.0 18.9 18.7 6.9 7.0 7.3 -0.54 -049 044

As the surfactant concentration along the experimental path is high, the particle interaction
must be taken into account. For interacting globular particles the scattering intensity can be
described as a product of the particle form factor P(g) and the structure factor S(g) that takes
particle interaction into account. Another possibility to evaluate small angle scattering spectra
of such concentrated systems is possible with the “generalized indirect Fourier

17180251252 The GIFT method allows one to determine the

transformation” (GIFT) metho
form factor P(g) and the structure factor S(g) simultaneously, whereby the P(g) is extracted in
a model free way. Recent applications have shown that the GIFT method can also be used for
polydisperse and nonglobular systems.'®*** In the case of polydisperse interacting particles,
the scattering intensity can be expressed according to eq. IV-21, where Se4 is the effective

structure factor, Py the model free form factor and » the number density.

I(q)=n Py (q) S 4(q) (IV-20)

The Percus-Yevick closure relation of hard sphere interaction yields a correlation peak similar
to the TS model. It should be stressed that the Percus-Yevick effective structure factor is valid
for uncharged systems. As we assume reverse micelles with EAN cores and dodecane as

continuous phase, this assumption is reliable and was also confirmed with conductivity
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measurements. Further, the sizes of aggregates were assumed to be Schulz distributed,
smearing effects from the wavelength distribution (444 = 10%)*"7 were taken into account.
Sei 1s described by the parameters volume fraction ¢, effective interaction radius Ry and
polydispersity. There is a kind of coupling between two of these parameters, namely
polydispersity and ¢. A too high polydispersity would lead to a too high volume fraction and
vice versa. The calculation of an exact volume fraction is difficult in such complicated four
component systems. Further, the solubility behavior of the ingredients changes as a function
of temperature. Therefore, it is difficult to evaluate a convenient volume fraction. It is known
that the polydispersity in microemulsions is high”'*>* and that the mean value is about
25%.""” We fixed the polydispersity to 25% and assumed a Schulz distribution as it was done
for aqueous microemulsions.'”’ The polydispersity in bicontinuous systems can be higher,
therefore concentrations below the percolation threshold at room temperature were chosen to
ensure the existence of EAN droplets stabilized by surfactant with oil as continuous phase.
The evaluation with the GIFT method for temperature dependent SANS curves for 6 wt%
EAN between 30°C and 150°C yield excellent fit qualities as can be seen from Figure IV-30,

full lines represent the fit curves.

Figure 1V-30. SANS for 6 wt% EAN, Ps = 40 and 54 wt% dodecane d-;; at different
temperatures (30°C (o), 60°C (+), 90°C (%) and 150°C (A)), full lines are fit curves from

the GIFT evaluation using the Percus-Yevick effective structure factor.

The maxima r4"“" of the pair distance distribution functions p(7) can be interpreted in terms

of particle dimensions.'® These functions are shown in Figure IV- 31. Interestingly, 74"
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values do not change significantly between 30°C and 90°C (2.34 nm) and increase slightly for
150°C (2.54 nm). The p(r) functions for the latter is broader compared to the p(r) functions at

lower temperatures. Nevertheless, there is no significant change in the shape of these

functions with increasing temperature.

p(r) i a.u.

rinm
Figure IV- 31. Pair distance distribution functions p(r), extracted from the GIFT method

for 6 wt% EAN, Ps = 40 and 54 wt% dodecane d-,; at different temperatures (30°C (0),
60°C (1), 90°C (x) and 150°C (A)).

I(g) l cm

Figure IV-32. SANS curves along the experimental path for different EAN weight

fractions (0 %, 3 %, 6 %, 9 %, 12 %, 16 %) at 30°C with Pg = 40, full lines are fit curves
from the GIFT evaluation.
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In Figure IV-32, Figure IV- 33, Figure IV- 34 and Figure IV-35a concentration series along
the described experimental path at 30°C, 60°C, 90°C and 150°C, respectively.

I(g) I cm

0.01

97ty

Figure IV- 33. SANS curves along the experimental path for different EAN weight

fractions (0 %, 3 %, 6 %, 9 %, 12 %, 16 %) at 60°C with Ps = 40, full lines are fit curves
from the GIFT evaluation.
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Figure IV- 34. SANS curves along the experimental path for different EAN weight

fractions (0 %, 3 %, 6 %, 9 %, 12 %, 16 %) at 90°C with Ps = 40, full lines are fit curves
from the GIFT evaluation.
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Figure 1V-35. SANS curves along the experimental path for different EAN weight
fractions (0 %, 3 %, 6 %, 9 %, 12 %, 16 %) at 150°C with Pg = 40, full lines are fit

curves from the GIFT evaluation.

Both, the double linear and double logarithmic plot demonstrate the excellent fit quality from
the GIFT evaluation. Furthermore, the SANS curves clearly demonstrate the high thermal
stability between 30°C and 150°C along the experimental path.

The shift of the scattering peak to smaller ¢ with increasing EAN content is also reflected in
the extracted structure factor Ses(q) as can be seen for 30°C and 60°C in Figure IV-36 a and b
and for 90°C and 150°C in Figure IV- 37 a and b, respectively.

Figure IV-36. Structure factor extracted from the GIFT evaluation at 30°C (a) and 60°C
(b) for different EAN weight fractions (0 % (0), 3 % (A), 6 % (x), 9 % (0), 12 % (©), 16
% (1)).
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Figure IV- 37. Structure factor extracted from the GIFT at 90°C (a) and 150°C (b)
evaluation for different EAN weight fractions (0 % (©), 3 % (A), 6 % (x), 9 % (D), 12 %
(), 16 % (+)).

The scattering curves can be interpreted in real space in terms of their pair distance
distribution function (PDDF).'”*!'> This p(r) function is the Fourier transform of the
scattering intensity /(q). We assume spherical droplets with EAN cores, the p(7) function can
therefore be interpreted in a classical way as histogram of distances inside the particle. The
maxima of these bell shaped functions are related to the radius. The resulting pair p(r)
functions for 30°C and 60°C are illustrated in Figure IV-38 a and b, respectively. The pair
p(r) functions for 90°C and 150°C are shown in Figure IV-39 a and b, respectively.

Along the whole measured concentration range bell shaped p(r) functions were obtained for
all temperatures. With increasing EAN content the r4"** values are shifted to the right hand
side, this is in agreement with a swelling of the reverse micelles as the amount of ionic liquid

increases. The 4" values are summarized in Table IV-9.

At ambient temperature, they are in the same order of magnitude compared to the Ry
calculated from the DLS measurements. With increasing temperature, the p(r) functions
become broader and the r4"* increase, in particular for 150°C. Nevertheless, the increase in
size with increasing temperature is not very pronounced. For the measured concentration
series the shape of these functions does not change significantly. The same is true for the
shape between 30°C and 150°C. This suggests that there is no essential structural variation
within the measured concentration and within the measured temperature range. Nevertheless,

the temperature dependent SANS experiments clearly demonstrate a thermal stability of the
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microemulsions between 30°C and 150°C at ambient pressure. Therefore we can assume with
good confidence the existence of reverse micelles with room temperature ionic liquid cores in

a continuous oil matrix over the whole investigated temperature range.

1.0} g

p(r) l a.u.
pr) a.u.

Figure 1V-38. PDDF functions for different EAN weight fractions (0 %, 3 %, 6 %, 9 %,
12 %, 16 %) at 30°C (a) and 60°C (b), Ps = 40, the EAN content increases from left to
right.
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Figure 1V-39. PDDF functions for different EAN weight fractions (0 %, 3 %, 6 %, 9 %,
12 %, 16 %) at 90°C (a) and 150°C (b), Ps = 40, the EAN content increases from left to
right.

The size of these nanodroplets can be controlled by the amount of ionic liquid. Furthermore,

the change in size with increasing temperature was not very pronounced, especially between
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30°C and 90°C. At 150°C, the IL nanodomains were larger compared to temperatures below
100°C. Such high thermal stabilities cannot be achieved with aqueous microemulsions or

microemulsions made with non-ionic surfactants which exhibit a high temperature sensitivity.

Table IV-9. ry " values obtained from the p(r) functions as a function of EAN

concentration and temperature.

wean ! % 0.0 2.9 5.7 9.4 11.8 15.7

30°C 1.81 2.09 2.34 2.56 2.72 2.88

rai 60°C 1.85 1.98 2.33 2.55 2.70 2.80
nm

90°C 1.74 1.98 2.34 2.48 2.72 2.80

150°C 1.92 2.20 2.54 2.80 2.98 3.15

2.3.4. Concluding remarks

In conclusion, it was demonstrated that ionic liquids in microemulsions extend the
conventional thermal stability range of microemulsions at ambient pressure. We benefit in this
study from the excellent thermal stability of room temperature ionic liquids to formulate
nonaqueous microemulsions that are stable over a wide temperature range at ambient
pressure. Using ethylammonium nitrate as polar phase, [C;smim][Cl] as surfactant, decanol as
cosurfactant and dodecane as continuous phase, we were able to obtain thermal stability

ranging from 30°C up to 150°C.

Conductivity, dynamic light scattering and SANS measurements are in agreement with the
existence of a L, phase (lonic Liquid in oil). From temperature dependent conductivity
measurements, a percolation phenomenon could be observed over the whole temperature
range. Furthermore, the percolation threshold volume fraction was shifted with increasing
temperature to lower volume fractions. DLS measurements at ambient temperature indicated a
swelling of reverse micelles with increasing amount of EAN up to a certain threshold, where
the formation of non-spherical structures could be assumed. This threshold is further in
agreement with a percolation threshold observed via conductivity measurements. The SANS

experiments were performed below this threshold. An evaluation with GIFT confirmed the
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existence of a L, phase, while the TS model that is often used to describe SAS spectra from
bicontinuous microemulsions yielded unsatisfactory fit results. On the contrary, the GIFT
method yields excellent fit qualities, the swelling of reverse micelles with increasing EAN
content was confirmed. Furthermore, the SANS experiments clearly demonstrated the high
thermal stability of the microemulsions. The shape of the pair distance distribution functions
did not change significantly within the measured concentration range and within the measured
temperature range. The radii of the reverse micelles increase with increasing temperature, but
the effect was not very pronounced. Moreover, the p(r) functions can be interpreted in terms
of no essential structural variation within the measured concentration and temperature range.

It should be stressed that the microemulsion chosen here was only a model system. We
believe that this concept can be extended to other ionic liquids and, depending on the system,
the thermal stability range can probably be much more enlarged by appropriately chosing the
components. In chapter IV.2.6. high temperature stable microemulsions, where EAN was

replaced by [bmim][BF4] will be discussed.

These high temperature microemulsions are therefore predestined for high temperature
applications such as reaction media, lubricant formulations and size controlled nanoparticle

synthesis.
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2.4. The effect of surfactant chain length on the phase behavior of microemulsions

containing EAN as polar microenvironment

2.4.1. Abstract

In this study, the chain length of the surfactant 1-alkyl-3-methyl-imidazolium chloride was
varied between Cj4 and C;s. All other conditions are identical compared to the previous
sections. Significant effects of the surfactant chain length on phase diagrams, phase behavior
and thermal stability have been observed. The systems were characterized by means of

dynamic light scattering, viscosity and temperature dependent conductivity measurements.
2.4.2. Results and discussion

2.4.2.1. Phase diagrams

The phase diagrams at 30°C have been determined according to the procedure described in
section 1V.2.3.3.1. The resulting pseudo-ternary phase diagrams, where the surfactant chain

lengths vary between C4, Ci6 and C;g are illustrated in Figure IV-40 a, b and c, respectively.

multi phase region multi phase region

00 0z 04 06 08 1.0
w (dodecane)

0.0 02 04 06 C-é 10
w (dodecane)

02 04 06 o8B 10 g
w (dodecane)

a b ¢
Figure 1V-40. Pseudo ternary phase diagrams of dodecane/(|C,mim][Cl]+decanol)/ EAN

with n = 14 (a), 16 (b) and 18 (c). L represents the clear and isotropic single phase

region.

For the three phase diagrams, a huge clear and isotropic single phase region (L) was observed.
The topologies of the phase diagrams show similarities, but also some systematic differences.
For the Cy4 and C, surfactants, the phase diagrams exhibit an appendage towards 100 % EAN
indicating a partial nonionic character of the surfactant headgroup. For all phase diagrams the

phase boundaries are irregular. This effect becomes more pronounced with increasing
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surfactant chain length. The unmixing limit of EAN and the pseudo-constituents with Cy4, Cj
and C,g chain lengths were 81 % (w/w), 72 % (w/w), 76 % (w/w), respectively. Probably the
most important difference between the phase diagrams can be seen along the
surfactant+cosurfactant axes. For a Cy4 surfactant chain length, the unmixing limit is below 20
wt% of the pseudo-constituent. With increasing chain length (Cjs), the solubility of the
pseudo-constituent increases. This observation can be related to the increasing hydrophobicity
with increasing chain length, the unmixing limit is depressed down to below 5 wt%. When the
surfactant chain length is further increased the unmixing limit increases again, 35 wt% of the
pseudo-constituent are necessary to obtain a clear and homogeneous solution. This finding
appears at first view surprising, as the hydrophobicity of the surfactant increases. On the other
hand the structure of microemulsions plays an important role on the solubization. For the C;g
system, the formation of liquid crystals was observed at low EAN contents. Hence, one
possible explanation is that with increasing chain length the order of the formed structures
increases. The interfacial film becomes less flexible with increasing chain length. Thus, a
balance between increasing hydrophobicity and rigidity of the film can be assumed. The
appendage observed for the Cj4 and C¢ surfactant towards 100 % EAN becomes less

pronounces which is a further hint for a less flexible interfacial film for the C,g surfactant.

By taking the same experimental path with Ps= 40 as in the previous chapter, no phase change

could be observed visually between 30°C and 150°C.

2.4.2.2. Density

For the calculation of the droplet volume fraction densities, p, of the pseudo constituent were
measured with a densimeter DMAG60A between 25°C and 55°C. It was abstained from using a
pyknometer to cover the whole temperature range between 25°C and 150°C as a linear
dependence of the density as a function of temperature was assumed and otherwise 20 mL in
volume would have been necessary for each measurement. This assumption appears to be
justified as density measurements between 25°C and 150°C for [C;¢mim][Cl]+decanol
yielded a linear density temperature relationship over the whole temperature range (compare

IV.2.3.3.1). The following linear density—temperature relationships were obtained:

PICI8mim]Cl1-Decanol / € €M™ = 0.879 — 0.0004 6/°C
PICl4mim]Cl1-Decanol / € €M™ = 0.880 — 0.0004 6/°C
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2.4.2.3. Conductivity

Conductivities were measured along the same experimental path used for the investigations
with the Cj6 chain length with Ps = 40 and variable EAN content. Specific conductivities for
the Ci4 and C;g chain length are illustrated in Figure IV-41 and Figure 1V-42, repectively.
Both systems exhibit a clear percolation phenomenon similar to the investigation with
[Ciemim][Cl] described in the previous section. Merely at 150°C of the C;4 microemulsion,
the shape of the curve looks different. This gives hints concerning either a structural
difference or a reduced thermal stability with decreasing surfactant chain length. Such
speculations are confirmed by regarding the phase behavior with a [C;;mim][CI] as surfactant.
A long the same experimental path a phase separation occurred at elevated temperatures
(6> 120°C). For this reason, it was refrained from high temperature measurements with the

Cj2 chain length.
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Figure 1V-41. Specific conductivity for the Cy4 chain length as a function of the droplet
volume fraction ¢ demonstrating the percolative behavior at different temperatures

(30°C (), 60°C (+), 90°C (x), 120°C (*) and 150°C(A)).

The tendency observed for microemulsions with [C;¢mim][Cl] that the percolation threshold
is shifted with increasing temperature to lower volume fractions was confirmed for the C4
and C;g chain length. The corresponding percolation threshold volume fractions ¢ were
determined from the inflection point of the curves log (x) = f (@). The curves with a fourth

order polynomial fit (full lines) are shown in Figure IV-43 for microemulsion with
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[C14amim][Cl] and Figure IV-44 for [C;smim][Cl], respectively.
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Figure IV-42. Specific conductivity for the C;s chain length as a function of the droplet

volume fraction ¢ demonstrating the percolative behavior at different temperatures

(30°C (), 60°C (+), 90°C (x), 120°C (*) and 150°C(A)).
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Figure 1V-43. Determination of the percolation threshold volume fraction for the Ciy4
chain length at various temperatures (30°C (o), 60°C (+), 90°C (%), 120°C (*) and
150°C(A)), full lines represent fourth order polynomial fits.
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Figure 1V-44. Determination of the percolation threshold volume fraction for the Cis
chain length at various temperatures (30°C (o), 60°C (+), 90°C (%), 120°C (*) and
150°C(A)), full lines represent fourth order polynomial fits.

The resulting percolation threshold volume fractions in dependence of temperature and
surfactant alkyl chain length n are summarized in Table IV-10. For the C;4 and C;6 chain
length, ¢ values are very similar, for the Cig chain, ¢ values between 30°C and 90°C are
significantly higher. These findings indicate again that the interfacial film in the case of the
C,s surfactant is less flexible. Hence, the threshold is shifted to higher volume fractions in the
low temperature region. Obviously, this effect disappears at higher temperatures. For all

systems ¢p depends almost linearly on temperature.

Table IV-10. Temperature dependence of the percolation threshold volume fraction for

different surfactant chain lengths.

6/ °C 30°C 60°C 90°C 120°C 150°C
dr
Cu 0.49 0.46 0.43 0.40 0.37
Cis 0.48 0.46 0.43 0.41 0.39
Cis 0.54 0.50 0.47 0.43 0.39
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2.4.2.4. Viscosity

The dynamic viscosities at 30°C of the microemulsions exhibited Newtonian behavior along
the whole investigated experimental path. The dynamic viscosities for the C;4 and C;g chain

lengths versus EAN volume fractions are visualized in Figure IV-45 a and b, respectively.
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Figure IV-45. Dynamic viscosities at 30°C in dependence of the volume fraction of EAN

for the Cy4 (a) and the C;3 (b) chain length.

The viscosities increase with increasing amount of EAN. Compared to the conductivities, the
viscosities did not increase over several orders of magnitude. Therefore, it was not possible to
confirm the percolation behavior of the EAN system. One condition to observe a viscosity
percolation phenomenon in microemulsions is that the viscosity of the continuous phase and
the polar phase are significantly different. This condition is not fulfilled for the present
systems. However, the measurements clearly show the relatively low viscosity of the present
microemulsions. The viscosities of microemulsions formed with a C4 and a C,¢ chain length
were very similar. On the contrary, the viscosity of the microemulsions with the C;s chain
length was very similar for low EAN weight fractions (< 15 wt%) and increased above this

value more pronounced.

2.4.2.5. Dynamic light scattering

Similar to the C;¢ system, a monomodal decay in the autocorrelation function was observed
for the Cj4 and Cs systems for EAN weight fractions below the percolation threshold. The

corresponding apparent hydrodynamic radii as a function of EAN weight fraction are given in
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Figure IV-46. At higher EAN amounts a bimodal decay was observed indicating the
formation of nonspherical structures or the formation of droplet clusters. The order of
magnitude of Ryapp at a given EAN content is comparable for all three systems. No significant
change in size with increasing surfactant chain length could be detected with DLS. This may
also be related to the scattering contrast mainly given by EAN and the surfactant head group.

However, DLS measurements indicate droplet structures below the percolation threshold.
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Figure 1V-46. Apparent hydrodynamic radii for those EAN weight fractions where
single exponential decay was observed indicating a swelling of the reverse micelles with

increasing EAN content at 30°C for the Cy4 (a) and the C;3 (b) chain length.

2.4.3. Concluding remarks

In conclusion, it was demonstrated that the surfactant chain length plays an important role on
the phase diagram topology, phase behavior and flexibility of the interfacial film. To obtain
comparable systems, all conditions, except the surfactant chain length were kept as in the
previous sections. From the resulting pseudo-ternary phase diagram, different topologies of
the single phase region have been found. This was related to two different effects, on the one
hand, the solubility of the surfactant-cosurfactant mixture in the oil phase increases with
increasing chain length. Consequently, the area of the one phase region increased from Ci4 to
Ciz. On the other hand, the structural order increased with increasing surfactant chain length.
This was mainly indicated by the formation of liquid crystals for the C;g chain length at low
surfactant weight fraction. It was assumed that the flexibility of the surfactant film decreases
with increasing chain length. Consequently, the amount of surfactant-cosurfactant mixtures

necessary for the formation of a clear, isotropic homogeneous solution with dodecane
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increases from Cj¢ to Cjs. For all system, irregular phase boundaries have been found. A
single phase appendage towards 100 wt% EAN was observed for all systems being less
pronounced for the C;s chain length. Conductivity measurements demonstrated a percolative
behavior for all three microemulsion systems. For the Cj;4 and Ci¢ chain length, the
temperature dependent percolation threshold volume fractions were very similar at a given
temperature. For the C;s chain length, ¢» was significantly higher at 30°C, 60°C and 90°C.
These findings underline the increasing rigidity of the interfacial film for microemulsions
with the C,g chain length. Viscosity measurements did not show any percolation effect for all
three systems. Viscosities were in the same order of magnitude at a given EAN content for a
Ci4 and Ci¢ surfactant chain length, whereas they were slightly higher for microemulsions
with [C;smim][Cl]. Dynamic light scattering experiments confirmed a swelling behavior with
increasing amount of EAN for samples with EAN weight fractions below the percolation
threshold. Above this threshold a bimodal decay in the intensity autocorrelation function was
observed indicating the formation of non-spherical structures or droplet clusters. No
significant effect in size with increasing chain length from the DLS measurements could be

reported. The effect of the oil continuous phase remains to be discussed.
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2.5. Biodiesel, a sustainable oil, in high temperature stable microemulsions containing

a low-toxic room temperature ionic liquid as polar phase

2.5.1. Abstract

In the previous section, the effect of the surfactant chain length has been discussed. In the

following, the oil phase was varied, dodecane was replaced by biodiesel.

Biodiesel has gained more and more attention in recent years resulting from the fact that it is
made from renewable resources. Parallel to its environmental compatibility, biodiesel also
exhibits a high thermal stability. We demonstrate here that biodiesel can replace conventional
oils as apolar phase in nonaqueous microemulsions containing the room temperature ionic
liquid ethylammonium nitrate as polar phase. In addition to the phase diagram and the
viscosity of the microemulsions, we study the thermal stability of these systems. Along an
experimental path in the phase diagram, no phase change in the microemulsion structure
could be observed between 30°C and 150°C. Conductivity measurements confirm the high
thermal stability of these systems. The microemulsion exhibit a percolative behavior between
30°C and 150°C. Small angle X-ray scattering spectra show a single broad scattering peak
similar to aqueous microemulsions. The spectra could well be described by the Teubner-Strey
model. Furthermore, the adaptability of different models ranging from bicontinuous structures
to ionic liquid in oil spheres has been checked. These high temperature stable, nonaqueous,
free of crude oil based organic solvent microemulsions highlight an efficient way towards the
formulation of environmentally compatible microemulsions and open a wide field of potential

applications.

2.5.2. Introduction

Sustainable and renewable energy sources have become more attractive due to their
environmental benefits. In this context, biodiesel, basically used as alternative diesel fuel, is
made from renewable energy sources, it is biodegradable and nontoxic.' Its environmental
compatibility also makes it interesting to replace conventional oils in microemulsions. The
formation of aqueous microemulsions with vegetable oils and diesel has already been

254,255

described in literature. Hazbun et al. reported water/fuel microemulsions with diesel fuel

or kerosene as oil phase with a thermal stability ranging from -10°C to 70°C.**® Biodiesel

fuels mainly consist of methylesters of renewable oils, fats and fatty acids.””’*****° The
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potential of biodiesel as new green solvent has also been described in literature.** Recently,
Wellert et al. presented aqueous biodiesel based microemulsions as media for
environmentally friendly decontamination.’®' Parallel to its environmental compatibility,

biodiesel also exhibits a high thermal stability.

Studies concerning ILs in microemulsions, especially EAN has been discussed in detail in the

previous chapters.

In this chapter, we combine both, biodiesel as oil phase and room temperature ionic liquid,
namely ethylammonium nitrate as polar phase. Further we use the long chain ionic liquid 1-
hexadecyl-3-methylimidazolium chloride as surfactant and decanol as cosurfactant. All
ingredients show an excellent thermal stability making these systems interesting for high
temperature applications. The microemulsions formed with biodiesel as oil phase are
compared to microemulsions formed with dodecane as oil phase. Similarities and differences

of these to systems are highlighted.
2.5.3. Results and discussion

2.5.3.1. Phase diagram

For the pseudo-ternary phase diagram the surfactant ([C,smimCl])/cosurfactant (decanol)
molar ratio was kept constant at 1:4 as described for the previous experiments. The resulting
phase diagram is illustrated in Figure IV-47 a, where L represents the clear and homogenous
single phase region. All ingredients show an excellent thermal stability that is necessary for
temperature dependent investigations. A huge single phase region could be observed. The
topology of the phase diagram exhibit many similarities compared to the phase diagram

obtained when biodiesel is replaced by dodecane as can be seen from Figure IV-47 b.

The single phase nose towards 100 wt % EAN observed for the dodecane system is less
pronounced for biodiesel. Furthermore, the single phase region at low surfactant contents was
larger in the case of biodiesel. This observation is related to solubility of the surfactant-
cosurfactant mixture in the apolar phase, which is increased in biodiesel compared to
dodecane. As biodiesel consists mainly of fatty acid methyl esters, the polarity of these
substances is higher compared to a linear hydrocarbon. Hence, the solubility of the surfactant-
cosurfactant mixture increases in biodiesel. The area of the single phase region is comparable
for both systems. In order to compare the biodiesel and dodecane microemulsions, the same

experimental path, where the amount of surfactant plus cosurfactant was kept constant at a
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weight fraction of 40 % (Ps = 40) was chosen for all the following investigations.

multi phase region

multi phase region

T T Cl
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w (biodiesel) w (dodecane)

a b
Figure IV-47. Pseudo-ternary phase diagram at 30°C for biodiesel a) and dodecane b),

respectively.

2.5.3.2. Visual observations

Along the experimental path, no phase change could be observed visually within a
temperature range between 30°C and 150°C. Photos of the microemulsion at 30°C and 150°C,
respectively indicating the excellent thermal stability of the systems are shown exemplarily

for wgan= 12 % in Figure IV-48.

Figure 1V-48. Photos of the microemulsions for Ps = 40 and wgan = 12 % at 30°C and
150°C, respectively.

All solutions were stable for a time period of at least three months. Afterwards, the former
light yellow solutions turned dark yellow. This observation can be related to a partial

degradation or oxidation of the biodiesel phase. Hence, all solutions for the following
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investigations were freshly prepared under inert atmosphere.

2.5.3.3. Density

Densities, p, of biodiesel were measured with a pyknometer within a temperature range of
25°C < @/ °C <150°C £ 0.1°C in intervals of 10°C. The temperature dependent densities of
the surfactant-cosurfactant mixture have already been reported in section 1V.2.3.3.1. Densities
of biodiesel are shown in Figure IV-49, a linear temperature density relationship could be

observed yielding:

Priodiesel / g cm™ = 0.894 — 0.0007 € / °C
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Figure IV-49. Densities, p, of biodiesel within a temperature range between 25°C and

150°C, the full line represents a linear fit.

The densities were used for the calculation of the volume fraction of the dispersed phase, ¢,

which was calculated from the sample composition with the assumption of ideal mixing.

2.5.3.4. Conductivity

As already discussed in detail in the previous sections, conductivity measurements give
important information about the percolative or antipercolative behavior of microemulsions.
The percolation phenomenon can be observed, if the specific conductivities Kpolar >> Koit. AS
the difference in conductivity between EAN and biodiesel (oil) is very large, this condition is

fulfilled. For the present study, the conductivity was measured along the above mentioned
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experimental path at different temperatures ranging from 30°C to 150°C in intervals of 30°C.
Figure IV-50 a and b show the specific conductivity along the experimental path at 30°C and
150°C, respectively. It can be seen, that the conductivity at a constant amount of EAN
increases with increasing temperature. Furthermore, the conductivity indeed makes a sharp

increase over several orders of magnitude with increasing amount of EAN.
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Figure I'V-50. Specific conductivity as a function of the volume fraction ¢ at 30°C (a) and

150°C (b), respectively.

For all measured temperatures a percolative behavior could be observed. This is illustrated in
Figure IV-51. From the inset of the plot it can be seen that the shift of the percolation
threshold volume fraction is less pronounced and very weak compared to the dodecane
system. The corresponding percolation threshold volume fraction ¢gp was calculated from the
inflection point of the curve log(x) = f(¢) as shown in Figure IV-52. These curves exhibit a
sigmoid shape. log(x) was fitted to a fourth order polynomial in ¢ from which the inflection

point was determined in order to obtain ¢p.
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Figure IV-51. Specific conductivity as a function of the volume fraction ¢ demonstrating
the percolative behavior at different temperatures (30°C (©), 60°C (+), 90°C (%), 120°C
(*) and 150°C(A)).
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Figure IV-52. Determination of the percolation threshold volume fraction, full lines

represent fits with a fourth order polynomial.

The resulting temperature dependent percolation threshold volume fractions ¢ are
summarized in Table IV-11. On the contrary to similar microemulsions formulated with
dodecane, ¢p seems to be nearly independent of temperature. Nevertheless, the conductivity

measurements confirm the visually observed high thermal stability of the microemulsions.
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Table IV-11. Temperature dependence of the percolation threshold volume fraction ¢gp.

g/°Cc 30 60 90 120 150

dp 047 048 048 048 048

These findings are surprising as a quite strong temperature dependence concerning
microemulsions percolation was expected. These results underline important differences
concerning the nature of the oil phase in microemulsions. To obtain more information about
shape and size of the microemulsions dynamic light scattering experiments have been
performed. Unfortunately, these experiments did not yield an intensity autocorrelation
function that could be used for a convenient data evaluation. Hence, SAXS experiments have

been performed in order to prove a true microemulsion structure.

2.5.3.5. Small angle X-Ray scattering (SAXS)

In order to get more inside into the microemulsions structure, particularly about the shape and
size of the structures SAXS experiments have been performed at 30°C. The curves exhibit a
single broad scattering peak as it was observed with SANS experiments for microemulsions
with dodecane as continuous phase. At higher ¢ values, a characteristic ¢™* dependence was
observed. The scattering intensity increases and the peak maxima are shifted to smaller q
values with increasing EAN weight fraction. The TS model was used to analyze the scattering
curves. The SAXS curves in double linear and double logarithmic plot are shown in Figure

IV-53 a and b, respectively.

From the fit, the domain size, d, the correlation length, £, and the amphiphilic factor, f,, were
extracted. These parameters are summarized in Table IV-12. The domain size of the
microemulsions increases with increasing amount of EAN which can be correlated to a
swelling of the formed structures. The correlation length remains constant within the
uncertainty limits. The values for the amphiphilic factor are in the region of well- structured
microemulsions. A significant increase in the amphiphilic factor with increasing amount of

EAN can be reported.
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Figure IV-53. SAXS curves along the experimental path for different EAN weight
fractions (3 %, 6 %, 9 %, 12 %, 16 %) in the double linear view (a) and double

logarithmic view (b), full lines fit with the TS formula, the amount of EAN increases

from the bottom up.

Table IV-12. Characteristic length scales and amphiphilic factor from the TS fit.

wean / %o d/nm ¢/ nm fa
3.1 3.1 1.6 -0.83
6.0 3.7 1.6 -0.76
9.2 4.2 1.5 -0.68
12.0 4.7 1.6 -0.63
15.7 52 1.7 -0.61

The specific area 2 at the polar/non-polar interface can be obtained from the SAXS spectra in

the large g-range where the scattered intensity follows a ¢ behavior, this so-called Porod

regime was calculated according to eq. IV-10.>*" This regime is only obtained, if a thin

interface separates two media of different scattering length densities. For the present systems

a Porod limit could indeed be observed at large g values after the background subtraction. The

Porod limit at large ¢ is shown exemplarily for 9 wt % EAN in Figure [V-54.
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Figure IV-54. Porod limit shown exemplarily for 9 wt % EAN, the straight line denotes
the Porod limit.

A well-known problem concerning the evaluation of Ap is the distribution of decanol in
dodecane and the interfacial film, respectively. Decanol is partially soluble in dodecane and
insoluble in EAN. To obtain convenient upper and lower limits for the specific surface 2, a
parameter « was defined that takes the distribution of decanol in the interfacial film and the
oil phase into account. For a = 1, the OH groups of decanol are quantitatively located in the
interfacial film. For o = 0, all decanol is in the alkane phase and does not contribute to the
interfacial film. As Biodiesel is mainly a mixture of different fatty acid methyl esters, several
assumptions had to be made. The scattering length density is an estimation to determine sign
and order of magnitude of the value. Neglecting all components except the methyl ester of the
C,s fatty acid a scattering length density Ogiodiesel = 8.44 10'° ¢m™ was obtained using a mean
molar mass of 285 g mol™ and a density of 0.873 g cm™. The results for the Porod limit, the
invariant and the specific surface for different o values between 0 and 1 are summarized in
Table IV-13.

With increasing o, 2 increases for a constant volume fraction of RTIL. Moreover, X
increases with the amount of EAN. For the interpretation of the result the adaptability of

1
3 and

several models was checked, namely the cubic random cell model,'”* spheres of IL/o
repulsive spheres.””’ For the EAN system, the experimental curve lies between the two sphere
models confirming the existence of spherical structures. Interestingly, these results are
comparable to microemulsions with dodecane as oil phase as it was shown in section IV.2.2.

The existence of spherical structures with EAN cores is in agreement with the conductivity
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data as well as the SAXS curves measured for EAN weight fractions below the percolation

threshold.

Table IV-13. 2 for the EAN microemulsions along the experimental path for different o

values with the corresponding invariant and Porod limit.

Pean/ Yo 227 442 683  9.04 11.96
Dviodiesel / Yo 57777 5524 5251 4991 44.96
Baccanol / %0 2671 2696 27.18 27.44 28.80
iciomimycr / Yo 1325 13.37 1348 13.61 1428

QOexp / (cm™/10") 147 152 144 206 1.89
Porod limit / (cm™/10%") 250 230 200 240 19.0
X/ (cm*/cm’/10°) a=0.00 341 390 442 433 443

o=025 373 418 466 452 459
o=0.50 4.06 445 490 471 474
o=0.75 437 472 513 489 429
o=1.00 468 499 536 507 5.04
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Figure IV-55. 2'd versus @, for the EAN system of the experimental data e, the cubic
random cell model x, the model of w/o spheres A and the model of repulsive spheres [

for a between 0 and 1 (0.00; 0.25; 0.50; 0.75; 1.00).
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2.5.3.6. Viscosity

Viscosity measurements are an important tool for the characterization of microemulsions.
Similar to conductivity measurement, equations for percolation have been suggested,'”* but a
quantitative verification is only possible, if the viscosity 7 of the polar compound is

1.”* Along the experimental path all samples exhibited

sufficiently different from 7 of the oi
Newtonian behavior within the measured shear rates. The mean value of the dynamic
viscosities increases slightly with increasing amount of room temperature ionic liquid as
shown in Figure IV-56. They lie in the same order of magnitude as observed for similar
microemulsions where biodiesel is replaced by dodecane.'”” Nevertheless, no viscosity

percolation effect could be detected.
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Figure IV-56. Mean dynamic viscosities along the experimental path at 30°C.

2.5.4. Concluding remarks

Over the last years, environmental compatible solvents have attracted more and more
attention. We demonstrate here that biodiesel can replace alkanes in non-aqueous ionic liquid
containing microemulsions. The phase diagram observed with biodiesel exhibits a huge clear
and isotropic single phase region. Due to the excellent thermal stability of biodiesel, the
surfactant, cosurfactant and the room temperature ionic liquid ethylammonium nitrate, the
thermal stability along an experimental path was studied visually and with temperature
dependent conductivity measurements between 30°C and 150°C. These experiments clearly

demonstrate the pronounced thermal stability of these microemulsions at atmospheric
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pressure. Furthermore, the viscosity of the microemulsions was comparable to the viscosity
when biodiesel was replaced by dodecane. Conductivity measurements indicated percolation
phenomena when the amount of EAN was increased. Contrary to similar microemulsions with
dodecane, the percolation threshold volume fraction seems to be relatively insensitive to
temperature and does not change significantly with temperature. SAXS experiments
demonstrated the formation of microemulsions, a single broad scattering peak was observed
followed by a characteristic ¢ dependence at large g. The curves could well be described
with the TS formula. From the specific surface three different models ranging from
bicontinuous structures to IL/o droplets have been checked. Below the percolation threshold
the formation of reverse micelles with EAN cores was confirmed. Microemulsions made of
sustainable oil provide a natural way to “greener” formulations. Furthermore, the cytotoxicity

of EAN is significantly lower compared to imidazolium based ionic liquids.*®*

The next step
is, evidently, to substitute low-toxic and biodegradable surfactants for imidazolium based
surfactants. These microemulsions containing room temperature ionic liquids as polar phase
exhibit a thermal stability that cannot be obtained with aqueous microemulsions at
atmospheric pressure. Such extensions of the conventional thermal stability range of

microemulsions open a wide field of potential applications such as extractions, organic

synthesis and nanoparticles synthesis.
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2.6. [bmim][BF4] in high temperature stable microemulsions

2.6.1. Introduction

In section 1V.2.2 microemulsions with EAN and [bmim][BF4] as polar microenvironment
have been compared at ambient temperature. It was demonstrated that the nature of the RTIL
plays an important role on phase diagrams, phase behavior and microstructure of the
microemulsions. Compared to the EAN system, a much higher amount of
surfactant+cosurfantant was necessary to obtain microemulsions with [bmim][BF4]. Due to
the high amount of surfactant used, the obtained microstructure at ambient temperature was
assumed to be more a bicontinuous one than a L, phase microemulsion in contrary to the EAN
system. Neither with conductivity nor with viscosity measurements any percolation
phenomenon could be observed. In this chapter the stability at high temperatures of these
microemulsions is investigated with temperature dependent conductivity and temperature

dependent SANS experiments.
2.6.2. Results and discussion

2.6.2.1. Conductivity

The electrical conductivity of the microemulsions has been studied for the same experimental
path used for the investigations at ambient temperature with a constant weight fraction of
surfactant+cosurfactant (Ps = 65) and increasing amount of RTIL. The measured temperature
range varied between 30°C and 150°C in temperature intervals of 30°C. Comparable to the
investigations at ambient temperature, a continuous increase in conductivity with increasing
[bmim][BF4] weight fraction has been observed, no sharp threshold could be detected.
Furthermore, the conductivity increases with increasing temperature for a constant
[bmim][BF4] weight fraction. The conductance at Ps= 65 without the addition of RTIL was
significantly higher compared to Ps= 40. One possible explanation is that the high amount of
surface active agent does not allow the formation of well separated structures with oil as
continuous phase. For the calculation of the [bmim][BF4] volume fraction, temperature
dependent densities were necessary. Temperature dependent densities and conductivities of
[bmim][BF,] have been reported by Stoppa et al between 5°C to 65°C in intervals of 10°C.**
The density data could well be described by a linear fit. The following linear density

temperature dependence was used to extrapolate densities up to 150°C.
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Pomim)ra) / € cm™ = 1.219 —0.0007 8/ °C

In Figure IV-57 the specific conductivities as a function of the [bmim][BF4] volume fraction,
PromimBr4) are shown. From the inset of the plot one can see a continuous increase in
conductivity with increasing amount of [bmim][BF4] between 30°C and 150°C, no

percolation threshold could be detected.
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Figure IV-57. Specific conductivity as a function of the RTIL volume fraction ¢pmimsr4

at different temperatures (30°C (o), 60°C (+), 90°C (%), 120°C (*) and 150°C(A)).

Nevertheless, it is of interest to compare the conductivities to those of pure [bmim][BF4] to
ensure that dodecane is still the continuous phase. We recently reported precise temperature
dependent conductivity data of [bmim][BF4] within a temperature ranging from -35°C to
195°C.** The temperature dependent conductivities are illustrated in Figure IV-58 in
comparison to data available in literature, the full line represent a VFT fit. To compare these
data of pure [bmim][BF4] to the microemulsions three representative points in the phase
diagram along the experimental path have been chosen: one at low [bmim][BF4] content
(Pomim)Br4] = 3 %), one in the intermediate region (Gpmimysra; = 15 %) and one point with a
high RTIL content (@pmimjsra) = 25 %). These points were compared to pure [bmim][BF4] at
5 different temperatures (30°C, 60°C, 90°C, 120°C, 150°C) as shown in Figure IV-59. From
this graph, two important conclusions can be drawn out. The molar conductivity at each

composition of the microemulsions is significantly lower compared to the neat RTIL
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indicating that [bmim][BF4] cannot be considered as continuous phase.
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Figure IV-58. Conductivities, x, of [bmim][BF,] from Stoppa et al.’?*® (m) and relative

deviations, Jpi, of appropriately interpolated values from published data of Suarez et
al*" (<), Nishida et al.*** (0), Tokuda et al.*'* (V), Liu et al.** (A) and Villa et al.**® (o).

The solid line represents a VFT fit, dashed lines indicate a (arbitrary) i =+ 3 margin.
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Figure IV-59. Comparison of the molar conductivities for neat [bmim|[BF,] (m) of

263
L

appropriately interpolated values from Stoppa et a and microemulsions with

Domim)Bra; = 3 %o (0), 15 % (A) and 25 % (0) as a function of temperature.

Furthermore, for a given microemulsion composition the difference in molar conductivity, 4,

compared to neat [bmim][BF4] does not change with increasing temperature. This fact can be
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interpreted assuming that there is no essential structural variation as a function of temperature.
Moreover, conductivity measurements confirm the high thermal stability of the
microemulsions and indicate that the formed structures are not well separated from each

other. Bicontinuous instead of droplet like structure can be assumed.

2.6.2.2. Small angle neutron scattering (SANS)

To obtain more information about shape and size and thermal stability of the microemulsions
temperature dependent small angle neutron scattering experiments (SANS) have been
performed. An evaluation with the GIFT method was not possible in this case because of the
high amount of surfactant used (Ps = 65). As conductivity measurements indicated a rather
bicontinuous structure, the TS model is the most realistic model that can be used in this case.
The scattering curves in dependence of [bmim][BF4] content are shown at 30°C and 60°C in
Figure IV-60 a and b and at 90°C and 150°C in Figure IV-61 a and b, respectively. For all
curves the scattering intensity decreases with increasing RTIL content, because of the
unfavorable contribution of the BF4™ anion to the scattering contrast. In general, the scattering

intensity was very low.
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Figure IV-60. SANS curves at 30°C (a) and 60°C (b) along the experimental path with
Ps= 0.65 for different [bmim][BF4] weight fractions (0% (©), 3 % (A), 9 % (D), 12 % (+),
15 % (*)).

At 30°C, for low RTIL concentration a slight scattering peak could be observed. With
increasing temperature, the peak becomes even less pronounced and disappears completely at

90°C and 150°C, respectively. Therefore, the TS model did not yield convenient fits.
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Furthermore, no clear Porod limit could be observed within the measured temperature and
concentration range. Hence, a convenient data analysis with the models described in literature
was not possible. Nevertheless, the existence of colloidal structures between 30°C and 150°C

was confirmed.
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Figure IV-61. SANS curves at 90°C (a) and 150°C (b) along the experimental path with
Ps= 0.65 for different [bmim][BF4] weight fractions (0% (©), 3 % (A), 9 % (D), 12 % (+),
15 % (*)).

2.6.3. Concluding remarks

In conclusion, it has been demonstrated that [bmim][BF4] is suitable to formulate high-
temperature stable nonaqueous microemulsions. Compared to the protic ionic liquid EAN, a
significantly higher amount of surfactant is necessary to obtain a single phase microemulsion.
Consequently, the single phase area is much smaller compared to microemulsions with EAN.
Due to the high amount of surfactant a microemulsion structure with well separated RTIL
droplets stabilized by surfactant and cosurfactant in a continuous oil matrix could not be
obtained for [bmim][BF4]. Conductivity measurements prove the high thermal stability of the
microemulsions, a percolation phenomenon could not be observed. The specific conductivity
increases continuously with increasing amount of RTIL and with increasing temperature for a
constant [bmim][BF4] weight fraction. Compared to neat [bmim][BF4] the specific
conductivity is much lower for any point in the phase diagram and temperature. Furthermore,
the specific conductivity is remarkably higher compared to pure dodecane and to
microemulsions with EAN. For these reasons, a rather bicontinuous structure could be

supposed. Temperature dependent SANS experiments confirmed the high thermal stability of
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these microemulsions. The correlation peak at 30°C was not very pronounced and decreased
with increasing amount of RTIL. With increasing temperature, the scattering peak became
weaker and disappeared completely above 90°C. Hence, the TS model could not be used to fit
the curves in a convenient way. Nevertheless, a remarkable change in structure depending on
the nature of the polar RTIL was observed. Protic ionic liquids seem to be suitable to
formulate droplet like microemulsions, while the imidazolium based [bmim][BF4] yields less

defined structures.

- 145 -



IV.3. Alkali oligoether catboxylates — a new class of ionic liquids

3. Alkali oligoether carboxylates — a new class of ionic liquids

3.1. Abstract

In the present chapter a new class of Ionic Liquids (ILs), the “alkali oligoether carboxylates”
is introduced. The combination of simple alkali ions and an oligoether carboxylate leads to the
formation of ILs of the general type R-O-(CH,CH,0)3;-CH,-COOX, where R is a short alkyl
chain and X an alkali cation. The synthesis strategy and physicochemical properties of the
salts are presented. The described substances are promising materials due to their pronounced
electrochemical and thermal stability. Further, it was found that the cytotoxicity of such
“simple” alkali carboxylate ionic liquids is very low. In addition, possible reasons for the

formation of ionic liquids with alkali metals are proposed.

3.2. Introduction

To date, little attention has been paid to systems of ionic liquids involving small inorganic
cations. Rees et al. investigated monomeric barium bisalkoxides with the general formula
Ba[O(CH,CH,0),CHjs], that were reported to be liquid at ambient temperature.”®” Thereby, a
solution structure with a coordinative saturation at the central metal atom with oxygen atoms
was proposed, implying an intramolecular complexation of the metal ions similar to the

. . Jo . . 2
coordination prevailing in macrocyclic polyethers.”®

Figure IV-62. Calm shell oligoether bisalkaloxide, redrawn from ref. 267.
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The calm shell structure for the barium salt of the oligoether bisalkaloxide proposed by Rees

267
L.

et al.”’ is illustrated in Figure IV-62.

Other studies describe the synthesis and characterization of polyether carboxylates of heavy

269 which were found to be viscous oils that transform into hygroscopic

alkaline-earth metals,
solids upon reduction of the water content. Likewise, the yttrium(IIl) salt of 3,6,9-
trioxadecanoic acid (TOD) was characterized as an extremely hygroscopic viscous oil that
could only be isolated as trihydrate.”’”’ Recently, Justus e al. reported novel ionic liquids
consisting of trialkylammoniododecaborate anions and counter-ions including lithium and
potassium.”’! Imidazolium cation-based ionic liquids with poly(ethyleneglycol) moieties®’
and fluorinated anions or ether and alcohol functional groups®” with halide and fluorinated
anions have also been subject to studies. Pernak et al. described dialkoxymethyl-substituted
imidazolium cations combined with [BF4] and [NTf;] anions,274 while ether-derivatized

12" In the present study, ionic liquids based on

imidazolium halides were reported by Fei et a
small inorganic cations and oligoether carboxylate anions were successfully synthesized. We
present for the first time a new family of ILs comprising alkali cations and 2,5,8,11-

tetraoxatridecan-13-oate (TOTO) as anion, as shown in Figure [V-63.

ox
3

Figure I'V-63. Structure of alkali 2,5,8,11- tetraoxotridecane-13-oate with X = Li", Na",
K+
We investigate here the physicochemical properties of the salts, and propose possible reasons

for the formation of ionic liquids with alkali metals.
3.3. Results and discussion

3.3.1. Synthesis

2,5,8,11-Tetraoxatridecan-13-oic acid (TOTOA) was prepared according to a modified

1,"7 in high purity (> 99%, GC). Ionic liquids were

procedure described by Matsushima et a
easily obtained by neutralizing the acid with an equimolar amount of alkali hydroxide or

hydrogencarbonate in aqueous solution. Water was first removed by lyophilization, followed
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by drying in vacuum. Both the lithium and the sodium salt were obtained as colorless or faint
yellow liquids at room temperature, while the potassium carboxylate was a white solid.
Details of the synthesis are given in the experimental section (II1.2.2.). The following scheme

summarizes the synthesis strategy.
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Figure IV-64. Synthesis strategy of the TOTO alkali salts.

The water content of the hygroscopic salts was determined by means of coulometric Karl-
Fischer titration and found to be below 300 ppm (m/m) for the room-temperature liquid salts.
All ionic liquids were characterized by 'H and >C-NMR spectroscopy, mass spectrometry as
well as by elemental analysis. Melting and glass transition temperatures were measured by
differential scanning calorimetry (DSC), decomposition temperatures by thermogravimetric
analysis (TGA) (more details are given in the experimental section). [Li]- and [Na][TOTO]
show glass transitions, the temperature of which was determined from the intersection of the
curve and the half-way line between the two baselines. The water content, melting points, G,

lass transition temperatures, 6,, and decomposition temperatures, 6y, are summarized in
5 2o 5 )
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Table IV-14.

Table 1V-14. Physical properties of the alkali salts of 2,5,8,11-tetraoxatri-decan-13-oic

acid.

Cation H,O / ppm O’ resp. 6,/ °C 6y /°C
Li 103 -53° 357
Na* 211 -57° 384
K" 1292 +60° 369

0" melting point, ng: glass transition temperature, 64: decomposition temperature

Generally, the thermal stability of ILs is very sensitive to the type of both the cation and the
anion. For instance, imidazolium cations tend to be thermally more stable than
tetraalkylammonium species. Regarding the anions, a series of relative stability can be
established ranking from [PFs] over [BF4] to halides.”’® All TOTOA alkali salts exhibit
excellent thermal stability. The decomposition temperatures of the three substances are very

similar, indicating that the nature of the cation plays a minor role in this context.

3.3.2. Conductivity and viscosity

As [K][TOTO] was solid at ambient temperature and the viscosity of [Li][TOTO] was too
high, it was not possible to obtain convenient data for the viscosity and conductivity of the
salts. Therefore, in the following only viscosities and conductivities of [Na][TOTO] are
presented. Conductivity measurements were carried out under nitrogen atmosphere at
temperatures ranging from (25 to 145)°C. Viscosities were measured under argon atmosphere
at defined temperatures between (25 and 65)°C, revealing Newtonian behavior over the whole
range. The Newtonian behavior is shown exemplarily for 45°C, data of the shear stress, z,

versus the shear rate, y exhibit a linear relation, the full line represents a linear fit.
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Figure IV-65. Shear stress, 1, versus shear rate, y, demonstrating the Newtonian

behavior exemplarily shown for [Na][TOTO] at 45°C, the straight line represents a

linear fit.

For the sodium salt, a characteristic increase in specific conductivity and decrease in viscosity
with increasing temperature was detected. Both the conductivity and viscosity data were

found to be well described by the empirical VFT equation (VFT) of the following form

Kk =xKgpexp (-B/(T-Ty) (Iv-21)

n = noexp (B/(T-Ty)) (IvV-22)

with the fit parameters A, the so-called VFT temperature 7y and & and 7, respectively. The
corresponding plot and the fit results are given in Figure IV-66 and Table IV-15, respectively.

To calculate the molar conductivity, A, of [Na][TOTO] densities, p, were measured between
(25 and 65)°C with a vibrating-tube densimeter. The obtained values for p and A are

summarized in Table IV-16.
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Table IV-15. VFT parameters of conductivity and viscosity data for [Na][TOTO].

K /Sm’ B/K To/ K
[Na][TOTO] 33.7 1485 193
7o/ P B/K To/K
[Na][TOTO] 0.0024 1140 213
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Figure IV-66. Specific conductivities, «; (®) and viscosities, 7, (0) of the sodium salt as a

function of temperature, full lines represent fits with the VFT equation.

Table IV-16. Densities, p, and molar conductivities, A, of [Na][TOTO].

9/ °C p/kgm? 10* A/ S m? mol™
25 1247.44 9.08 107
35 1242.68 2.28 10
45 1237.92 55510
55 1233.15 1.21 107
65 1228.39 2.44 107

The relation of fluidity to conductance can be considered in terms of a Walden plot of the

data, as described by Angell and coworkers as discussed in detail in section I1.1.2.2°**°® The
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Walden plot obtained for the sodium salt over a temperature range of (25 — 65)°C is shown in

Figure IV-67.
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Figure IV-67. Walden plot for [Na][TOTO] (e) at temperatures ranging from (25 -
65)°C, the solid line represents the ideal KCl line.

It is obvious that the curve found for [Na][TOTO] lies significantly below the ideal KCl line.
MacFarlane and coworkers®’ proposed to term systems exhibiting such behavior “Liquid Ion
Pairs”. The divergence of the single values obtained for [Na][TOTO] at different temperatures
from the ideal line is summarized in Table IV-17, where AW is the vertical deviation (AW =

logA - logr™).

Table IV-17. Deviation AW of [NA][TOTO] from the ideal KCI line in the Walden plot

at different temperatures.

0/°C 25 35 45 55 65

aw 0.8 1.0 1.1 1.2 1.3

These findings clearly suggest the presence of strong ion pairing in the liquid sodium

oligoether carboxylate.

3.3.3. Electrochemical stability

Electrochemical stability was studied using cyclic voltammetry (CV) with Pt working and

counter electrodes vs. an Ag/Ag /Kryptofix reference, according to Izutsu.”’® The CV
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measurements have been performed by Dr. Christian Schreiner who is gratefully

acknowledged at this place.

Generally speaking, the electrochemical window of an ionic liquid is defined by the reduction
of the cation and oxidation of the anion. The width of this window is quite high for many ILs,

often exceeding 4 V.*

The cyclic voltammogram of [Na][TOTO], was recorded first in
anodic direction with a scan rate of 10 mV s. The cathodic and anodic limits are about -2.0
V and 2.7 V vs. Ag/Ag’, respectively, resulting in an electrochemical window of 4.7 V. The
CV data were recorded using a 0.55 M solution of [Na][TOTO] in acetonitrile without added
inert salt, giving rise to the appearance of traces of impurities such as the small peak seen in
the anodic branch. All experiments were carried out in an inert gas atmosphere. For
[Li][TOTO], an outstandingly wide electrochemical window of 6.7 V was found, with a
cathodic limit of about -3.3 V and an anodic limit of about 3.4 V. The cyclovoltammograms
of [Na][TOTO] and [Li][TOTO] are shown in Figure IV-68 a and b, respectively. These

findings indicate an extraordinary high electrochemical stability of the as-synthesized alkali

oligoether carboxylates.
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Figure IV-68. Cyclovoltammogram of [Na][TOTO] a) and [Li][TOTO] b), respectively.

For comparison, the electrochemical windows for some typical ionic liquids are illustrated in

Figure IV-69.
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Figure IV-69. Electrochemical window for some typical ionic liquids, reproduced from

ref. 2.

3.3.4. Cytotoxity tests

To look further to potential applications, the cytotoxicity of the new ionic liquids was studied
using a MTT assay with Hela cells. Hela cells received from the American Type Culture
Collection (ATCC). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)

assays were conducted following a procedure proposed by Mosmann.*”®

(for details see
experimental section). [ am grateful to Eva Maurer who performed the cytotoxicity tests. As a
reference, some common ILs were tested likewise, namely ethylammonium nitrate (EAN) as
well as the two imidazolium-based cations [emim] (1-ethyl-3-methylimidazolium) and
[bmim] (1-butyl-3-methyl-imidazolium) with the anions tetrafluoroborate and ethylsulfate.
For each sample, the ICsy value was determined, which represents the concentration of test
substance that reduces cell viability by 50% compared to the untreated control. Thus, the
higher the ICsy value, the less toxic is the substance. All experiments were repeated four
times; the resulting averaged ICsy values are plotted in Figure IV-70. From these data, two
important conclusions can be drawn. First, the cytotoxicity of the alkali TOTO salts depends
on the nature of the alkali cation, with [Na][TOTO] exhibiting the highest ICsy value and
therefore being least toxic. Second, the ICsy values of the TOTO salts are significantly higher
than those of the widely studied imidazolium-based ILs. In this context, [Na][TOTO] is for
example fifty times less cytotoxic than [bmim][BF4]. In fact, the cytotoxicity of the alkali
TOTO salts was found to be comparable to that of EAN. This finding underlines the potential

of these new 1onic liquids in view of manifold applications.
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Figure IV-70. Cytotoxicity of the TOTO alkali salts as compared to common ILs.

3.4. Concluding remarks

In conclusion, a new family of ionic liquids was introduced based on the combination of
simple alkali ions and oligoether carboxylates. The described substances are promising
materials due to their pronounced electrochemical and thermal stability. The concept of the
ionicity plot was successfully applied to the sodium salt for which strong ion pairing was
observed. It is evident that these new ionic liquids are featured by interesting physicochemical
properties, including remarkably high thermal and electrochemical stability. Noteworthy, the
lithium and sodium TOTO salts are liquid at room temperature. So far room-temperature ILs
based on alkali cations have not been described in literature. Nonetheless, the reason for these
substances being liquid at ambient temperature remains to be discussed. The interactions of
alkali and alkaline-earth ions with the CH,CH,O unit in solution have been studied
extensively. The complexation of alkali ions by cyclic and acyclic polyether ligands has been
reviewed.””” It is furthermore well known that the so-called “glymes” (polyethylenglycol
dimethyl ethers) with the general structure CH;O(CH,CH,0),CHj3 possess a high affinity to
alkali cations. Interestingly, in particular the tetraglyme (TeG, n = 4) is structurally very
similar to the TOTO anion. Grobelny et al. conducted a comparative study on solutions of
potassium ions in tetraglyme in the presence and absence of 18-crown-6.*" It was claimed
that tetraglyme is a strong complexing agent for K', the latter being surrounded by the
tetraglyme molecules in a pseudo-crown ether fashion. Other studies reported significant
interactions of glymes with Li" in solution.”®' Ab initio calculations for the tetra-, penta- and

hexaglyme complexes of lithium led to the conclusion that the coordination number for Li"
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with respect to the solvent oxygen atoms varies between 4 and 6.2*

Based on this, we suggest that in the present case a complexation of the alkali cations by their
combined oligoether-carboxylate counter-ion is effective to result in room-temperature liquid
salts. Simultaneous “intramolecular” charge neutralization and complexation apparently
diminishes the salt character of the substance, thereby shifting it to the state of a neutral
“molecule” and correspondingly lowering the melting point. Such a hypothesis is supported

by the Walden plot giving evidence for the formation of liquid ion pairs.

Further, it was shown that the cytotoxicity of such “simple” alkali carboxylate ionic liquids is
very low. The physicochemical properties and the design of further new room-temperature
liquid TOTOA derivatives are currently under investigation. In fact, the use of simple tri- and
tetraalkylammonium instead of alkali ions have also yielded ionic liquids at ambient
temperature which appear to be featured by additional desirable properties, including low
viscosity. Combination of the TOTO anion with “biological” cations such as choline might

pave the way to still “greener” ILs.
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V. Summary

The thesis can be subdivided into three main parts:

1. Conductivity studies of the anion effect on imidazolium based ionic liquids over a

wide temperature range (-25-195)°C

ii. Formulation of high temperature stable nonaqueous microemulsions with room

temperature ionic liquids as polar phase

iii. Synthesis and characterization of new ionic liquids based on alkali cations

i. In the first part conductivities, x, of four different highly pure imidazolium based room
temperature ionic liquids (RTILs) have been studied within a temperature range between
(-25 to 195)°C. Thereby, the cationic scaffold, the 1-butyl-3-methylimidazolium cation
([bmim']), was kept constant while the anions were varied. The investigated anions were
dicyanamide ([DCA’]), hexafluorophosphate ([PFs]), trifluoroacetate ([TA]) and
trifluoromethanesulfonate ([TfO7]). It is quite surprising that studies of important
physicochemical transport properties are still scarce in the field of ionic liquids. At a given
temperature the conductivity decreased in the order [bmim][DCA] > [bmim][TA] >
[bmim][TfO] > [bmim][PFs]. Temperature dependence of the conductivity could be well
described by the empirical Vogel-Fulcher-Tammann equation. Whilst our data compare
favorably with some literature results, significant deviations from others were noted. To
calculate the molar conductivity, A, of the RTILs densities, p, were measured between (5 and
65)°C. Walden plots of the molar conductance, available for [bmim][PF¢], [bmim][TfO] and
[bmim][TA] in the limited temperature range of (5 to 65)°C, suggest that these RTILs can be
classified as high-ionicity ionic liquids. This study on the anion dependence of RTIL
conductivity complements a companion paper on the cation dependence, particularly the alkyl
chain length of 1-alkyl-3-methylimidazolium, of x for a series of imidazolium

tetrafluoroborate salts.

The results are summarized in a manuscript entitled “The Conductivity of Imidazolium-Based

lonic Liquids from (248 to 468) K. B. Variation of the Anion.”, submitted for publication in J.
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Chem. Eng. Data. (2009) (Authors: Oliver Zech, Alexander Stoppa, Richard Buchner, and

Werner Kunz)

The companion study performed by Alexander Stoppa is part of a manuscript entitled “The
Conductivity of Imidazolium-Based lonic Liquids from (-35 to 195)°C. A: Variation of
Cation’s N-Alkyl Chain.”, accepted for publication in J. Chem. Eng. Data.(2009) (Authors:
Alexander Stoppa, Oliver Zech, Werner Kunz, Richard Buchner)

ii. The mainpart of the thesis is focused on the application of RTILs in nonaqueous, high
temperature stable microemulsions. For this purpose two different RTILs have been chosen,
namely ethylammonium nitrate (EAN) and 1-butyl-3-methylimidazolium tetrafluoroborate
([bmim][BF4]). EAN is probably the most popular example for a protic ionic liquid, it is
highly polar and shows many similarities to water. On the contrary, [bmim][BF,] is a typical
representative for an aprotic RTIL. Compared to EAN, the polarity is reduced and similarities
to water are scarce. Furthermore, the cationic long chain ionic liquid surfactant 1-hexadecy-3-
methylimidazolium chloride ([C;smim][CI]) was used, while decanol acted as cosurfactant
and dodecane as apolar phase. Interestingly, the two RTILs showed a completely different
topology in the pseudo-ternary phase diagrams. While the phase boundaries for
microemulsions with [bmim][BF4] were regular, irregular phase boundaries could be reported
for microemulsions with EAN. The area of the clear and isotropic single phase region was
significantly reduced in the case of [bmim]BF4]. Consequently, the amount of surfactant
necessary to form a true Schulman type microemulsion in the case of [bmim][BF4] is
remarkably higher. Before studying the thermal stability of these microemulsions, a
comprehensive characterization at room temperature was necessary. Therefore, conductivity,
dynamic light scattering (DLS), viscosity and small angle X-ray (SAXS) measurements have

been performed.

For the microemulsions with EAN as polar phase, a percolative behavior in conductivity has
been observed, a model of dynamic percolation could be applied. DLS experiments confirmed
the existence of spherical EAN droplets stabilized by surfactant with dodecane as continuous
phase. A swelling of the reverse micelles with increasing amount of EAN could be noted. The
swelling behavior was further confirmed by SAXS measurements, since the domain size
extracted from the Teubner-Strey (TS) model increased with increasing amount of EAN.

Further, from the Porod limit and the experimental invariant, data of microemulsions with
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EAN were in agreement with models for spherical ionic liquid in oil (IL/0) aggregates.

On the contrary, for [bmim][BF4], no percolation phenomenon could be observed neither with
conductivity nor with viscosity measurements, since these transport properties increased
continuously with the [bmim][BF4] weight fraction. The autocorrelation functions extracted
from DLS measurements did not allow a convenient data analysis. SAXS data confirmed the
existence of well-structured microemulsions. From the characterization methods used, a rather
bicontinuous structure in the case of [bmim][BF4] was assumed. These investigations at
ambient temperature demonstrate that the nature of the polar RTIL plays an important role in

microemulsion phase behavior and structure.

The results obtained from the characterization at ambient temperature form the basis of a
publication entitled “Microemulsions with an lonic Liquid Surfactant and Room Temperature
Ionic Liquids as Polar Pseudo-phase” published in J. Phys. Chem. B (2009) (Authors: Oliver

Zech, Stefan Thomaier, Pierre Bauduin, Thomas Riick, Didier Touraud, and Werner Kunz).

Since microemulsions with EAN as polar phase yielded more promising results concerning
the microemulsion structure for potential applications, their thermal stability has been
investigated. Visually, no phase change within 30°C and 150°C could be observed.
Temperature dependent conductivity measurements demonstrated the high thermal stability in
general and gave information about the microstructure in particular. A percolative behavior
was detected over the whole investigated temperature range (30 - 150)°C. Interestingly,
temperature affected the percolation significantly. The higher the temperature, the less of
RTIL can be integrated into the reverse micelles before percolation takes place. DLS
measurements at ambient temperature indicated a swelling of the reverse micelles with
increasing amount of RTIL below the percolation threshold. Above this threshold, the
formation of elongated structures or droplet clusters could be assumed. Temperature
dependent SANS experiments further confirmed the existence of spherical structures with
RTIL cores even at 150°C. A swelling of these droplets could be observed with increasing
temperature and with increasing amount of EAN. To the best of my knowledge, this is the

first study dealing with high temperature stable microemulsions at ambient pressure.

The concept of the formulation of high temperature stable microemulsions with RTIL in
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conjunction with conductivity measurements and preliminary SANS experiments are part of a
manuscript entitled “lonic Liquids in Microemulsions — a Concept to Extend the
Conventional Thermal Stability Range of Microemulsions’ accepted for publication in Chem.
Eur. J. (2009) (Authors: Oliver Zech, Stefan Thomaier, Agnes Kolodziejski, Didier Touraud,
Isabelle Grillo, and Werner Kunz).

Details on temperature dependent SANS experiments for various points in the phase diagram
in combination with DLS measurements form the basis of a manuscript entitled
“Ethylammonmium nitrate in High Temperature Stable Microemulsions” submitted to J.
Phys. Chem. B (2009) (Authors: Oliver Zech, Stefan Thomaier, Agnes Kolodziejski, Didier
Touraud, Isabelle Grillo, and Werner Kunz).

Moreover, the effect of the surfactant alkyl chain length ([Cymim][Cl], with n = 14, 16, 18) on
structure, thermal stability and phase behavior of microemulsions with EAN as polar phase
has been investigated. It could be demonstrated that the chain length of the surfactant plays an
important role on phase diagram topology, phase behavior and flexibility of the interfacial
film. In order to obtain comparable systems, all conditions, except the surfactant chain length,
were kept identical. On the one hand, the area of the one phase region in the pseudo-ternary
phase diagram increased from Cj4 to C;5. On the other hand, the rigidity of the interfacial film
raised with increasing surfactant chain length. For all systems, irregular phase boundaries
have been found. Conductivity measurements demonstrated a percolative behavior for all
three microemulsion systems. For the C;4 and C¢ chain length, the temperature dependent
percolation threshold volume fractions, ¢p, were very similar at a given temperature. For the
Cig chain length ¢p was significantly higher at 30°C, 60°C and 90°C. These findings
underline the increasing rigidity of the interfacial film for microemulsions with the C,g chain
length. Viscosity measurements did not show any percolation effect for all three systems, the
viscosities were all in the same order of magnitude for a given EAN content. DLS
experiments confirmed a swelling behavior with increasing amount of EAN for samples with
EAN weight fractions below the percolation threshold. Above this threshold, a bimodal decay
in the intensity autocorrelation function was observed indicating the formation of non-
spherical structures or droplet clusters. No significant effect in size with increasing chain

length from the DLS measurements at a given EAN content could be reported.
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Additionally, it was demonstrated that [bmim][BF4] is suitable to formulate high-temperature
stable nonaqueous microemulsions. Compared to the protic ionic liquid EAN, a significantly
higher amount of surfactant is necessary to obtain a single phase microemulsion. Due to the
high amount of surfactant a microemulsion structure with well separated RTIL droplets
stabilized by surfactant and cosurfactant in a continuous oil matrix could not be obtained. On
the one hand, conductivity measurements prove the high thermal stability of the
microemulsions, on the other hand they suggest less defined structures since no percolation
phenomenon could be detected. Temperature dependent SANS experiments confirmed the
high thermal stability of these microemulsions. The correlation peak at 30°C was not very
pronounced and decreased with increasing amount of RTIL. With increasing temperature the
scattering peak was attenuated and disappeared completely above 90°C. Hence, the TS model
could not be used to fit the curves in a convenient way. The scattering intensity did not follow
a ¢ decay at large ¢ values. Consequently, no Porod limit could be extracted. Furthermore,
due to the high amount of surfactant the GIFT method was not applicable. Nevertheless,
SANS experiments confirmed the existence of colloidal structures over a wide temperature
range. However, a remarkable change in structure depending on the nature of the polar RTIL
was observed. Protic ionic liquids seem to be suitable to formulate droplet like

microemulsions, while the imidazolium based [bmim][BF4] yielded less defined structures.

Finally, the oil phase dodecane has been replaced by sustainable oil, namely biodiesel. The
phase diagram observed with biodiesel exhibits a huge clear and isotropic single phase region
comparable to microemulsions with dodecane. The viscosity of the microemulsions was in the
same order of magnitude compared to dodecane as continuous phase. Conductivity
measurements indicated percolation phenomena when the amount of EAN was increased.
Contrary to similar microemulsions with dodecane, the percolation threshold seemed to be
relatively insensitive to temperature. Consequently, #p did not change significantly with
increasing temperature. SAXS experiments confirmed the existence of IL/o spheres. These
microemulsions made of sustainable oil provide a way in the formulation of greener

microemulsions.

This study forms the basis of a manuscript entitled “Biodiesel, a Sustainable Oil, in High
Temperature Stable Microemulsions Containing a Room Temperature lonic Liquid as Polar
Phase” submitted to Energy & Environmental Science (2009) (Authors: Oliver Zech, Pierre
Bauduin, Peter Palatzky, Didier Touraud, and Werner Kunz).
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iii. In the third part, a new class of ionic liquids (ILs), the “alkali oligoether carboxylates” was
introduced. The combination of simple alkali ions and oligoether carboxylates leads to the
formation of ILs of the general type R-O-(CH,CH;,0);-CH,-COOX, where R is a short alkyl
chain and X an alkali cation. These substances are promising materials due to their
pronounced electrochemical and thermal stability. The concept of the “ionicity plot” was
successfully applied to the sodium salt for which strong ion pairing was observed. Based on
this, it was suggested that a complexation of the alkali cations by their combined oligoether-
carboxylate counter-ion is effective to result in room-temperature liquid salts. Furthermore,
the cytotoxicity of these substances is relatively low compared to common imidazolium based
ILs. So far, room-temperature ILs based on alkali cations have not been described in

literature.

The results form the basis of a paper entitled “Alkali Oligoether Carboxylates - a New Class
of lonic Liquids” published in Chem. Eur. J. (2009) (Authors: Oliver Zech, Matthias

Kellermeier, Stefan Thomaier, Eva Maurer, Regina Klein, and Werner Kunz).

Furthermore this work is part of a patent entitled “Onium Salts of Carboxyalkyl-Terminated
Polyoxyalkylenes for Use as High-Polar Solvents and Electrolytes” PCT Int. Appl. (2008)
(Authors: Werner Kunz, Stefan Thomaier, Eva Maurer, Oliver Zech, Matthias Kellermeier,

Regina Klein).
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Figure IV-18. '"H-NMR of EAN in acetonitrile-ds. -102 -
Figure IV-19. 'TH-NMR of dodecane in chloroform-d. -102 -

Figure 1V-20. "H-NMR of dodecane saturated with EAN at 30°C, the quartet from CH;3-CH;-
NH, NOj; could not be detected demonstrating the immiscibility of EAN in dodecane.- 103 -

Figure IV-21. '"H-NMR of dodecane saturated with EAN at 150°C, the quartet from CHs-
CH,-NH," NOj;™ could not be detected demonstrating the immisciblity of EAN in dodecane.
- 103 -

Figure IV-22. Specific conductivity as a function of the volume fraction gat 30°C (a) and

150°C (b), respectively. - 104 -

Figure IV- 23. Specific conductivity as a function of the volume fraction ¢ demonstrating the
percolative behavior at different temperatures (30°C (o), 60°C (+), 90°C (%), 120°C (*) and
150°C(AQ)). - 105 -

Figure IV-24. Determination of the percolation threshold volume fraction at various
temperatures (30°C (©), 60°C (+), 90°C (%), 120°C (*) and 150°C(A)), full lines represent
fourth order polynomial fits. - 105 -

Figure IV- 25. Temperature dependence of the percolation threshold volume fraction ¢@p.

- 106 -

Figure IV- 26. Intensity autocorrelation functions at 30°C with Pg = 40 indicating a single
exponential decay for wgan= 12 % (a) and a bimodal decay for wgan= 30 % (b), full lines are

fits for a single exponential decay. - 107 -

Figure IV- 27. Regular swelling at 30°C with Pg = 40 of the reverse micelles with increasing
EAN content for concentrations where a single exponential decay in the intensity

autocorrelation function was observed. -108 -
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Figure IV-28. Size distribution in dependence of EAN content at 30°C with Ps= 40 indicating
a swelling of the reverse micelles followed by the formation of percolated aggregates at wgan

> 18 %. - 109 -

Figure IV-29. SANS for 6 wt% EAN, Ps = 40 at different temperatures (30°C, 60°C, 90°C
and 150°C), full lines are fit curves obtained from the TS formula. -110 -

Figure IV-30. SANS for 6 wt% EAN, Ps = 40 at different temperatures (30°C (©), 60°C (+),
90°C (x) and 150°C (A)), full lines are fit curves from the GIFT evaluation using the Percus-

Yevick effective structure factor. -112 -

Figure IV- 31. Pair distance distribution functions p(r), extracted from the GIFT method for 6
wt% EAN, Ps = 40 and 54 wt% dodecane d-»¢ at different temperatures (30°C (), 60°C (+),
90°C (x) and 150°C (A)). -113 -
Figure IV-32. SANS curves along the experimental path for different EAN weight fractions (0
%, 3 %, 6 %, 9 %, 12 %, 16 %) at 30°C with Pg = 40 full lines are fit curves from the GIFT

evaluation. -113 -

Figure IV- 33. SANS curves along the experimental path for different EAN weight fractions
(0%, 3 %, 6 %, 9 %, 12 %, 16 %) at 60°C with Ps= 40 full lines are fit curves from the GIFT

evaluation. -114 -

Figure IV- 34. SANS curves along the experimental path for different EAN weight fractions
(0 %, 3 %, 6 %, 9 %, 12 %, 16 %) at 90°C with Ps= 40 full lines are fit curves from the GIFT

evaluation. -114 -

Figure IV-35. SANS curves along the experimental path for different EAN weight fractions (0
%, 3 %, 6 %, 9 %, 12 %, 16 %) at 150°C with Pg= 40, full lines are fit curves from the GIFT

evaluation. -115 -

Figure IV-36. Structure factor extracted from the GIFT evaluation at 30°C (a) and 60°C (b)
for different EAN weight fractions (0 % (0), 3 % (A), 6 % (x), 9 % (O), 12 % (©), 16 % (+).
-115-

Figure IV- 37. Structure factor extracted from the GIFT at 90°C (a) and 150°C (b) evaluation
for different EAN weight fractions (0 % (0), 3 % (A), 6 % (x), 9 % (O), 12 % (©), 16 % (+).
-116 -

Figure IV-38. PDDF functions for different EAN weight fractions (0 %, 3 %, 6 %, 9 %, 12 %,
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16 %) at 30°C (a) and 60°C (b), Ps= 40, the EAN content increases from left to right.
-117 -

Figure IV-39. PDDF functions for different EAN weight fractions (0 %, 3 %, 6 %, 9 %, 12 %,
16 %) at 90°C (a) and 150°C (b), Ps =40, the EAN content increases from left to right.
-117 -

Figure IV-40. Pseudo ternary phase diagrams of dodecane/([C,mim][Cl]+decanol)/ EAN with
n =14 (a), 16 (b) and 18 (c). L represents the clear and isotropic single phase region.
- 120 -

Figure IV-41. Specific conductivity for the C;4 chain length as a function of the droplet

volume fraction ¢ demonstrating the percolative behavior at different temperatures (30°C (o),

60°C (+), 90°C (), 120°C (*) and 150°C(A)). 122 -

Figure 1V-42. Specific conductivity for the C;g chain length as a function of the droplet
volume fraction ¢ demonstrating the percolative behavior at different temperatures (30°C (0),

60°C (+), 90°C (), 120°C (*) and 150°C(A)). 123 -

Figure IV-43. Determination of the percolation threshold volume fraction for the Cj4 chain
length at various temperatures (30°C (o), 60°C (+), 90°C (%), 120°C (*) and 150°C(A)), full

lines reprersent fourth order polynomial fits. -123 -

Figure 1V-44. Determination of the percolation threshold volume fraction for the C;s chain
length at various temperatures (30°C (o), 60°C (+), 90°C (%), 120°C (*) and 150°C(A)), full
lines represent fourth order polynomial fits. -124 -

Figure IV-45. Dynamic viscosities at 30°C in dependence of the volume fraction of EAN for

the Cy4 (a) and the C;g (b) chain length. - 125 -

Figure 1V-46. Apparent hydrodynamic radii for those EAN weight fractions where single
exponential decay was observed indicating a swelling of the reverse micelles with increasing

EAN content at 30°C. - 126 -

Figure IV-47. Pseudo-ternary phase diagram at 30°C for biodiesel a) and dodecane b),
respectively. - 130 -

Figure IV-48. Photos of the microemulsions for Ps =40 and wgan = 12 % at 30°C and 150°C,
respectively. - 130 -

Figure IV-49. Densities, p, of biodiesel within a temperature range between 25°C and 150°C,
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the full line represents a linear fit. -131 -

Figure IV-50. Specific conductivity as a function of the volume fraction gat 30°C (a) and

150°C (b), respectively. -132 -

Figure IV-51. Specific conductivity as a function of the volume fraction ¢ demonstrating the
percolative behavior at different temperatures (30°C (o), 60°C (+), 90°C (x), 120°C (*) and
150°C(A)). - 133 -

Figure IV-52. Determination of the percolation threshold volume fraction, full lines fit with a

fourth order polynomial. - 133 -

Figure IV-53. SAXS curves along the experimental path for different EAN weight fractions (3
%, 6 %, 9 %, 12 %, 16 %) in the double linear view (a) and double logarithmic view (b), full

lines fit with the TS formula, the amount of EAN increases from the bottom up. -135-

Figure IV-54. Porod limit shown exemplarily for 9 wt % EAN, the straight line denotes the
Porod limit. - 136 -

Figure IV-55. 2'd versus @,, for the EAN system of the experimental data e, the cubic

random cell model x, the model of w/o spheres A and the model of repulsive spheres [] for

between 0 and 1 (0.00; 0.25; 0.50; 0.75; 1.00). -137 -
Figure IV-56. Mean dynamic viscosities along the experimental path at 30°C. - 138 -

Figure IV-57. Specific conductivity as a function of the RTIL volume fraction pmimsrs; at

different temperatures (30°C (o), 60°C (+), 90°C (%), 120°C (*) and 150°C(4A)). - 141 -

Figure IV-58. Conductivities, x, of [bmim][BEF4] from Stoppa et al** (m) and relative
deviations, &y, of appropriately interpolated values from published data of Suarez et al.*!!
(<), Nishida ez al. (o), Tokuda ez al.?™ (V), Liu et al. (A) and Villa et al. (o). The solid line

represents a VFT fit, dashed lines indicate a (arbitrary) Ji; = + 3 margin. -142 -

Figure 1V-59. Comparison of conductivities for pure [bmim][BF4] (m) of appropriately
interpolated values from Stoppa et al.**> and microemulsions with omimsra =3 % (0), 15 %

(A) and 25 % (o) as a function of temperature. - 142 -
Figure IV-60. SANS curves at 30°C (a) and 60°C (b) along the experimental path with Ps=
0.65 for different [bmim][BF4] weight fractions (0% (©), 3 % (A), 9 % (), 12 % (+), 15 %
(). - 143 -
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Figure IV-61. SANS curves at 90°C (a) and 150°C (b) along the experimental path with Ps=
0.65 for different [bmim][BF4] weight fractions (0% (0), 3 % (A), 9 % (o), 12 % (+), 15 %
(). - 144 -

Figure IV-62. Calm shell oligoether bisalkaloxide, redrawn from ref. 267. - 146 -

Figure IV-63. Structure of Alkali 2,5,8,11- tetraoxotridecane-13-oate with X = Li’, Na', K.
- 147 -

Figure IV-64. Synthesis strategy of the TOTO alkali salts. - 148 -

Figure IV-65. Shear stress versus shear rate demonstrating the Newtonian behavior

exemplarily shown for [Na][TOTO] at 45°C, the straight line represents a linear fit. - 150 -

Figure 1V-66. . Specific conductivities, «, (®) and viscosities, 7, (0) of the sodium salt as a

function of temperature, full lines fit with the VFT eq. - 151 -

Figure 1V-67. Walden plot for [Na][TOTO] (e) over a temperature range between 25°C -
65°C, the solid line represents the ideal KCl line. - 152 -

Figure IV-68. Cyclovoltammogram of [Na][TOTO] a) and [Li][TOTO] b), respectively.
- 153 -

Figure IV-69. Electrochemical window for some typical ionic liquids, reproduced from ref. 2.
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Figure IV-70. Cytotoxicity of the TOTO alkali salts as compared to common ILs. - 155 -
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