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Constants and Symbols

Constants
Elementary charge €
Avogadro’s constant Na
Boltzmann’s constant ks
Symbols
Temperature [°C] A
Conductivity [S/m] q
Density [g/m] I(q)
Weight fraction »)
Volume fraction Q
Molarity [mol/dn] d

Scattering length density [¢th ¢
Surface tension [mN/m] G

Dynamic viscosity [mPas = cP] v

vii

=1.602210*° C
= 6.022110°> mol*

=1.380710% J/K

Wavelength [nm]
Scattering vector [A]
Scattering intensity [cH
Specific surface [cfficm”]
Invariant [cm]

Domain size [A]
Correlation length [A]
Gordon Parameter [JAn

Kinematic viscosity [mrs]
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Introduction

Introduction

There is a still growing interest in ionic liquigks) in general and room temperature ionic
liquids (RTILS) in particular resulting from thefascinating and outstanding properties and
wide range of potential applications. ILs are dediras salts with a melting point below the
boiling point of water. The research field of ILEem deals with aprotic ILs: imidazolium,
pyridinium or pyrolidinium based substan¢&sBeside this class of ILs, attention has also
been paid to protf¢ ionic liquids. ILs often are considered as greeivents. This
classification was made according to their low vap@ressures, hindering both the
evaporation and enrichment of these solvents irath@sphere. However, ILs often exhibit
high toxicities that cannot be neglected. During last years research activities have been
focused on the development of less toxic PsMoreover, ILs are also termed “designer”
solvents as the appropriate combination of aniod eation delivers ILs with specific
properties. Hence, ILs are often considered agdualvents for catalysis® 1°** chemical
reactions>** extractions?* and electrochemical purpos@sThe amount of publications
concerning the synthesis, properties, and appbieatof ionic liquids is rapidly growing to
date. In this context, one promising aspect of taeety of possible applications of ionic

liquids is their use in the formulation of non-aque microemulsions.

Lately, ILs stimulated research in classical caolland surface chemistry. The formation of
amphiphilic association structures in the insidel &ty means of ionic liquids, such as
micelles, vesicles, microemulsions and liquid aifste phases has been reviewed three times
between 200 and 2008, 8 reflecting the growing interest and progress is field.

Microemulsions are thermodynamically stable, isoirptransparent mixtures of at least one
hydrophilic, one hydrophobic and one amphiphilicmpmnent. Apart from classical
microemulsions consisting of water, oil, and sudat (and cosurfactant, where appropriate),
it has been demonstrated that the polar phasd isewessarily water and the non-polar phase
not compulsorily oil. The idea of non-aqueous mécnulsions is not new:?° For example,
water can be replaced by glycefbglycol or formamidée? Efforts have further been made to
replace water by a mixture of molten salts (nitratemixtures  of
ethylenediamine/ammonia/potassium) in a system osewp of sodium dodecyl sulfate
(SDS), 1-pentanol, and decéfe.
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These pioneer studies stimulated research on thaufation of non-agueous microemulsions
containing ionic liquids. The first microemulsionhere water has been replaced by an RTIL
has been reported byGao et af* They replaced water by the aprotic IL
1-butyl-3-methylimidazolium tetrafluoroborate ([bmj[BF,]), while cylcohexane has been
used as apolar phase and Triton X-100 as surfadthertoemulsions based on protic ILs have
been reported bitkin & Warr. non-ionic alkyl oligoethyleneoxide surfactants§g; alkanes
and ethylammonium nitrate (EAN) as polar ph&se.

Beside the studies of other groups, IL based anmglisystems also have been investigated
by the group oKunz This research has its origin in the investigatdérsurfactant like ionic
liquids (SLILs). Among those are imidazolium bagkes with long alkyl chains that exhibit
surfactant properties but still have melting poibtdow 100 °C. The aggregation of these
surfactants was studied in water and ILs, like gvetic IL EAN and the aprotic IL
[bmim][BF4].?°* Among other results not discussed in detail hitiese systems exhibited high
temperature-stability. The micellar aggregates ddriout to be present not only at room
temperature but also at elevated temperatures 1HQGC.

In the next step these SLILs and ILs were appliethicroemulsion systems. Mixtures of 1-
hexadecyl-3-methylimidazolium chloride @&nim][Cl])+decanol/RTIL/dodecane with EAN
and [bmim][BF] as polar phase, respectively, first have beeesnhgated and compared to
each other at ambient temperattiré significant difference concerning phase behavind
microemulsions structure has been found. The dréd@mne phase region was considerably
larger in the case of EAN than for microemulsionighvjbmim][BF,]. Since all ingredients
exhibit excellent thermal stability combined witligh boiling points and decomposition
temperatures, respectively, the thermal stabilitthe [Gsmim][Cl]+decanol/ EAN/dodecane
microemulsions has been investigated in detail.cduld be demonstrated that these
microemulsions were stable within a temperaturegeabetween (30 — 150) °C. Therefore,
these systems represent the first high temperatalde microemulsions with ILs, exhibiting
a thermal stability that cannot be achieved witsirtaqueous counterpaft®® Moreover, it
could be demonstrated that biodiesel can act gshase in high temperature microemulsions
highlighting a way towards the formulation of bioepatible microemulsion®. These model
systems can be extended to other ILs, with [bmifj[Bnstead of EAN as polar phase,
where also a remarkable thermal stability couldbserved” Surprisingly, not many studies
benefit from the temperature-stability that can dmhieved by the application of ILs in
microemulsions. Beside our own reseat@hp et al. studied temperature dependent changes

on microstructure in IL-based microemulsicdh&hey described the effect of temperature on

2
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[bmim][BF4]-in-cyclohexane and [bmim][Bffin-toluene reverse microemulsions. They
concluded the existence of an IL/o structure upQdC. The studies diVarr et al on the
system EAN/GE/alkane$® and propylammonium nitrate (PAN)&7/alkaned® comprised
structural studies at varying temperature. Howevieese studies describe a temperature
dependent investigation in a temperature rangedbas not extend the possible range that
can be achieved with water, (0 - 100) °C. ILs ekhibde liquid ranges and the exchange of
water in “traditional” microemulsions by ILs in paiple allows the formulation of high or
low-temperature-stable microemulsions. Consequeaftgr successful formulation of high
temperature stable microemulsions, the aim of thisk was to go a step further: to

temperatures far below 0 °C.

The present work focuses on the formulation of temperature-stable microemulsions. For
this purpose ingredients with low crystallizati@miperatures are required. Therefore, the IL
1-ethyl-3-methylimidazolium ethylsulfate ([emim]§&®y]), which exhibits a glass transition
temperature of -80 °C was chosen as polar phasthdfoore, limonene with a melting point
of -96 °C is used as apolar phase. In this worketfiect of different surfactants has been
studied on possible formation of low-temperatuabk microemulsions. Three systems that
presented the most promising candidates for apgmit® have been investigated in more
detail and will be presented in the “results andcdssion” section. These include
microemulsions with Triton X-100, Triton X-114, anetraethyleneglycol monodecylether
(Ci0E4) as amphiphile, respectively. The systems haven bieeestigated at ambient

temperatures as well as at temperatures down td6G10
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. Fundamentals

1. lonic Liquids

lonic liquids (ILs) in general attract soaring stiéc interest during the past years which is
reflected by the increasing number of publicationthis field. A typical literature search on
the topic “ionic liquid” in Scifinder results in BGhits in the year 2000, 1800 hits in 2005 and
already 3400 hits in 2010 (until November 2010).

ILs may be either considered as new class of stdvenas substances that have a long and
useful history just depending on their definittinindeed, “molten salts”, high-melting
substances also have been called ionic liquidsasrd known and applied a long time before
ILs became popular. However, applications therdtdnowere very specialized, mainly for
electrochemical purposes. Nowadays, ILs can belglestinguished from “molten salts”
that are often highly viscous, high-melting, andrasive. As other synonyms appear in
literature that can meet the working definitionlb$ like “room temperature molten salt”,

“ambient temperature molten salt”, “low temperatorelten salt”, “ionic fluid”, and “liquid

organic salt”, an explicit definition will be given the following paragrapff.

Publications dealing with ILs appear in a very fage. Hence, only a short overview about
the properties and applications of ILs can be ¢éckat the framework of this work.

1.1 Definition and Classification

As mentioned before, ILs require a clear definititus have melting points below 100 °C and
are compounds consisting exclusively of an aniah awcation. The first IL reported meeting
this definition was ethanolammonium nitrate, withmeelting point between (52 - 55) °C,
discovered byzabriel in 1888%

A subclass of ILs is formed by room temperatureddiguids (RTILS), being already liquid

at temperatures below or at ambient temperateddenreported water-free ethylammonium
nitrate (EAN) with a melting point of 14 °C in 193%being the first true RTIL published in
literature. Nowadays, a broad variety of RTILs isWwn. Due to their sensibility towards

hydrolysis some are more suitable for applicatiand others like chloroaluminates ([AlT)
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are less applicabfé.Finally, the discovery of hydrolytic stable ILscieased the interest in

this class of solvent¥.

In general, ILs can be subdivided into two big séss protic and aprotic ILs. “Protic”
describes ILs that are synthesised from a traditiBngnsted base and Brgnsted acid reaction.
Therefore, all other ILs are named aprotic. Thet fics discovered, ethanolammonium nitrate
and EAN belong to the class of protic ionic liquid®Ls). The latter is probably the best
studied IL in literature, mainly due to its waté properties. Among those, especially the
ability to form a three-dimensional hydrogen-bonetwork is of particular interest
Recently, a comprehensive overview about typeschiadacteristics of PILs has been given
by Greaves & Drummond As the acid base reaction will rarely proceed cetedy in
practice, the neutral acid or base species will Is#i present in the IL system. Therefore, a
classification to define the amount of neutral sgea@llowed in a substance that is nhamed
ionic liquid is necessaryacFarlane et al suggested setting a limit of 1 % of neutral spgci
for a compound that is a pure ionic ligdfdHence, substances containing a higher amount of

neutral species have to be classified as mixturemna liquids and neutral species.

Aprotic ILs consist of bulky organic cations withl@av degree of symmetry, for example
imidazolium, pyrrolidinium, or pyridinium. Some @ais and anions commonly used for the

formation of ILs are given in Figure I-1.
Cations
R — = [ ) R R.@.R
RNR NN @ @ @ R.5-R g
@ R oY R N‘ ,\Il P @ é
R R R R R R R
Ammonium  Imidazolium Piperidinium Pyridinium Pyrrolidinium Phosphonium Sulfonium

Anions
o o Foc. 2 QL _CF
S} © '5-O- S © songl g
Br NO On-S R BF PF 2N
3 HJ\O@ 0 \\O 4 6 g N 5
©
Bromide Nitrate  Formate Sulfate Tetrafluoroborate Hexafluorophosphate Bis(trifluoromethylsulfonyl)imide

R =H, Alkyl

Figure I-1. Some examples for common anions and cations udég.in

Quite often, ILs are also denoted as “designeresub/ or “task-specific ionic liquids”
according to the fact that by the future propertéshe compound can be tuned varying the

molecular structure of the iofsOne can visualize this “task-specifity” by regaglithe

6
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hydrophobicity of some ILs. Anions like hexafluohmsphate ([P§) or

bis(trifluoromethylsulfonyl)imide ([(CESO,):N]) lead to hydrophobic ILs. In contrast,
diethylsulfate, halides, or acetates tend to bimdirophilic ILs while tetrafluoroborate
([BF4]") builds ILs that can be located in between hydiapland hydrophobic ones. The
“task-specifity” can be enlarged to properties lj@arity, viscosity, melting point, solvent

ability, and thermal or electrochemical stabiljtyst to name only some of them.

1.2 Properties

Literally speaking, the difference between ILs amiblten salts” seems to be just a matter of
degree. “Molten salts” have high melting points pamed to ILs. In practice, ILs developed
during the last decades have many advantages cedhfatraditional “molten salts” like for
instance lower working temperatures and a minosisieity to corrosion. Therefore, they can
be handled mostly like ordinary solveitsConsequently, ILs have found applications as
solvents for reactions, extraction media, and wagKiuids in mechanical implementations,

where the usage of “molten salts” would have begwossible.

Nevertheless, most ILs still have some charactesidtindering their normal handling. An
important aspect of ILs is that they are often lbggopic and sometimes prone to hydrolysis.
Even the ILs considered to be hydrophobic will msisite a certain amount of water until
saturation is obtained. Consequently, synthesisifigation, characterization, and storage
should be performed under inert atmosphere. Aduitlyg, the water content should always
be measured when working with ILs because even Isamabunts can influence the

physicochemical properties presented in the folhgnahapter.

1.2.1 Liquidus Range-Lower and Upper Limit

The essential feature of ILs rendering them intergsfor research and application is their
very wide liquidus range. This is the interval beén the melting point or glass transition
temperature and the boiling point or decomposifiomt of a liquid®* The liquidus range of
water is 100 °C (0 -100 °C) and 135 °C (-95-@p for dichloromethane (DCM). In
contrast, ILs can have liquidus ranges up to séveradreds of degrees, like 1l-ethyl-3-
methylimidazolium ethylsulfate ([emim][etS]) that has a liquidus range of 436° C
(-80 - 356 °C). Several ILs with corresponding ldps ranges are given and compared to

some common solvents in Table I-1.
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Table I-1. Some physicochemical values for common solventd@mid liquids. T,: melting point, T: glass
transition temperature,,Tboiling point, T;: decomposition temperatur&T quq: resulting liquidus range.

solvent Tmor T4 [°C] Ty or T4 [°C] ATjiquia [°C]
DCM -95* ad* 145
Toluol 95" 1171 206
EAN 141 2531 266
[emim][etSQ] -80 356 436
[bmim][PFe] -80*! 437 517

The melting point of an IL depends on the chemstalcture of the cation and anion. Several

factors influence the crystal packing and therefbeemelting points of ILs. For example the

size, charge, charge distribution, and symmetnythef ions are of importanéé. ** The

dominant force in ILs is th€oulombattraction between ions given by Equation I-1

_ MZ*Z~
47E 1

E

C

(I-1)

where Z and Z are the ion charges and r is the inter-ion sejparit The overall lattice
energy, as treated Born-Landé&® or Kapustinskit, mainly depends on this term multiplied
by an additional factor. Thus, a reduction of @mulombinteraction results in a reduction of
the modulus of the crystal lattice energy. The talykttice energy is defined as the energy
that is released when the solid is formed (negatalee). A low modulus of the lattice energy
is in consistence with low melting points. This ghibtherefore be preferred when the charges
of the ions are +1 and -1, respectively and whersthe of the ions is large leading to a large
ion-separation length, r. Moreover, large ions léac delocalization of charge and further
reduce the melting poinf8.M in the coulombic energy equation representsNiaglelung
constant and reflects the packing efficiency ofitnes and affects the overall lattice energy as

well.

The effect of size can be easily demonstrated ifople sodium salts. By increasing the
thermochemical radius from C{1.7 A) to [BR] (2.2 A) to [PK]” (2.4 A) and finally to
[AICI4]" (2.8 A) the melting point decreases from 801 tc 48. The values can be

extrapolated and lead to a necessary radius of—(&)éﬂ to obtain a molten salt at room

8
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temperaturé? A similar effect can be observed for the caticsise. For example by moving
down the period in the same group in the periodiblet, the melting points of the
corresponding salts tend to lower temperaturesésium to lithium analoga. lonic liquids
usually contain large, bulky organic cations intcast to small inorganic ones. This results in
a significant reduction of the melting poffitThe Coulombicattraction is then of comparable

order of magnitude to the intermolecular interatsiacn molecular liquids.

Melting points of organic salts also are relatedh® symmetry of the ions. An increasing
symmetry leads to a more efficient ion-ion packingthe crystal lattice and therefore to

increased melting points.

The length of the alkyl chain in alkyl-methyl-imiaium salts plays an important role in the
melting points of this class of ILs. The increadeatkyl chain length up to n =8-10 (n:
number of C-Atoms in an alkyl chain) decreasestleéting point. Beyond n = 10 the melting
point increases again accordingvem-der-Waalsnteractions that superpose the first effect of
destabilisation ofCoulombpacking® Further, the size of the anion influences the imglt
point of 1-alkyl-3-methylimidazolium salts drastiga An example based on the 1-ethyl-3-

methylimidazolium cation is given in Table I-2.
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Table I-2. Melting points of the 1-ethyl-3-methylimidazoliunateon combined with various anions, reproduced

from Ref. 43.

Anion Tm [°C]
CI 87
Br 81

I 79-81
[BF4] 15
[AICI 4] 7
[PRe] 62
[AsFg) 53
[CFsSOy) -9
[CRCO) -14

Additionally, increasing anion sizes and delocalioharge distribution yield lower melting
points. However, combinations like 1-ethyl-3-metimytlazolium tetraphenylborate can lead
to increased melting points compared to anionshefdame size. This is due to attractive

aromaticr-n stacking that favours the packing in a crystaidat”

ILs generally exhibit little measurable vapour e and therefore are often not distillable.
Thus, in many cases the upper limit is a decomiposiemperature rather than a boiling
point. The only possible way to distil an IL is \tize uncharged starting materials for protic
ionic liquids. The starting materials that reacthe protic IL are formed during distillation

and will vaporize and react again in the collectitagk to reconstruct the ionic liquid. This

procedure requires extreme conditions, by meankigif temperatures and high vacuum.
Additionally, it is limited to PILs with weak Lewisases, otherwise the starting materials will

decompose during distillatiofi:*®

The previously described attributes of ILs alsoa#énthallenging purification procedures.
Care has to be taken in the choice of starting madde First, they have to be purified and

reactions have to be performed in the appropriaiamnratios. Once the IL is synthesized the

10
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possible purification methods are rare: distillatimr some protic ILs if the conditions are
available or recrystallization for some ILs exhifgt melting points in a feasible temperature
range. As most RTILs do not feature a melting pdmit a glass transition far below 0 °C
instead, purification is made almost impossiblee Tdnly solution is to use high purity
starting materials in the exact molar ratios. Teaatages of ILs can simultaneously lead to
several obstacles in purification. Hence, one ghoallvays be aware of the possible

impurities when working with ILs.

1.2.2 Viscosity and Conductivity

In this section transport properties, such as eisgaand conductivity are introduced and

discussed. They represent key parameters to egahmperformance and potential of fluids.

The viscosity of a fluid arises from the internattion of a fluid. With respect to viscosity,
there are two broad classes of fluiNewtonianand nonNewtonian Newtonianfluids have a
constant viscosity when strain is applied. N@wtonianfluids will either thicken or thin
with applied strain. lonic Liquids are treated Mewtonianfluids and up to now no other
evidence has been published. Most ILs exhibit ahrhigher viscosity compared to water
(0.890 cP) or ethylene glycol (16.1 cP) at ambtentperaturd The dynamic viscosities for
ionic liquids are in the range between 10 cP ar@ld&®* Impurities influence the viscosities
of ILs drastically, especially a high water contefliis complicates the evaluation of data if

no information about water content or purity of thes provided.

Nevertheless, some conclusions in viscosity depaelef the anion and cation can be drawn.
The viscosity increases in the order: bis(trifluoathylsulfonyl)amide, tetrafluoroborate,
trifluoromethyl  acetate, trifluoromethyl  sulfonate, pentafluoroethyl  sulfonate,
heptafluoropropyl acetate, methyl acetate, metlWiosate, nonafluorobutyl sulfonate for
ionic liquids composed of the same cation. Foraddiguids with the same anion the trend is
that larger alkyl substituents lead to more viscthuisls. The addition of co-solvents to ionic
liquids influences the viscosity drastically as wdfor example an addition of 5 wt%
acetonitrile leads to a reduction of the absolugeasity of [emim]CI-AICE to 50 % of its
initial value>*

The conductivity of a solvent results from the #afale charge carriers and their respective
mobility. As ILs exclusively consist of ions, a higconductivity seems reasonable.
Unfortunately, ILs possess mediocre but not exoelbenductivities (~ 1 S/m). These values
lie in the range of good non-aqueous solventstelgte systems but are significantly lower

than those for concentrated aqueous electrolytes.réduced conductivity can be attributed
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to the presence of ion pairing or ion aggregati@mic liquid conductivities seem to be
weakly related to the size and type of the catlooreasing the cation size tends to lead to
lower conductivities. This can be explained by ardasing mobility of the ions with

increasing size. For anions there is no clearicgiship between size and conductivity.

Both: viscosities and conductivities of ionic ligai are highly temperature dependent,
especially when approaching the glass transitiompegature (if existent). The influence of
temperature can be best described using the coorekccording to/ogel-Fulcher-Tammann
(VFT), equation I-2 and |-%’

Inp=InA+

(I-2)

0

B

Ink=InA-

(I-3)

0

A and B represent constants anglig the ideal glass transition temperature lyingniost of

the cases about 50 °C below the glass transitiopeeature of the ionic liquid.

Conductivity and viscosity can also be brought atation according toWaldens rule
(equation 1-4)°

An =const (1-4)

whereA represents the molar conductivitk € kM / p, M is the molecular weight arglthe

mass density). The corresponding classificatiomgrdia referred to a¥aldenplot (log A
versus log(1f)), is shown exemplarily in Figure I-2. Th#aldenplot has first been used for
ILs from Angell et al.in 2003*°% andMacFarlane et alin 2007 If the liquid can be well
represented as an ensemble of independent iomataevill fit closely with the 1:1 ideal line.
The ideality corresponds to the absence of ionntgractions, the slope should be unity. The
position of this ideal line was established usimmeus KCI solutions at high dilutich.
According to Figure I-2 ILs can be classified impdadence on their deviation from the ideal
line in following subgroups: super-ionic liquidspay ionic liquids, poor ionic liquids, and

non-ionic liquids>®
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Figure 1-2. Classification diagram for ionic liquids, basedtbha classical Walden rule, and deviations
therefrom. Reproduced froifoshizawa et all. Am.Chem. Sac2003>* with permission, copyright American
Chemical Society.

1.2.3 Polarity & Solubility Properties

Different solvents have different effects on cheahieactions. This influence has led to the
necessity of a solvent classification. Most modeistussions on solvent effects rely on the
concept of solvent polarity. Solvent polarities danstudied using different techniques like
microwave dielectric spectroscopy, chromatographieasurements, absorption spectra,
fluorescence spectra, refractive indices, elegh@mamagnetic resonance (EPR) spectroscopy,
and the study of chemical reactions. Among thosasmements of dielectric constants are
widely available for common solvents but not fonio liquids, because the measurement
requires non-conducting media. However, a verycieffit method is the indirect way of
measuring absorption spectra of solvatochromic dikesNile Red orReichardts dye>>°

An empirical polarity scale called ther(B0) or E scale has been defined for the standard
betaine dye 30Reichardts dye). Many ionic liquids could be already cléissi using this

method.

Despite the great interest in ILs, the polarities dnly a small number of those substances
have been investigated using more than one technhapd only for a small part of those a

sufficient classification is present in literatuMost classifications are based on the idea that
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if the response of a particular probe moleculehss $ame as that of a known solvent, the
polarity then is considered to be the same. In iggn®nic liquids do not seem to be more
polar than other molecular solvents. Most of thean be located in the region of short- or

middle-chain alcohol&*

Different combinations of anion and cation leadlifferent polarities. The choice of an anion
like [PFs] leads for example to an hydrophobic IL that is istible with water. In contrast,
an anion like [etSg)" leads to an IL that is miscible with water andréfiere considered to be

more polar.

The solubility of organic and inorganic compounaldlis is of main interest, especially in the
context of reaction media and separation procegdes.solubility strongly depends on the
combination of cation and anion. According to tihighhnumber of possible combinations the
potential of ILs is obvious. It is always possilite find task-specific ILs dissolving the

desired compound. Nevertheless, systematic stodiéisis topic are rare.

1.3 Applications

According to this enormous number of possible Iimpositions, their potential in industry

and research is indisputable.

ILs build a variable class of solvents that canfinend in several chemical processes, for
example as reaction medfa*®in biocatalysis? in catalysis; **and in separation processés.
Further, ILs are known in organic, inorganic andlypeer synthesis. The range of applications
is wide, not only in synthesis but as well in mor@ustrial relevant topics like their utilization

as electrolyte solutions for batteriésr in solar cell$®>°

Table I-3 summarizes some industrial applicatiohk.® reported in literature, reflecting the

wide capability of these compounds.
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Table 1-3. Reported industrial applications of ionic liquideproduced from Ref. 43.

Company Process IL acting as
acid scavenging auxiliary
BASF extractive distillation extractant
chlorination solvent
IFP olefin dimerization solvent
hydrosilylation solvent
Degussa
compatibilizer performance additive
Arkema fluorination solvent
Chevron Philips olefin oligomerization catalyst
Scionix electroplating (Cr) electrolyte
Eli Lilly cleavage of ether catalyst/reagent

Air Products

lolitec/Wandres

Linde

storage of gases
cleaning fluid

gas compression

liquid support
performance additive

liquid piston

The first industrial-scale ionic liquid-based presavas established by BASF in 2002. The so-
called BASIL™ process (BASIL=BiphasicAcid Scavenging utilizing onic Liquids) is used

to produce alkoxyphenylphosphines that are impontaw products for the production of
photoinitiators. The process is carried out in dthton scale and is far more efficient than
the previous process where tertiary amines have bsed insteatf.
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2. Microemulsions

2.1 Definition

Microemulsions are thermodynamically stable, ispizptransparent mixtures of at least one
hydrophilic, one hydrophobic, and one amphiphil@mponent. The first microemulsion
structures, at that time referred to as “oleophlayidro-micelle”, were discovered in 1943 by
Hoar & Schulmarf® The term microemulsion was introduced afterwarg$Sbhulmaret al.

in 1959 describing optically isotropic transparsolutions consisting of water, oil, surfactant,
and alcohof' A more recent definition was given bpanielsson & Lindman “A
microemulsion is a system of water, oil, and an lapigle, which is a single optically

isotropic and thermodynamically stable liquid siwlnt.®

Herein, “water” corresponds to a
polar phase that is classically an agueous solwtibich can contain electrolytes and other
additives. The word “amphiphile” from amphi (botidess) and philos (liking) was coined by
Winsof® to describe substances with an affinity towardsh bmn-polar and polar phases. In
this context, surfactants are the most importantraphiles, since their amphiphilic character
is strong enough to drive them to the interfaceretiee polar part of the molecule is located
in the polar phase and vice versa. The term “@férs to an organic phase that is immiscible
or at least immiscible to a certain extend with pradar phase. Consequently, non-polar
substances such as hydrocarbons, partially orlytokallogenated hydrocarbons, cyclic or

aromatic hydrocarbons, but also triglyceride ndtoila can be applied as apolar ph&se.

2.2 Classification

Conventional microemulsions consist of at leastehtomponents, namely oil, water, and an
amphiphile. Herein, they are called conventional n@sther oil nor water has to build
compulsorily the polar or apolar phase. Consequemthe or both components can be
replaced by other hydrophilic or hydrophobic subsés such as ILs. However, this chapter
introduces the general aspects of conventionalaamulsions. A separate abstract about IL
based microemulsions is given at the end of se@ion

It is generally known that water and oil do not mEnergy input by means of stirring
maintains very unstable dispersions that sepamateediately when stirring is interrupted. For
the formation of stable emulsions the interfacedsion between water and oil has to be
reduced. This can be realized by adding an ampkighiydrotrope or surfactant) to the
dispersion. Generally speaking, high amounts ofrdtydpes are required to dissolve two
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immiscible phases and, in contrast to surfactastesy, this method results in unstructured
emulsions. The utilization of surfactants leads ¢odered systems that can be
thermodynamically unstable dispersions, macroemmdsi with big droplet sizes
(0.2 -10) um, or thermodynamically stable micro&imns with small droplet sizes
(3 - 20) nm?® The unstable macroemulsions remain stable fortaineperiod of time as the
separation is kinetically inhibited. They are fodngy single chain ionic surfactants without
the addition of cosurfactants. In contrast, whemgision-ionic surfactants or ionic double
chain surfactants such as sodium bis(2-ethylhexiyfsuccinate (AOT) no cosurfactant is
needed for the formation of stable microemulsi$nshis results from the ability of these
amphiphiles to reduce the interfacial tension betweil and water to a very low value, which
IS a major requirement in order to form stable oeenulsions. Many other surfactants like
single-chain ionic surfactants do not exhibit tbigracteristic and hence cosurfactanss,
n-alcohols om-amines are indispensable to obtain the requiredimterfacial tension for the
formation of stable microemulsiofi§®® A great variety of structures of single phase
microemulsions is known in literature ranging fravater-in-oil (w/o) over bicontinuous to
oil-in-water (o/w) structures. In the case of a wiccroemulsion, oil is the continuous phase
with water droplets stabilized by surfactant moleswuand vice versa for o/w structures. The
microstructure strongly depends on the volume ivacdf oil, water, and amphiphile as well
as on the nature of the interfacial film. O/w menaulsion structures preferentially form
when the oil volume fraction is low and vice vefsa w/o microemulsions. Bicontinuous
structures, which are networks of oil and wateratteirmains separated and stabilized by a
surfactant interfacial film with a net curvatureost to zero can be found at almost equal
amounts of water and oil. The possible microstmaswf a droplet microemulsion phase are

illustrated in Figure I-3.
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droplet microemulsion phase
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Figure 1-3. Droplet microemulsion phase: left: w/o microemufsiaght: o/w microemulsion. middle: surfactant

structure. In the case of non-ionic surfactants&@d: no cosurfactant; in the case of ionic sudats: an
additional cosurfactant has to be inserted intaritexface.

Figure 1-4 shows a possible bicontinuous microstme®® O/w structures often are

abbreviated at.;-phases, w/o a&,-phases, and bicontinuous structures often areetérm

Ls-phases or sponge phases.

Figure I-4. 3-Dimensional illustration of a bicontinuous phésgonge phase). Reproduced frBiaruschka &
Marcelija, Langmuir 1994%° with permissioncopyright American Chemical Society.
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Winsor 111

Winsor 11

surfactant poor water phase, a bicontinuous miphkése, and an almost pure upper oil phase.
Winsor I

Another important phase classification that canfdaend in literature frequently has been
introduced bywinsor,’® who discovered four general types of phase edgialih Winsortype
IV phase corresponds to a classical single phaseoamulsions. This is consistent with
Hoar’'s & Schulman’slefinitior®. The possible microstructures have been discuisséte
structure and an almost pure upper oil phase. hirast, in awinsor type Il system an
agueous phase containing surfactant is in equilibnwith a w/o microemulsion in the upper
phase. Finally,Winsor type Il structures equals a three-phase systensisting of a
The Winsorphases I, 1l, and Ill are illustrated in Figur®.IWinsorlV is not illustrated as it

previous paragraphs. insor type | system denotes two phases in equilibrium,oav

corresponds to a single phase microemulsion thrabehs, L, or Ls.
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Figure I-5. lllustration of aWinsorl, aWinsorll and aWinsorlll phase Winsorl: o/w microemulsion in

equilibrium with an excess oil phase (upper phaaénsorll: w/o microemulsion in equilibrium with excess
water phase (lower phas&Yinsorlll: bicontinuous microstructure in equilibrium tliexcess water and excess

Depending on surfactant, composition, and presampérature in the microemulsion system,
a Winsor type I-IV phase is formed preferentially. The eff@of some parameters can be
Studying the microstructure of microemulsions gafighas its origin in the establishment of

monitored by recording phase diagrams, which igdpe& of the following chapter.

2.3 Phase Diagrams
a phase diagram.
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Two important variables have to be defined in ordeclassify a microemulsion: the ratio
between oil and wataxr (equation I-5) as well as the amount of addedastahty (equation
I-6).

Q:L (|_5)
m, +m,
_ mg
= -6
y mm rm (1-6)

The masses of surfactant, oil, and water are ddrases, m,, andm,,, respectively.

The first phase diagram that has to be discusseth wkaling with microemulsions is the so-
called ‘Gibbstriangle”. It represents the composition of a &&ynsystem in 2-dimensional
space. Triangular phase diagrams at constant tewoperT and constant pressupe are
frequently used and provide important informatidrow@ a given system. In Figure 1-6 a
typical phase diagram for non-ionic surfactantslépicted. The emphasis will lie on non-
ionic surfactants because the work presented ifotlmving exclusively deals with this class
of surfactants. The three axes correspond to weligidtion water, oil, and surfactant,
respectively. In the case of ionic surfactantswiegght fraction surfactant has to be replaced
by the weight fraction of surfactant plus cosurdatt The position of phases according to

Winsoris marked in Figure 1-6 as well.
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Figure 1-6. Schematic illustration of a ternary phase diagmadhuding the phase classification according to
Winsor (I-1V).

This shape of a ternary phase diagram can onlyobereed when the diagram is recorded at a
temperature close to the phase inversion temperéRif). The PIT denotes the temperature,
at which the mean curvature of the surfactant fdnzero and the film is therefore perfectly
balanced between water and oil phase. A three phade can then be formed according to

Winsorlll. The mean curvature of an amphiphilic filmgisen by
1
—E(Cl +C,) (1-7)

where g = 1/R, and & = 1/R, are principal curvatures at a certain point onfilhe "*

The temperature effect on the ternary phase diagmon-ionic surfactant microemulsions
is illustrated in Figure I-7, focusing on the chasgn the multi phase region. Below the PIT
the mean curvature is positive and the surfactémt i tilted towards oil, resulting in a
reduction and finally a disappearance of the tipkase body and an enlargement of the
Winsor | phase. In contrast, high temperatures lead toegative curvature and to an
enlargement of th&v/insorll phase.
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Figure I-7. Left phase diagram: above PIT, mean curvaturegative Winsortype Il phase is formedVinsor
Il disappeared. Right phase diagram: below PITameurvature positivaéyinsorl is formed,Winsorlll
disappeared. 1: single phase region.

Mapping several ternary phase diagrams at diffetemperatures for studying the effect of
temperature is time consuming and arduous. Thexetbe effect of temperature is usually
studied by recording a two dimensional phase dmagrhay means of temperature versus
surfactant concentration. This corresponds to éslian the phase prism at equal amounts of
water and oil,i.e. o =0.5. The ratio of water to oil is kept constavttile the surfactant
concentration is varied. The shape of the diagraminds the shape of a “fish”. Therefore,
the diagram earned its name “fish”-cut. Figure depresents a schematic illustration of a
“fish”-cut with resulting phases according to ténsor I-IV classification.Kahlweit et al.
extensively studied the effect of temperature oRwaier-surfactant systemg?’’ These
studies mostly focused on ethoxylated alcohol stafsts, a common abbreviation G;,
wherei denotes the number of carbon in the hydrophohlicofathe surfactant angl the
repeating number of oxyethylene groups in the hyhite part of the surfactantC(g;:
CH3(CHy)i.1-O(CH.CH,0);-H). Furthermore, unbranched aliphatic alkanesaddien used as
oil phases. The choice of these systems in ordermsttmly the phase behaviour of
microemulsions results from the simplification iarying the hydrophilicity/hydrophobicity
of the surfactant by changing the ratioicdndj and in varying the hydrophobicity of the
alkane by varying the chain length of the alkaddsis, systematic studies of these systems
can be realized readily in a straight forward pcaoe.
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Figure 1-8. Schematic illustration of a “fish” diagram inclugj the phase classification according to Winsor and
characteristic values that can be extracted frardtagram.

The appearance of the three phase body in the fiestults from miscibility gaps in the three
binary systems: water-surfactant, water-oil, anesoifactant.® "® At low temperatures the
surfactant is dissolved in the water phase, whil@iffuses into the oil phase at high
temperatures. At intermediate temperatures thastarit shows high solubility in both water
and oil, producing a surfactant rich middle phagé excess oil and water phase according to

Winsorlll.

The shape and position of the three phase bodyneteficharacteristic values of
microemulsions. The minimum amount of surfactanedeel to form three phases in
equilibrium is)s. The lowest temperature required to obtain thiedlphase body i§ and the

temperature above which this three phase body pisap isT,.”® The maximum temperature

interval over which a three phase body occurs ifnelé as AT =T,-T;. The minimum
surfactant concentration where a single phase emcutsion is formed is;_/ and the
corresponding temperatur€. y defines the surfactant efficiency that is the mimin
surfactant concentration required to combine thenisoible oil and water phase to a

microemulsion.T corresponds to the PIT. At high surfactant coneiain the appearance of

a lamellar phasé, is possible. Lamellar phases are not strictly aganulsions, but related
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structures. A lamellar phase is a liquid crystalliphase composed of sticks of bilayers

separated by solvefit.

The following symbols also can be found in literatuwhich all correspond to an already
describedwinsor phase: 1 for a single phase region according/itesor |V, 3 for a Winsor

type Il phase,2 corresponds to sVinsor Il phase and the symbol i8 a frequently-used

symbol forWinsorl phases.

Nevertheless, temperature is not the only variditie can induce phase changes in ternary
systems. Some qualitative effects of increasingampaters on the phase behaviour of

ethoxylated alcohols, non-polar oil, and water nnigs are summarized in Table 4.

Table I-4. Qualitative effects of increasing variables upoagghbehaviour of i€j surfactants, oil and water
mixtures, reproduced from Ref. 75.

Increasing parameter 2 3 2
Temperature (T) —
Pressure (p) —
Salt concentration (lyotropic) —
Oil hydrophobicity —
Surfactant lipophilicity (i) —
Surfactant hydrophobicity (j) —

The phase change that can be induced for non-gmi@ctants also can be effectuated for
ionic surfactant based microemulsions. However penature is not the critical variable but
electrolyte concentration. By increasing the sglim the water phase, a phase change from

Winsorl over Winsorlll to Winsorll can be observed.

2.4 Applications

The unique properties of microemulsions render timgaresting for commercial products and
technical applications. In particular, the abilitydissolve large amounts of oil or water, the
low interfacial tension, the low viscosity and langterfacial area favour their use as solvents

for a large number of processes. They have beehedpm a variety of technological
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processes, formulation of consumer and commerdedning products, delivery systems,
polymerization and chemical reaction media. Oxaatihypochlorination, nitration, and
enzymatic reactions are only a few examples of ot@mreactions performed in
microemulsions. In general, all reactions whereokampreagent reacts with an oily substrate

are imaginabl&"

O/w microemulsions for example are widespread sulg&ts in cleaners, cosmetics, and
personal care products. They also are used asnslicr pharmaceuticals. Therein, the main
aim is to dissolve pharmaceutical products whiah @yorly soluble or insoluble in water in

o/w droplet microemulsiors.

Another promising aspect of microemulsions is thkamced oil recovery. It is well known
that after an oil well is abandoned, a large proporof the original oil still remains in the
ground. When microemulsions are used up to 30 %ilodan be extracted by the primary

recovery and further 20 % by the second reco¥ery.

2.5 lonic Liquids in Microemulsions

Apart from classical microemulsions consisting @itev, oil, and surfactant (and cosurfactant,
where appropriate), it has been demonstrated higapolar phase not necessarily has to be
water and the non-polar phase not compulsorilyTgie idea of non-aqueous microemulsions
is not new!>? as for example water can be replaced by glycérglycol or formamidé?
Further, efforts have been made to replace wateryxture of molten salts (nitrate mixtures
of ethylenediamine / ammonia / potassium) in aesypstomposed of sodium dodecyl sulfate
(SDS), 1-pentanol, and decafe.

These pioneering studies stimulated research on ftrenulation of non-aqueous
microemulsions containing ionic liquids. Before mmiinto detail with ternary and quaternary
systems, self-assembf&dtructures in binary IL/surfactant mixtures remairbe mentioned.
As a matter of principle, solvents promoting theligbof amphiphiles to form micelles
should exhibit a high dielectric constant, a higilvating power, and should be highly
structured® Micelle formation of alkyltrimethylammonium bromsd, alkylpyridinium
bromides, and octylphenol ethoxylate (TX-100) inNEAvas first reported almost 30 years
ago>® #1n addition to micellar structures in binary IL/EAmixtures, liquid crystals of lipids
in EAN have been foun®. There has been a renewed strong research interéss field
mainly in the past few years. ILs as solvents tonmmte self-assembly have been reviewed

recently’’ Although a detailed discussion of the phase behmvof binary IL/surfactant
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mixtures is beyond the scope of this work, someegdnconclusions have to be mentioned.
The critical micelle concentration (cmc) is sigogntly higher in ILs than in water. For
exampleEvans et alfound that the cmc of conventional surfactant ANEs between 5 and
10 times higher compared to watéiThe self-assembly is not restricted to protic Illtshas
been documented for several aprotic ILs as #&f.In addition to the extensive amount of
research conducted into binary IL/surfactant mesurprogress has been made in the

formulation and characterization of non-aqueousoeigulsions.

Studies concerning the use of aprotic ILs in mioraksions are almost entirely related to
imidazolium based substances. Herein, the moshexiy studied microemulsions comprise
the RTIL 1-butyl-3-methylimidazolium tetrafluorokaie ([omim][BR]) as water substitute,
the non-ionic surfactant TX-100, and any kind dfas apolar phase. The first microemulsion,
where water was replaced by a RTIL has been repdmeGao et a* They utilized
[bmim][BF,4] as polar phase, while cylcohexane was implemeatedpolar phase and TX-

100 as surfactant.

Concerning PILs in microemulsionétkin & Warr reported microemulsions composed of
non-ionic alkyl oligoethyleneoxide surfactantsgg; alkanes and EAN as polar ph&3@hey
presented “fish”-cuts obtained for an equal rafiavater to oil for surfactants with increasing
amphiphilicity (GE,, Ci2Es, Ci4E4). With dodecane as oil, the phase diagrams arg ver
similar to the corresponding aqueous syst&mstricritical point,>"where the formation of

a three phase body occurs, can be found for the /E&Mdodecane systems at
amphiphilicities between §&, and G-Es. Compared to wat&rand formamid® the tricritical
point is shifted to higher amphiphilicitiege. longer alkyl chain lengths for EAN.
Additionally, Atkin & Warr studied the microemulsion’s phase behaviour ametion of the

oil alkyl length (octane, decane, dodecane, tet@uke, and hexadecane) and polar headgroup

size.

Beside the implementation of protic ILs in microdsions with non-ionic surfactants,
pseudo-ternary systems with ionic surfactants hbeen reported as welZech et al.
compared microemulsions composed ofisfim][Cl]+decanol/RTIL/dodecane with EAN
and [bmim][BR] as polar phase, respectively, at ambient temperat A significant
difference with respect to phase behaviour andosimulsions structure has been found. The
area of the one phase region was considerably rlargehe case of EAN than for
microemulsions with [bmim][BF. For the microemulsions with EAN a typical peratbdn

behaviour for the EAN/o region with increasing EAbIntent has been found. Dynamic light
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scattering (DLS) measurements indicated a swellihgarticle size with increasing EAN
content, which was further confirmed by small angleay scattering (SAXS) measurements.
At low EAN content a droplet EAN/o structure wagppased followed by the formation of
larger connected EAN/o aggregates. In the casérmfni][BF4] a bicontinuous structure is
more likely to exist. Since all ingredients showextellent thermal stability combined with
high boiling points and decomposition temperaturesspectively, we have recently
investigated the thermal stability of the f@im][Cl]+decanol/EAN/dodecane
microemulsions. It could be demonstrated that thesgoemulsions were stable within a
temperature range between (30 - 150) °C. Theretbese microemulsions represent the first
high temperature microemulsions with ILs, exhilgtia thermal stability that cannot be
achieved with their aqueous counterp&its.

Cheng et al.provided a major contribution towards the formiglat of non-aqueous
microemulsions with two types of ionic liquidSFor the first time they reported ionic liquid
in ionic liquid (IL/IL) structures. For this purpesthe hydrophobic ionic liquid [bomim][RF
and the hydrophilic protic ionic liquid propylammam formate (PAF) were used as apolar
and polar phase, respectively. Moreover, these amiulsions contained the anionic
surfactant sodium bis(2-ethylhexyl)sulfosuccinag&®T). One important precondition for the
formation of stable microemulsions is that the palad the apolar phase do not mix. By the
tricky combination of PAF and [bmim][RF whose solubility in PAF was less than 0.1 wt%
under ambient temperatut&this condition can be fulfilled. However, the dmghase region

in the ternary phase diagram was exceptionally lsmal

Applications in the field of non-aqueous microenis containing ionic liquids are still
scarce up to date. Nevertheless, the few studiagable in the open literature demonstrate
the great potential of these microemulsions in\eermdity of different fields. Nanopatrticles
have been synthesized byhao et al. who used benzene/TX-100/[bmim][BF
microemulsions as template for the synthesis atasihanoparticles under both basic and
acidic conditions* Moniruzzaman et ateported a strategy for drug delivery by non-agseo
microemulsions with IL§% A large number of drugs are sparingly soluble athbwater and
most organic solvents. Since the solubility of saverugs is remarkably higher in ILs, IL
microemulsions can provide an effective carrier ttansdermal drug delivergayet et al.
studied the efficiency dWatsuda-Heckcoupling in reverse microemulsions by replacing th
ionic liquid [bnpyr][NTf;] by a chiral structural analogue, 1-phenylethyigyrium
bis(trifluoromethanesulfonyl)imide ([pyr*][NEf) in the systen> The reaction was

regioselective regardless of the nature of the aedhile the yields were increased upon
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raising the amount of IL. However, no enantioselggt could be detected although “chiral”
microemulsions with [R-(+)-pyr*][INTf] and [S-(-)-pyr*][NTH] were applied. IL
microemulsions have also been used for the faliwitatf polymer electrolyte membranes.
These non-aqueous proton conducting membraneshesreprepared via the polymerization
of microemulsions comprising PILs, surfactant arjblymerizable oil, which was a mixture
of styrene and acetonitrile. Although the resultumyl polymers were insoluble in the IL, the
emerged nanodomains were found to be uniform, paemesit, and flexible. The conductivity
of these membranes was up to 0.1 8ilra to connected PIL nanochannels preserved in the
membrane. Further, these proton conducting memsrafiered good mechanical properties
as well as thermal and chemical stability. On thieeoside, a progressive release of the PIL
that may affect the long-term stability of thesevrromising materials can be observed.

All these preliminary studies demonstrate the hagitential of these microemulsions for

industry and research.
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3. Characterization of Microemulsions

A huge variety of possible characterization methimismicroemulsions has been developed
so far, starting from conductivity over microscofoy spectroscopic methods. This chapter
focuses on methods that have been applied to dkawe low-temperature-stable

microemulsions, the main topic of this thesis.

3.1 Electrical Conductivity and Viscosity

Investigations of transport properties of microesmis, such as electrical conductivity and
viscosity provide important information about theinternal dynamics: flexible
microemulsions have a monotonic behaviour of cotdity that can be described by a single
power law, while rigid ones present a maximum indiectivity due to local microstructure
comparable to the situation in liquid crystals. Elver, isolated non-coalescing water
droplets are easily identified by means of very lmmductivity values. Similar observations
hold also for non-aqueous microemulsions with idigjaids as polar phasé?®

The conductance of w/o or equivalent IL/o microstuues at low water or ionic liquid
volume fractions can be interpreted in terms ofdharge fluctuation model dickeet al®’
This model assumes spherical droplets with radihsit move independently from each other.
In a thermal equilibrium these droplets are unckadrgn average, as the number of positively
charged cations is equal to the number of negatisledrged counter ions. However, due to
spontaneous fluctuations, charged droplets withfthat carry an excess chamegielding an

increased conductivity compared to the pure asabent.

The theory finally leads to an equation that alleelating the specific conductivity and the

volume fraction of the dropletg(equation I-8):

= E€KT 1; (I-8)
2m r

where the volume fraction is defined @s 471°  (K3: Boltzmann constanT,: temperature,

r: radius,& relative permittivity,&: electric permittivity of free spacey; dynamic viscosity).
Extensions of the charge fluctuation model havenh@eposed byallay et al,***Hall *®°
and byHalle & Bjorling.*** All these models describe the conductivity behavit low water

content.
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The first study concerning the interpretation a# tirastic conductivity increase with droplet
volume fraction was reported blyagiies et at’*'% Increasing the water content of a
microemulsion (or in case of non-aqueous microeimmgsthe IL-content) the conductivity
rises continuously up to a certain point, the petéan threshold® Beyond this point the
conductivity increases over several orders of ntagei One explanation for this enormous
increase in conductivity above the percolation shodd can be the formation of associated
clusters that come sufficiently close to each gtkerthat an undisturbed transport of charge
carriers over the whole sample can take placetHaravords: an infinite path appears through
the system and various physical properties likedootivity vary steeply around the
percolation thresholt? At high water content the conductivity can eitfem a maximum
that would be a sign for rigid microemulsions: oadbicontinuous phase finally o/w droplets
are formed and further diluted by the addition @ftev and cause a decrease in conductivity.
The second possibility is the formation of a plat@athout further decrease in conductivity
that would be a sign for flexible microemulsions.this context the words rigid and flexible
deal with the nature of the interfacial film, whdtexible means the film is disordered and

easily deformable, while rigid designates the regdrehaviour of the film.

Figure 1-9 gives a schematic example of a conditgticurve of a microemulsion in

dependence of the water content.

x |a.u.|

b
¢ |a.u.]

T % T T > T

Figure 1-9. Ideal conductivity behaviour of a “traditional” ##le microemulsion in dependence of volume
fraction of polar phaseg denotes the percolation threshold volume fraction.
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Electric percolation phenomena can be explainedhbyformation of channels exchanging
matter between the dispersed droplets and themuanis phase. Percolation can be induced
by increasing volume fraction of the dispersed phass well as by temperatuiie When
log(x) is plotted versugor T, a sigmoid shape of the corresponding curve ismies'® The
percolation threshold can then be calculated byndta fourth order polynomial to the curves
and by setting the second derivate equal to zhus tletermining the inflection point of the
curvel® Two models exist to explain the percolation pheepom, static or dynamic.
Dynamic percolatiotf?2%® %7 describes droplets that are in motion and theeas® in
conductivity is related to rapid fusion-fission pesses among the dispersed droplets. Static
percolation describes the idea of an isolating temiuwith solid conductors and is based on
the appearance of a bicontinuous structliteThe increase in conductivity for w/o

microemulsions can be explained by the existen@ewditer path through the system.

According to the most widely used dynamic percolatmodel, two pseudo phases can be
assumed: one in which charge is transported byliffiesion of microemulsion globules and
the other phase in which charge carriers itselfudé in the reverse micellar clustét.
According to this theory two separate asymptotigvgolaws can be used to describe the

conductivity behaviour above and below the percmtathresholdg along the oil dilution

line.
Ink =Ink, + ,uIan— (0P|) (above percolation threshold) (1-9)
Ink =Ink, - sIan— (0P|) (below percolation threshold) (I-10)

The two characteristic parametgrg¢equation 1-9) ang (equation I-10) can be determined by
the two slopes of the plot k{lg @|). Computer simulations determined parameters of
M=1.94 ands=1.2 for dynamic percolation angh=2 and s=0.6-0.7 for static

percolatior2" 108

It is also possible to observe an “antipercolatigpfienomenon in microemulsions.
Conductance will decrease when droplet volume ifvacor temperature is increased.
Ajith et al’®® observed such behaviour in dependence on temperatuwater based systems
at low temperature. At high temperatures finallycoéation was induced. The decrease of
conductivity at low temperatures was explained ey absence of interconnections between
the droplets and the existence of a barrier fos,igneventing them traveling from one droplet

to the other.
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The viscosity of microemulsions can have charastierfeatures. It has been shown@gtes

& Candau'® that locally cylindrical and random flexible filnase low viscous, while lamellar
and other rarer structures such as "molten" culbiases are forming extremely viscous
microemulsions. Unfortunately, no accurate theorg the viscosity behaviour of
microemulsions exists to date. Similar to condugtivmeasurements, equations for
percolation have been suggested but a quantitegintcation is only possible if the viscosity
n of the polar compound is sufficiently differenorin 7 of the oil*** Boned et af* replaced
water in traditional microemulsions by glycerol aticbrefore fulfilled the precondition of
highly different viscosities for polar and apolahage. Hence, extraction of the critical

parametersl ands was possible.

3.2 Small Angle Scattering

Small angle scattering (SAS) techniques are a widskd tool for the characterisation of
colloidal patrticles. Information about size, shaped structure of the particles can be
obtained. Therefore, the sample is irradiated &ithincident wavelength that has to be in
the same size range as the studied sySte@onsequently, neutron in small angle neutron
scattering (SANS) and X-rays in small angle X-ragttering (SAXS) are the most widely

used techniques applied to colloidal systems.

A typical setup of a scattering experiment is tifated in Figure I-10. Radiation is focused on
a scattering medium, for example colloidal parscie solution. A fraction of the radiation

will be scattered, while the rest will pass unafec through the sample. A detector is
typically set up in line with the radiation souraed the sample. The beams, incident or

scattered ones are typically shaped by slits, apgst or optics such as lenses.
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Figure 1-10. General setup of a scattering experiment. Radiatamce with incident fluxp;,, sample aperture
with areaA, incident intensityl;, sample with thicknesd detector with efficienc¥(1)<1 and surface area
Ager= AQL? at distancé. from sample position and at a scattering afgle

The scattering in a medium occurs from fluctuatiomghe sample that are associated to
variations in the density of the scattering mateffhese are electrons in the case of X-ray
scattering and nuclei in the case of neutron swagteAs this work deals with the application

of static scattering methods to colloidal systeths, following paragraphs will exclusively
emphasize this kind of scattering. Static scatterireans that the dependence of scattering
angle # of the average scattering intensitys measured, whereas the energy changes are
neglected. In dilute systems this can lead to siratinformation by means of shape and size
of the patrticles. In concentrated systems inforomatian be collected about correlations like

the average spatial arrangement of the particfes.

X-rays (A = 0.5-2.3 A) are scattered by electrons. Consetyeit observations result from a
difference in the electron density. The scatteah@ single electron is given by its scattering
lengthby= 2.8 10" m and the scattering of z electrons can hencestimated td = zbo. In
contrast, the scattering of neutrons is causediffigrent nuclei in the sample. The scattering
length for nuclei can have significant differen@sscan be visualized on different isotopes,
hydrogen by = -3.74 10" cm)™® and deuteriumbp = 6.67 10" cm)*2 According to this
crucial discrepancy the scattering properties @tubed by a partial or total deuteration. This
advantage is not provided by the scattering of y6r& he scattering lengths for the different
nuclei can be found in literatut&® From the scattering length, the more practicalieadf
scattering length density can be obtained (equation I-11). This is a reaasuee for the

efficiency of a scattering probe and can be catedléor each compound according to:
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m
whereM is the molar masd/y is the molar volume an, is Avogadrds constant. Finally,
the contrast of the whole scattered sample carbtened by the difference of the scattering
length of the particlepp, and the scattering length of the solvep$, according to

equation 1-12.
Ap = |pP - ps| (I-12)

If an experimental setup as described before inir€ig-10 is considered, one can assume a
radiation beam with a specific wavelengthand Energ\g; that is focused on a sample with
the thicknessd. The incident radiation can be absorbed, scattesegassed through the
sample without interaction. The latter builds thengpal point of the emerged beam. The
important value transmissiohis defined as ratio of the outgoing to the incagnimtensity of

the radiation beam at an angle 0 (equation I-13).

T= I(H|_=O) = exp[-1d] (1-13)

wherep is a linear attenuation factor. In general, ongnaall fraction of the incident radiation
beam is scattered by the sample at an afigle Apart from scattering, an energy transfer
between radiation and sample can occur. A typicaltsering experiment is therefore just the
observation of the scattering intendityn dependence of the scattering arfynd the energy
E of the scattered beam in a distahct the sample. The scattering curve {(0, E)) then

includes the complete information about the stmecand the dynamics of the sample.

The scattering vectay should be mentioned here as it represents an temggoarameter for
scattering.q can be related to the scattering angleaccording to equation 1-14. The
introduction of this parameter enables the comparisetween measurements at different
wavelengths, detector distances, and scatterinigsnginally, the scattering intensity can be

discussed as a variation of the “momentum transfer”

4m . 6
q=|k —k| =Tm3|n5 (I-14)

The scattering vector is also defined as differebeéwveen incident wave vectdr and

scattered vectdg. This relation is illustrated in Figure I-11.

36



Fundamentals - Characterization of Microemulsions

Detector

Figure 1-11. Definition of scattering vectay. k;: incident wave vectok;: scattered wave vectdt, scattering
angle.

As mentioned at the beginning of this chapterjstatattering experiments build the core of
this work and hence the focus will lie on experitsewhere the energy transfer can be

neglected ECOand A 0A). A small angle in the experimental setup is dalinas

6<10°.11?

The incident intensity per second can be written as
1(s™) =@, (1) AE(A) (I-15)

whereA is the area of the used aperture, defining the sizhe beam. The incident radiation
has a flux®; (1). At a defined scattering angke and at a distanck (cm) the scattered
intensityl is observed within a solid angh&? on the detector with the efficien&fA) <1 and

the detector arefge:= AQL% The beam interacts with the sample at the posii< x <d)

with a probability of d7dQ per unit solid angle. For the sake of simplicig tassumption is
made that only one scattering process occurs. Befm beam can interact with the sample,
the incident intensity is attenuated by a factqo[exx] with 1 being a sample and radiation
specific linear attenuation coefficient. After teeattering process the scattered intensity as
well is attenuated by the sample with the factop[ex(d-X)]/cos). The intensity that can
finally be measured at a scattering arjle obtained after integration over the sample glon

X (equation |-16)-*2

expl-4(d - )] do
cosg de

1(6) = j @, EAQ exp[- ] Ap dx (I-16)

As the angle® for neutrons and X-rays are sufficiently small tesumptions that cés0

holds and one obtain§)) from equation I-17.

do a (o))
| (6) = ®. EAQAd exp[- — =@ . EAQAd exp[- — =@ EAQAAT— (I-17
@)= Pl ,UO|],00LQ . p[-1d] 0 2 10 (1-17)
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Equation 1-17 is basically composed of two sepatatms, one term being the instrumental

constant ).
C(A) =, EAQA=I|,AQ (1-18)

This term depends on the configuration of the expemtal setup itself, wavelength, type of
detector, collimation distances, and the size & #ample aperture. The second term,

dTdx/d@ on the contrary is specific to the sample dnfy.

d2/dQ is the sample’s differential scattering crossisecper unit sample volume and can be
derived from the differential scattering cross gecbf the sample per unit solid angle/dl.

As the experiment comprises comparing the incideensityl; with the scattered intensity
measured at an angfeand a distanceé on the detector with an ar@qe;, the ratio of both
intensities is called the differential scatteringss section per unit solid angle (equation
1-19).12

IL> _d

_do 2 -
T—d—g(cm) (1-19)

Normalization to unit sample volumé (cn?) yields finally the differential scattering cross
section per unit sample volume (equation 1-20).

£(Cm_l) = (lj% (|_20)

do V )dQ

d2/dQ represents the probability of a wave of the ingtdgeam being scattered out from the

unit sample volume into the solid angl@.**?

The scattering intensity is also proportional te florm factor P(q)) for an ideal diluted
solution, where the particles are independent fremeh other. When the concentration
increases, interactions between the particles aseras well and the position of one particle is
no longer independent from the position of the th&he interaction between the particles is
described by the structure fact&g). The scattering intensity therefore can be dbedrias

well as:
1(q) = nP(a)S(a) (I-21)
wheren is the number density, = N/V.

Small angle scattering experiments comprise sewstegls, including measurements of the
sample intensity, background, standard cells, amsmission measurements. SAS has been

applied widely to colloidal systems, among thos® @& microemulsions. As microemulsions

38



Fundamentals - Characterization of Microemulsions

do not represent dilute systems at all the scagias usually broad and intensity is dependent
on both form and structure factor. Additionallyethroad peak is usually followed byg#
decay at highg-values. These observations hold well for tradaiomqueous**'®as well as

65, 28,33,11

for IL-base ‘microemulsions.

There are three general methodologies used tondietera microstructure:

» Direct evaluation of some features of the micragtrte, such as specific area and

invariant.
» Fitting the scattering data by a parametric expoass
» Using dilution lines and comparing experimentabdattheoretical models.
Direct determination from the scattering curve

The two most important parameters are specific Aréanf/cm®) and volume fractiona In

the common case of a sample composed of two homagenedia 1 and 2, characterized by
the two scattering length densitjesandp, (cm), the volume fraction has to be determined
by the composition in the sample, independent & dtattering experiment. In the case of
microemulsions one medium corresponds to the pailase and the other one to the apolar
phase. The specific area can be determineddnpds law.*® For a sharp interface the

scattering intensity (q) decreases with” at largeg-values (equation 1-22)'2

Li[rl(lq“) = 2P A\p*Y (1-22)

where Ap = ‘ppolar — Papoiar| 1S the contrast between the scattering densifigiseotwo media,

the polar and the apolar one. TR®rod regime in general is just observed after the
subtraction of the background. From the pl@f)q’ versusq® as 1(g)q* = B+ Aq* the

backgroundA can be determined.

At least mathematically one can go far enougly 8o that a piece of surface is isolated and
not correlated to any other part of the surface.aAbugh surface n®orod limit can be
deduced!® In contrast, if the surface allows a determinatimnthe Prod limit another
important value can be calculated, the experimemehriant Qexlo.112 The experimental
invariant is calculated according to equation I-28)ere the integral goes from zero to
infinity. As the experiment is limited to an expwantalg-range, a term has to be added that

takes this contribution into account.
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Qup = | 1()q’da = j | (@) g+ MDD (-23)

The invariant owns its name the fact that the vadumdependent from the structure of the
sample and thus depends on the compositfoithe value of the experimental invariant
should be equal to the value of the theoreticalaiimnt Que, that can be calculated

independently of the experiment according to equalti24.
cheo = 2]T2A102¢p0| (1_ wpol) (|'24)

A mismatch of the two invariants, the experimené@ld theoretical one, is either an
experimental error or an evidence of an expectedir@xpected high solubility of the

surfactant in one of the phases presént.
Fitting of the present scattering curve

The introduction of two length scales to describeraemulsions is of main interest. This can
be realised by fitting the scattering data to aapuaatric expression of the intensity which
merges at higly to thePorod limit. This has been proposed Bgubner & Streyin 1987

(equation I-25) and has been widely applied to agge&and non-aqueous microemulsions.
I
ls(A) =————- (1-25)

In the case of an absolute scale the conskgns given by 8m<qo(1—¢)Ap2>/5. The

corresponding correlation function can be achielgd-ourier transformation and finally

delivers equation 1-26

_ —r ) sin(z /d) ]
gTs(r)—exr{ Ej[—m kA } (1-26)

where the domain size(periodicity of the polar or non-polar domainsuation 1-27) and the
correlation length? (equation 1-28) represent two characteristic lbrnggales. The stability

condition (4ac-b%)>0 with a>0, b<0, andc>0 must be fulfilled for the parameters.

7
d= 2,{1 a _19} (1-27)

%
|1 /a 1b )
¢ -[E\/z *zz} (1-28)
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The position of the maximummax can be calculated from the two length scales aaogrto

equation 1-29.

2 %
(2 L i
Umax _{( d j 52} (I 29)

The analytic expression proposed Bgubner & Streyequation I-25) can be used to fit the
experimental data directly. Alternatively, the datmn be plotted aky/I(q) versus @-gmay>,
where a figure close to a parabola is found (equdti30).

|
| = 0 1-30
rs(0) A= 1o/ 1)@ W =D #1071 (+0)

Imax= 1(Omax 1S the maximum scattering intensity.

Additional information from thél'eubner-Streyit can be extracted from the raiidZ, which
provides information about the polydispersity oé tmicrostructure present. A high value
corresponds to a high polydispersity amde versa A further important variable, the

amphiphilic factorf, (equation 1-31), can be calculated from the fittpagameterg®

b
(4ac)y2

f, = (1-31)

The amphiphilic factor approaches unity for the diso line where the system loses its
guasiperiodic orderfa= -1 corresponds to the liquid crystalline lameldrase. Both values
limit the range where microemulsions can be fotffidlhe factor seems to range between
-0.9 and -0.7 for well-structured bicontinuous roamulsions, which was also found by
Teubner & Strey™

Dilution lines and theoretical models

Microstructures can be seen as a dispersion ofrephathout ambiguity. Dilution lines are

necessary because other microstructures cannatcdeeta@ined by studying only one sample.
Several samples have to be measured along onéodillilhe and the results have to be
compared to predictive models from literature toswer the existence of a certain

microstructure.
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2d

Figure 1-12. Schematic illustration of a dilution plot includirige cubic random cell model (black), the model of
o/w and w/o microstructure, respectively (greeny] the model of repulsive spheres (red).

The so-called dilution plétt (Figure 1-12) has to be constructed as follows #alue of
specific areaX multiplied by the domain sizd obtained fromTeubner-Streyevaluation is

plotted against the polar volume fractigg,. Theoretical models that can be used to compare

the experimental data will be discussed in theofwihg.
Cubic random cell model (CRC)

This model is valid for bicontinuous structures inpalar volume fraction range of
0.18<,,<0.82** and assumes that the structure can be describadselof cubes of the size
d filled with water or oil. It was first describedy Wouffroy et al?® The size is given by

equation 1-32, but also can be set equal to theaflorsized obtained fromTeubner-Strey

evaluation.

4o = 27 (1-32)
qmax

Finally, for cubic random cells equation 1-33 stibhbld.

2d =6¢,, 1-@,,) (1-33)

Zembcould show that the factor of 6 is not correct #mel precise value is 5.8 a change

that does not have any influence on the final tesand therefore can be neglected.
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Spheres of water in oil or oil in water, respeclyve

The relation that holds in this case can be expteas:

5d = 4849 (1-34)
where the volume fraction of the inner phase shoeldsed.
Repulsive spheres

For repulsive spheres a slightly different equatlwids in comparison to w/o or o/w
spheres?? Equation 1-35 shows the relation that has to bertakto account to evaluate the

microstructure.

5d = 4329 (1-35)
Again, the volume fraction of the potential inné¥rage has to be used.
The model of disordered and connected structuceslly cylinders or lamellae

Connected cylinders can be represented by “molexagonal or cubic phases that have lost

long range order while connected lamellae are ardésed state of a smectic pha¥e.

Disordered lamellae is the likely microstructurespiontaneous curvature is low compared to
d’, while connected cylinders is the likely microsture at high surfactant content and high

curvature.

A complete set of microstructure begins with aafevornoi polyhedra constructed on seed
points of densityn (cm®). Instead of filing each cell by water or oil ékin simple
microemulsion models mentioned before. The cekssplitted according to volume fraction
and either cylinders perpendicular to cell facesame flat pentagons or hexagons on the

faces of cells are constructEd.

In general CRC models give a good approximationfiiexible films. If strong curvature
constants come into play, gradual transformation oficrostructure from droplets to locally
connected cylinders and finally disordered lamellsponge or vesicles) are the relevant

microstructures.

Checking the presence of connected microstructtests when the three parameters volume
fraction ¢ specific area&, and packing parameterare determined. The densityof Poisson
points equivalent to the scattering peak positdand the connectivitZ can be calculated

by solving three implicit equations:
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%
Q= [%TW —%Zr3(§2p3 - m(p? —1;)}n+ 7RZZ[ 8:1L:r4]1 -nry{p® -1 (1-36)

%
r= {(mr— QZ)R’n+ Ziir( 8’135,’1 —nrylp% -r ]] (1-37)

where p = R/r andQ = 271(1—1/‘,02 —1j. The packing parametgris an imposed value for

the constraint of the average film curvature angiven by:

:¢(R+I,Z,n)—¢(R,Z,n)

IX(R,Z,n) (1-38)

For solving this equation a program written in B&S$ available fronzemb This allows to
predict the peak position shift versus compositol to prove the existence of connected

structuregt? 121 124-126
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lI. Experimental Section

1. Methods

1.1 Analytical Methods

'H-NMR and**C-NMR spectra were recorded on a FT-NMR-spectronadtéhe typeBruker
Avance300 ¢H: 300 MHz; **C: 75 MHz) at ambient temperature. Results are rtepoas
follows: chemical shift in ppm from internal CH{[7.26 ppm) as standard on tf¢ scale,
multiplicity (s = singlet, d = doublet, t = tripletj = quartet, gt = quintet, and m = multiplet),
integration and coupling constant (HZC chemical shifts are reported in ppm from internal
CHCI; (77.2 ppm) as standard on thescale.

Mass spectrometry was performed onVarian MAT 311A, Finnigan MAT 95 or
Thermoquest FinniganTSQ 7000 at the Central Analytical Laboratory (Umsitat
Regensburg).

The water content of all products was determineddayometricKarl-Fischer titration using
anAbimedMCI analyser (Model CA-02).

Differential scanning calorimetry (DSC) measuremaifemim][etSQ] was performed on a
Mettler DSC 30 by using aluminium crucibles. The heatiatg rwas 10 °C/min. The glass

transition temperature was determined by usindgh#itiestep temperature of the transition.

Decomposition temperature of [emim][et§@as measured on a thermogravimetric analyser
from Perkin-EImerTGA 7. The heating rate was 10 °C/min, applyingoatimuous nitrogen

flow. The decomposition temperature was determinednset analysis of mass loss.

Gas chromatography (GC) analysis qbfz was performed on a HP 6890 analyser equipped
with an autosampler and a flame ionization dete(fD). A HP-5 column and high-purity
helium carrier gas were used. Injection temperat2s@ °C. Detection temperature: 300 °C.
Program: 5 min isothermal at 125 °C, temperatungea25 °C/min up to 250 °C, isothermal
25 min at 250 °C.
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1.2 Phase Diagrams

Ternary Phase Diagram

The ternary phase diagram was recorded at 25 xDd&€ording to a procedure reported by
Clausseet al?’ Different ratios of surfactant to limonene wereegared in 5 wt% steps
between (0 and 100) wt% of the surfactant. The Is added dropwise under nitrogen flow.
The weight fractions at which transparency-to-tutidccurred were derived from precise
weight measurements. As the system showed very kiogtics and tended to form stable
clear emulsions that separate after several hobestime of adding a drop to the initial
solution had to be increased to several hours. Tbheedure was repeated starting from
surfactant/[emim][etSg) mixtures adding limonene and starting from
[emim][etSQ]/limonene mixtures adding surfactant. This procedwgsulted in trustworthy
phase diagrams, mirroring the exact position ofsihgle phase region.

,Fish“-Cut

The pseudo-binary phase diagrams were achievedccahstant [emim][etSg) to limonene
mass ratio (1:1) with the variables temperature surtactant content. This so-called “fish”-
cut was recorded by adding surfactant to the 1/injrmixture of the two solvents in order to
obtain surfactant mass fractions within (2 - 35%awviThe samples were first heated at 60 °C
and subsequently cooled in an ice bath to homogehi mixtures. Finally, the samples were
equilibrated in a thermostated (+ 0.2 °C) samplé&ddéroand heated slowly, allowing the
resulting phases to be counted. The equilibratimie tivas set between 12 and 24 hours due to

long segregation times.
Segregation Temperatures

The segregation temperatures were recorded usimgces@ cryostat (£ 0.02 °C) FP40 from
Julabo for temperature control. Microemulsions with vawyi compositions along the
experimental path have been prepared and subséqueovtled down. Segregation
temperatures may be understood as transition m$peaency to turbidity or freezing of one of
the components. The accuracy in the value of theegatjon temperature was evaluated to be
better than £ 0.5 °C.
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1.3 Surface Tension Measurements

Surface tension measurements were carried outkatiss processor tensiometer KI100MK2.
The sample holder was equipped with a precisionrbstating system with an uncertainty of
+ 0.1 °C. For surfactant/water measurements a @éoddsing systemMethromLiquino 711)

was used which allows an automatic recording offaser tension versus surfactant
concentration. For surfactant/IL measurements thsing equipment was not adaptive.
However, a sample holder is available with a maxmaample volume of 2 mL. The sample

environment for surfactant/IL measurements was Argo

1.4 Conductivity

Conductivity measurements were performed on anous@ built apparatus described by
Barthel et al, equipped with a precision thermostat, symmetriddleatstonebridge with
Wagnerearth, sine generator, and resistance de@idée temperature was kept constant to
+ 0.003 °C. Triton X-100, Triton X-114 and;§E, based microemulsions were measured at
25 °C along a certain experimental path, whilegiwgactant concentration was kept constant.
For GoE4 based microemulsions the conductivity additionallgs measured at 0 °C and
-15°C. A set of six three-electrode capillarieshwiell constants ranging from 2'mto
1161 m* was used. Cell constants were determined with@guKCl solutions according to a
procedure described tWachter et af?° ResistanceR were aligned at frequenciedetween
480 Hz and 10 kHz. The resistance value at infifiequency used to calculate the
conductivity was obtained by linear extrapolatidrtte curveR versus (1/).**° The relative
uncertainty of the electrical conductivities wagireated to be less than 0.5 %. The cell
constant<C for the six capillaries used within this work atemmarized in Table II-1.

Table 11-1. Cell constants of the utilized capillaries for ma@sg conductivities.

Cell number C [m™]
1 2.084
2 24.61
3 53.6
4 224
5 470
6 1161
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Cell constants are temperature dependent as teegffected by the expansion coefficient of
platinum (electrode material) amyrexglass (cell material). The temperature dependeace c

be expressed as:
B(T) = B(29815K)(1+ B(T —29815K)) (1-1)
wheref is the temperature coefficient (equation 11-2).

1 dB

= - = (11-2)
B(29815K) dT

B

Hence, the temperature coefficient depends onyie of capillary that is appliedRobinson

& Stoked®® as well asBarthel and coworker® described this correlation. & value of
-3.510° K™ was found for capillary cells. This value changes conductivity values only
within the uncertainty limits. Therefore, temperatalependences of cell constants were not

taken into account.

1.5 Viscosity

Dynamic viscosities were measured oBalin Instrumentsheometer CVO 120 under argon
atmosphere and controlled temperature (£ 0.5 °GJorde plate system (CP40/4°) with shear
rates of (10 - 400) cihwas used. Measurements were performed for all misusions along
the experimental path at 25 °C and for the tempegattable samples in a temperature range
of (10 - 60) °C.Newtonianbehaviour for all microemulsions along the expertal path at
different temperatures was found. Consequently, ubgge of a capillary viscometer was

justified.

Kinematic viscosities for Triton X-100 based micragdsmons were measured with a modified
automated AVS/G capillary viscometeBohot} as described in literatuf&" The viscosity
measurements were conducted in two midhielohdecapillaries §chott Instrumenidype
537 20 / Il and 1ll), which were placed in a Dewask that was connected to a high
precision thermost& *?with a circulation pump. The overall temperatureertainty of
this setup was less than 0.003 °C. The samples kemteunder dry nitrogen throughout the
measurements by means of an in-house built setufificadion. The capillaries’ constants
were confirmed with certified viscosity standard ¢b0 BW, ZMK-Analytik relative
uncertainty 0.32 %) at various temperatures, witlowa time reproducibility of better than +

0.05 %. The viscosities are average values of ®tsirigle runs and the estimated uncertainty
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of presented viscosity data was less than 0.5 % regpect to the accuracy of the thermostat.

The cell constant& of the two capillaries can be found in Table II-2.

Table 11-2. Cell constants of the two utilized capillaries foeasuring kinematic viscosities.

Cell type K [mm?%s?]
53720/ 1 0.094530
53720/ 1 0.99620

Kinematic viscosities for Triton X-114 andi§E4 based microemulsions were measured on a
falling sphere viscometer AMVn froanton Paar Triton X-114 based microemulsions were
measured from 40 °C down to 5 °Cy0E, based systems from 30 °C down to 5 °C. Four
capillaries with differing diameters were used (#6¢ for viscosities ranging from 80-
2500 mPas, 3.0 mfmfor viscosities ranging from 20-230 mPas, 1.8%mimr viscosities
ranging from 2.5-70 mPas, and 1.6 frfior viscosities ranging from 0.3-10 mPas).

1.6 Density

Temperature dependent density measurements weggrped on a vibrating tube densimeter
DMA 5000 M from Anton Paar Measurements at 25 °C were measured oArdan Paar
DMA 60 instrument equipped with a precision thertatsThe uncertainty in densities was
estimated to be less than 0.1 ki/mensities were used to calculate volume fractibos
mass ratios as well as for calculations of dynawmigcosities from measured kinematic

viscosities.

1.7 Small Angle X-Ray Scattering (SAXS)

SAXS measurements were carried out at the instit (CEA, Marcoule, France).

Small and wide angle X-ray scattering data weraiobtl using a XENOCS setup. The X-ray
beam originates from a Mo GENIX source. Therddiation @ = 0.71 A) is selected using a
multilayered curved mirror (one reflexion) focusithgg beam towards infinity. The size of the
beam (< 1 mm) in front of the sample is defineddowatterless slits provided BYORVIS
Sample and empty cell transmissions are determisety an offline pin-diode that can be
inserted downstream the sample. The sample distartbe detector 2D MAR345 is 750 mm.
A grange between (0.02-2.5)'Awas covered. Quartz capillaries fromilgenberg
49



Experimental Section

(Malsfeld, Germany) are used as sample containgrsawvall thickness of 0.01 mm and a
total thickness of 2 mm; usual corrections for lggokind (empty cell and detector noise)
subtractions and intensity normalization usihgpoled™ as standard were applied.

Figure II-1 illustrates a schematic image of thaipment used.

2D-Detector Sample Scattering Collimations Slits Mirror/Monochromator

/

X-ray Source

Mo

Beamspot  Tramsmitted Beam Sample
Figure 1I-1. lllustration of the used SAXS equipment at theitnt ICSM, CEA, Marcoule, France.

The samples were measured at room temperature dittbadlly in a temperature range from
40 °C down to -10 °C for temperature stable complsuiiemperature control was guaranteed
by a connected heating/cooling system which all@vsemperature regulation with an

uncertainty of £ 0.1 °C.

2. Chemicals

(R)-(+)-Limonene (97 %, 98 @&gGC) was obtained from Sigma-Aldrich, dried over
molecular sieves (3 A) and redistilled before usaljee water content determined by Karl
Fischer Titration was less than 100 ppm. Triton X-2@d Triton X-114 were purchased from
Fluka and dried under vacuum at 80 °C for 4 dayddiyng a final water content of less than
20 ppm for Triton X-100 and less than 40 ppm foitdfr X-114. Diethylsulfate (Aldrich,

98 %) was used as received. 1-Methylimidazole (Re@B %) was refluxed over KOH plates
and distilled off afterwards, stored over molecutaeves and redistilled prior to use.
Tetraethylene glycol (99 %) and 1-bromodecane (98w e obtained from Sigma-Aldrich

and used as received.

Solvents, unless otherwise mentioned were of awalygrade. Water was used from a
Millipore system. Chemical structures d&){(+)-limonene, Triton X-100 and Triton X-114

are given in Figure IlI-2.

50



Experimental Section

(R)-(+)-limonene

ﬁ“"g

Triton X

apolar tail ~ polar head

Triton X-100: n=9-10
Triton X-114: n=7-8

Figure 11-2. Chemical structure oR)-(+)-limonene, Triton X-100 and Triton X-114 sucfants.

3. Synthesis

1-Ethyl-3-methylimidazolium ethylsulfate ([emim][etSQ]) (Figure 11-3) was prepared
according to a literature procedure by the reaadioaquimolar amounts of 1-methylimidazol
and diethylsulfate in toluerfé® To an ice cooled solution of 1-methylimidazole (&,
80 mL, 1.0 mol) in 300 mL toluene, diethylsulfate.Q( eq., 131 mL, 1.0 mol) was added
dropwise over a period of 5 hours under nitrogenoaphere. The solution was stirred over
night at ambient temperature. The finally obtainkedvas insoluble in toluene. The product
was washed three times with toluene (200 mL) ameddunder high vacuum at 40 °C for 4

days.

'H-NMR (300 MHz, CDC4): 8= 9.39 (s, 1H, NEIN), 7.49 (d, 2H,] = 1.6 Hz, NGICHN),
4.24 (q, 2H,J=7.4 Hz, NG1,CHy), 4.02 (g, 2H,J = 7.1 Hz, CHCH,SOr), 3.94 (s, 3H,
NCH3), 1.48 (t, 3H,J = 7.4 Hz, G13CH,SOy), 1.21 (t, 3H,J = 7.1 Hz, NCHCH).

¥C-NMR (300 MHz, CDC}): 6c= 137.1, 123.8, 122.0, 63.3, 45.1, 36.3, 15.5,.15.2

MS (EI-MS); m/z (%): 111.0 [M], 347.1 [(2M+X)"], 819.4 [(4M+3X)"], 1055.5
[(BM™+4X)™], 124.9 [X], 361.0 [(2X+M")], 597.2 [(3X+2M")], 833.3 [(4X+3M")],
1069.4 [(5X+4M™)].

Water content (Karl-Fischer titration): 25 ppm (m/m).
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Glass transition temperature(DSC): Ty = -80 °C.
Decomposition temperature(TGA-onset)Tq = 356 °C.
1-ethyl-3-methylimidazolium ethylsulfate
[emim][etSO,]

/

N
[ /> /\804_
N+

)

Figure 11-3. Chemical structure of [emim][etSD

Tetraethyleneglycol monodecylether(CyoE4) (Figure 11-4) was prepared by reaction of 1-
bromodecane and tetraethyleneglycol. Excess tetfiaetdglycol (173 mL, 1.0 mol) and an
agueous solution of 50 wt% NaOH (1 eq., 8 g, 0.9 meere heated up to 100 °C. 1-
Bromodecane (1eq., 42 mL, 0.2 mol) was added dipwnder continuous stirring over a
period of 5 hours. The reaction mixture was stifi@d24 hours at that temperature, cooled
down, and extracted three times with n-hexane. Tmebined organic phases were washed
with brine and dried over N8Q,. After evaporation of n-hexane the crude produasw
obtained. A subsequent fractional distillation fipadelivered the productp(= 1:10° mbar,
T, = 140-145 °C) in high purity as colourless oil.

'H-NMR (300 MHz, CDC}): &y=3.58 (m, 16H, O-(B-CH»-O)-H), 3.39 (t, 2H,
J=6.8Hz, CH-(CHp)7-CHy-CH»-0), 2.82 (s, 1H, @), 1.52 (qt, 2H, J=6.8 Hz,
CHa-(CHp)7-CH»-CH»-0), 1.21 (m, 14H, CH(CHy)7-CH»-CH,-0), 0.82 (t, 3H,J = 6.6 Hz,
CH3-(CHy)7-CHy-CH,-O).

¥C-NMR (300 MHz, CDC}): éc= 77.6, 77.1, 76.7, 72.6, 71.5, 70.6, 70.5, 70106,631.9,
29.6, 29.5, 29.5, 29.3, 26.1, 22.6, 14.1.

MS (CI-MS, NH); m/z(%): 352.2 (100.00) [MNH{], 335.2 (12.88) [MH'].
Water content (Karl-Fischer titration): 30 ppm (m/m).

GC analysis purity >99 %,t,= 14.69 min.
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tetraethyleneglycol monodecylether

CioE4
NSNS GO O
_ J

e ™ ' /
apolar tail polar head

Figure 1I-4. Chemical structure of tetraethyleneglycol monodetler (GEs).

53



54



Results and Discussion - cac in [emim][etFO

[1l. Results and Discussion

1. Critical Aggregation Concentrations of Non-lonicSurfactants in
[emim][etSO,]

1.1 Introduction

The self-assembly of surfactant molecules is a keyacteristic for several applications like
nanoparticle synthesis, drug delivery, and separgirocesses. Not only is the formation of
aggregated surfactant structures in water of inanoe, but also in non-agueous solvents like
ionic liquids (ILs). Micelle formation of alkyltrimthylammonium bromides, alkylpyridinium
bromides and octylphenol ethoxylate (TX-100) in EAMswfirst reported almost 30 years
ago>®3% 8 |n addition to micellar structures in binary IL/EANixtures, liquid crystals of
lipids in EAN have been identifiédl. However, there has been a renewed strong research
interest in this field. ILs as solvents to promsédf-assembly have been reviewed in 2605
and more recently in 2087and 20087 Some general conclusions can be drawn from the
data available in the literature. The critical mlieeloncentration (cmc) is significantly higher
in ILs compared to water. For examd&ans et al.found that the cmc of conventional
surfactants in EAN is between 5 and 10 times higberpared to the cmc in watérGreaves

et al. studied the self-assembly behaviour of amphiptiilez2 different protic IL$,where 14

of those were found to promote self-assembly of lapiples. The concept of th@ordon
parameter, which represents a measure of the eghesergy density of a solvent and hence
the driving force of a solvent as promoter for se§embly was applied to these systems. In
the past, it was generally accepted that no amphu@yggregation exists for solvents with a
Gordon parameter below 1.3 JH® Nowadays, ethylammonium butyrate with a value of
0.576 J/Mis the solvent with the lowe&ordonparameter reported to promote self-assembly
of amphiphiles3® This phenomenon is not restricted to protic IL$ds been documented for

several aprotic ILs as wélt:®

The main part of this work deals with the formulatend characterization of microemulsions
using an aprotic ionic liquid, [emim][etSas polar phase and limonene as oil phase. Three
non-ionic surfactants were studied, Triton X-100 B+ 13.5), Triton X-114 (HLB = 12.4),
and GoEs (HLB =10.5). First of all, the possibility to for aggregated structures in

55



Results and Discussion - cac in [emim][etFO

[emim][etSQ] was investigated by means of surface tension umeagents. HLB is the
abbreviation for hydrophilic lipophilic balance am@n be calculated for each surfactant
according to:

HLBZZOI\/IH
M

(I11-1)

whereMy denotes the molar mass of the hydrophilic parthef molecule and! the molar
mass of the whole molecule. The HLB value is a meastithe degree to which a surfactant
is hydrophilic or lipophilic. HLB values are givem a arbitrary scale of 0 to 20. An HLB of 0
corresponds to a completely hydrophobic moleculd an HLB of 20 to a completely

hydrophilic molecule.

Critical micellar concentrations of Triton X-100 leextensively been studied in various
ionic liquids, but are scarce for Triton X-114 a@gE,. In this context it should be stressed
that GoE4 is a pure surfactant synthesized in the lab amd dtiner two surfactants are
commercially available. In Table 1ll-1 cmcs for Dmt X-100 in various ionic liquids

documented in the literature are summarized.

Table 11l-1. Cmc for Triton X-100 in different ionic liquids.

solvent method cmc [mol/L] reference

EAN surface tension 580° Evans et af*

[bmim][BF,]  surface tension 0.33 Gao et al**’

[omim][PFs]  surface tension 0.76 Gao et al*®’

[emim][Tf,N] near infrared 0.133 Tran et al**®
spectroscopy

However, no data could be found for the surfactdidsl14 and GoE4 in ionic liquids. The
more generalized term critical aggregation conegioim (cac) will be used for data presented
here, because the size and shape of these satiassgeaggregates has not been studied in

detail.

1.2 Comparison of Cacs in Vdter and IL

As already mentioned, th@ordon parameterG is a measure for the ability to allow the

formation of associated structures and can be leatiaccording to equation 1l1-2:
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c=_Y9

L (I11-2)

whereo is the surface tension aMg, is the molecular volume of the solvent. [emim][@is
exhibits aGordonvalue ofG = 0.176 J/m (s = 46.963 mN/m and = 0.019 n¥mol).

As the aggregation phenomena were measured bycsutémsion measurements, some
general aspects should be mentioned. It is wellwknthat surfactant molecules arrange to
form a monolayer at the air-liquid interface, whatded to aqueous solutions. Once the
surface of the liquid is saturated with surfactawsnomers, micelles begin to form in the bulk
solution. This point is referred to as the critioacellar concentration (cmc) or the critical
aggregation concentration (cac). The same defirgtioold for ionic liquid based systems.
When adding surfactant to a solvent that promote-assembly, the amphiphile is
accumulated at the air-solvent interface, wheréat hydrophobic tails of the surfactant
molecules are inclined to be projected out intoahe This decreases the surface tension of
the solution. With increasing surfactant concerdrathe interface will be accumulated with
surfactant molecules and further surface tensidhbei reduced. At and above the cac the
surface is saturated with monomers. Hence, the ssxseirfactant molecules will form
aggregated structures in the bulk solutiew, in form of micelles. Thus, surface tension will
stay almost constant above the aggregation coratEmir As a consequence, cacs can be
reflected by surface tension measurements. The rddéierence between IL-based and
agueous solutions is the initial surface tensidnhe continuous phase. The neat ILs exhibit
significantly lower values (40 -50 mN/m) than puvater (72 mN/m). Figure 1ll-1 shows the
experimentally determined cacs for the surfactamten X-100, Triton X-114, and {gE,4 in
water and [emim][etSg). The IL [emim][etSQ] itself exhibits a surface tension of
46.96 mN/m, identical to a value of 46.96 mN/m fdun literature’*® Measurements were
performed for Triton X-100 and Triton X-114 at 25 &@d for GoE4 at 20 °C as the latter
exhibits a cloud point slightly above 20 °C.
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Figure 1lI-1. Surface tension measurements for Triton X-100 TAitpon X-114 (B), GoE4 (C) in water (left, 1)
and in [emim][etSq] (right, 2). Measurements for TX-100 and TX-114&d systems were carried out at 25 °C
and for GgE4 at 20 °C.

Surfactant aggregates are highly cooperative amddaiven by the hydrophobic effect
resulting from the lipophilic tail of the surfactanthat dislikes water. Consequently, the
system tends to decrease the amount of unfavouirakl@actions between the tails and water
and forms micelles where the hydrophobic tailsrarein contact with the water molecules.
Compared to water-based surfactant systems, thve@adbicity between the ILs and the
hydrophobic tail of the used surfactants is sigatfitly lower. This is indicated by the high
cacs obtained in ionic liquids. In the case of [@ifetSQy] the inferred cacs of Triton X-100
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were 669 times, of Triton X-114 559 times and ofgE; 614 times higher than the
corresponding cacs obtained in watéao et al.supposed that the lower solvophobicities in
ILs denote that the driving force of micellar fortoa is weak and implicates a slow
association of surfactant molecules in {£5Further, the relatively high viscosity of ILs
support the theory of slow micellation processesvali. The cacs determined within this

thesis are summarized in Table IlI-2.

Further, cacs decrease from Triton X-100 over TriXehl1l4 to GoE,4 in water and IL. This
dependency can be related to the decrease in hyabagity of the surfactant. Triton X-100
exhibits a hydrophilic lipophilic balance (HLB) af3.5, Triton X-114 of 12.4 andigE, of
10.6. The lower the HLB value the more hydrophobithe surfactant. {gE4 is less soluble in
[emim][etSQ] and water and therefore tends to form aggregatedctures at lower
concentrations than Triton X-100 and Triton X-114.

Table IlI-2. Determined cacs from surface tension measurements.

surfactant cac in water [mol/L] cac in IL [mol/L]]
Triton X-100 2.8810" 0.19
Triton X-114 2.1510* 0.12
CioEs 8.8010° 0.054

High cmcs were also observed for sodium dodecyasu(SDS) and the non-ionic surfactants
Brij 35 (polyoxyethylene-23-lauryl ether), Brij 7080cSS (dioctyl sulfosuccinate), and SB3-
10 (caprylyl sulfobetaine) in [bmim][CI] and [bmiffFs].?® Moreover, the aggregation
behaviour of a series of alkyl poly(oxyethylene agly ethers in [bmim][BE, and
[bmim][PFs] also demonstrated a higher aggregation concémet

1.3 Conclusion

In general, the observations made within this wam consistent with the data of previous
studies: the critical aggregation (or micellar) cemtrations of surfactants in ILs are
significantly higher than the corresponding cacsf&in water. The higher concentrations that
are required to form micellar aggregates in ILs dwe to the nature of the solvent. The
application of an IL results in a lower solvophatyibetween solvent and surfactant resulting
in a slow aggregation process. Additionally, tRerdon parameter of 0.176 Jcould be

determined for the solvent [emim][etdO Although this value is much lower than the
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reported ones for PILs, the self-assembly of tim@®ionic surfactants, namely Triton X-100,
Triton X-114 and GE4 could be demonstrated by surface tension measuatsnmdowever,
the aggregation concentration of TX-100 in [emirt§f@&] is considerably higher than the
corresponding value in EAN but significantly lowdrab the one in [bmim][Bf and
[bmim][PFs]. The higher value compared to water might be eeldab the absence of a three-
dimensional hydrogen-bond network in [emim][etf@urther, the cac values depend on the
hydrophobicity of the surfactant. The lower the Hi@ue the lower the corresponding cac in

water and [emim][etSg) whereat the cacs in the ionic liquid are abou@ 8thes higher.
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2. [emim][etSQy] as Polar Phase for Low-Temperature-Stable

Microemulsions Including Triton X-100 as Surfactant

2.1 Introduction

lonic liquids (ILs) in microemulsions have attratteemarkable attention in the past years.
Nevertheless, the emphasis rarely lay on theiaexdinary properties, such as the wide liquid
range®* and the resulting possibilities in forming selsembled structures under unusual
conditions, such as high or low temperatures. Thiestgution of water in traditional
microemulsions by polar solvents like ethylene glyé® formamide® and 1L$°*®has been
reported already and it is crucial to know if mienaulsions can be formed, and to which
category they belong.

Per definition ILs consist solely of ions and acpid at temperatures below 100 °C. In this
context the subclass of room temperature ionicidg§)RTILS) is of particular interest. ILs
can be either polar and miscible with water or pela and immiscible with water. They can
therefore replace either oil or water in traditibmaicroemulsions. The extraordinary
properties of ILs have attracted the interest of nyna disciplines like
electrochemistry?%rganic chemistry,and analytical chemistry:*” 141

The possibility of self-assembly in ILs has beeneljdreported during the last decad&%®
An overview already has been given in section lll.1

This chapter deals with non-aqueous microemulsionkiding the often utilized surfactant
Triton X-100 (octylphenol ethoxylate). Several saglion RTIL-based microemulsions
including the amphiphile TX-100 can be found in rktieire. The non-ionic surfactant
Triton X-100 has been proved to be able to dissoi@eer and oif*****water and 1L}*>**8or

oil and IL2* %% 1\ost work based on this surfactant and ILs in ogenulsions deal with
RTILs such as 1-butyl-3-methylimidazolium tetraffaborate ([omim][BE]) to replace water
and 1-butyl-3-methylimidazolium hexafluorophosphaf®mim][PFs]) to substitute oil,
respectively. In this context, current researcfocsised on the characterization of the ternary
phase diagram recorded at ambient temperature. WigellL replaces water, the emphasis
mostly is located on IL-in-oil (IL/0) microemulsisn Conductivity measuremerifssmall
angle X-ray scattering (SAXS}? small angle neutron scattering (SANS)dynamic light
scattering (DLSY> *®freeze fracture transmission electron microsc#y TEM)?** and UV-
VIS spectroscopy’ **° measurements have been performed to charactetiese t

microemulsions. Surprisingly, most studies do nenddit from the high temperature ranges
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that can be achieved using ILs in microemulsions.mentioned before, the group of Prof.
Kunz demonstrated that non-aqueous microemulsions Witks polar phase are stable from
room temperatuf® up to 150 C®3° Therein, EAN-in-oil structures stabilized by the
surfactant [ggmim][CI] and the cosurfactant 1-decanol have bemestigated. Beside§ao

et al. studied changes on microstructure in IL-based aeitwlsions as a function of
temperaturé” They reported the effect of temperature on [bmir&}|Bn-cyclohexane and
[bmim][BF4]-in-toluene reverse microemulsions characterizgdhS, FF-TEM, and two-
dimensional rotating frame Overhauser (2D ROESY tspgcopy analysis) experiments.
They concluded the existence of an IL/o structuréou@0 °C with an increase in an apparent
droplet size derived from dynamic properties wifsing temperaturésao et al*> supposed
that the change in curvature arises from the teatper dependence of the solubility of the
hydrophobic chain in the organic solvent while #hectrostatic interaction between [bmim]
and EO is relatively temperature independent. Coethan aqueous microemulsions with
non-ionic surfactants, where temperature sengitigitcurs from the interaction between
water and EO groups, the microstructure of microsinok with [bomim][BR] is much less
susceptible to changes in temperattire.

The Hildebrand solubility parameter provides a measi the interactions of the molecules
in a solvent. It should be stressed in this contieat the parameter is much lower for ionic
liquids than for water, which is usually appliedmrmcroemulsions as polar phase. Although,
the exact value for [emim][etSPis not reported in literature, values for imidazm based
ionic liquids could be found that range from (25-8Pa’*which are significantly lower than
for water (48 MPH?).*!

The formulation of o/IL structures stable from ambitamperature down to at least -20 °C
will be presented in the following. For this purppsngredients with low crystallization
temperatures are required. Therefore, the IL [en&tB]D] was chosen as polar phase
exhibiting a glass transition temperature of -80 FQrthermore, limonene with a melting
point of -96 °C was applied as apolar phase aloit ¥he surfactant Triton X-100 as
amphiphile. The following investigation presentsedailed study of the system from 40 °C
down to -10 °C. All characterization measuremenggseacarried out along an experimental
path, where the amount of surfactant was kept eohstt 38 wt%. The IL concentration was
increased along the experimental path while simebbasly decreasing the limonene

concentration.
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2.2 Results and Discussion

2.2.1 Phase Diagrams and Phase Behaviour at 25 °C

The ternary phase diagram of the system [emim][giSi@nonene, and Triton X-100 is
illustrated in Figure 111-2. A wide single phasegi@n can be observed. Hence, a considerable
large range in volume fraction can be investigasohg a dilution line with constant

surfactant concentration of 38 wt% TX-100.

0.00 0.25 0.50 0.75 1.00
w (limonene) ——

Figure 1ll-2. Ternary phase diagram of [emim][etdQimonene, Triton X-100 at 25 °C. The arrow mathks
experimental path. A cross highlights the samplestigated by SAXS

In addition to the ternary phase diagram, the "fisit is shown in Figure 111-3. A three phase
body occurs in a temperature range between 28.8f€ 31.5 °C. The phase inversion
temperature at which the surfactant is perfectllam@ed between oil and IL phase with a
mean curvature close to zero was found to be 4C3®Below this temperature the curvature
can be considered as positive and the surfactamtigicurved towards oil. Therefore, at low
temperatures and low surfactant concentrationsldh microemulsion with excess oil phase
[2] (Winsor |) is formed. At high temperatures then@aiure changes from positive to

negative versus zero mean curvature and an IL/mta@mulsion with an excess IL phase

was found E] (Winsor II). The lowest surfactant concentratiarwaich a three phase region
[3] is formed is 11 wt% Triton X-100 whereas the &st/ surfactant concentration to form a
single phase microemulsion [1] is about 24 wt% Trid6-100. The latter is also called the

efficiency of a surfactant.
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Figure 11I-3. “Fish’-diagram at constant IL/oil mass ratio of 1tisingle phase microemulsion, “fish-tail”; 3:

three phase system, “fish—heaﬁ’: two phase system, oil/IL microemulsion and exagsphase, 21L/oil
microemulsions and excess IL phase.

Investigations of transport properties of microesmis, such as electrical conductivity and
viscosity provide important information about theinternal dynamics: flexible
microemulsions have a monotonic behaviour of cotiditic that can be described by a single
power law. In contrast, rigid ones present a maximin conductivity, due to local
microstructure as in liquid crystals. Moreover,laged non-coalescing water droplets are
easily identified by means of very low conductiwiglues. Similar observations hold also for
non-aqueous microemulsions with ionic liquids ampphasé>*°

As the spectra will be given as a function of vodufraction ionic liquid &) and not weight
fraction, Table 1lI-3 provides both values for atbetoverview. The volume fraction can be
calculated if the densities of the microemulsiod #me components are known. The volume
fraction of the polar phasegi) corresponds to the volume of EO groupsdVplus the
volume of [emim][etSG] (V) divided by the volume of the microemulsion (M).dontrast,

the volume fraction of [emim][etS{(¢.) corresponds to V divided by V.
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Table 111-3. Weight fraction of IL in characterized microemuissoand resulting volume fractions for the three
ingredients at 25 °C.

wit%lIL 2 6 8 10 14 18 22 26 30

A [%] 15 46 6.1 7.6 10.84.217.721.3 24.9
Grx100[%] 33.2 33.4 33.433.7 34 34.134.7 35.2 35.6

Qimonene[%] 65.3 62 60.558.7 55.1 51.7 47.6 43.5 39.5

wit%lL 34 38 42 45 50 54 58 60 62

a [%] 28.7 32.6 36.6 39.7 45 49.953.6 56.1 58.6
Grx100[%] 36.2 36.8 37.4 38.1 39 39.340.5 41.1 41.4

Qimonene[%] 35 30.626 22.316 10.859 28 0
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Figure 1ll-4. Conductivity measured at 25 °C along the experialgrath marked in Figure 111-2. A, B, C, D,
and E mark the detectable subareas.

Conductivity measurements (Figure 111-4) indicaifedlent domains with increasing amount
of [emim][etSQ]. From point A to B the conductivity remains quilew and increases
slightly with increasing amount of RTIL, (210" 5.010°) S/m. Although the conductivity
is low, its value is still much higher comparedhe conductivity of a neat non-polar solvent,

which is in the range of (18 - 10%% S/m. The ionic liquid is insoluble in pure limoreeand
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vice versa For example, the conductivity of IL saturated lmeae remains 8.00"° S/m,
reflecting the accuracy of the previous statemidetce, an increase in conductivity can only
be attributed to the formation of some kind of magtructure. Consequently, between point A
and B two possible microstructures have to be daned. First a droplet-like IL/o structure,
i.e. IL droplets stabilized by surfactant in a contins@il matrix is possible. With increasing
IL-content the size of the droplets increases. Tdr@uactance of such IL/o microstructures at
low ionic liquid volume fractions can be interpreteccording to the charge fluctuation model

of Eickeet al®’

This model assumes spherical droplets with radibhst move independently
from each other. In a thermal equilibrium theseptiets are in sum uncharged as the number
of positively charged [emim]cations is equal to the number of negatively cea@tSQ]f
counter ions. However, due to spontaneous fluanaficharged droplets will form that carry
an excess charge yielding an increased conductivity compared t® plure apolar solvent.
Notwithstanding, a conductivity in the order of18/meven at low IL-content appears to be
extraordinarily high for a simple IL/o droplet stture. The second possible scenario is the
existence of interconnected structures even at llowolume fractions. Interconnected
structures or droplet clusters allow an effectirensgport of charge carriers and can explain
the relatively high values of the specific condutyi Although conductivity measurements
do not eliminate the possibility of IL/o dropletrfoation, a rather interconnected structure
appears to be more likely to exist, which is furteapported by the SAXS data discussed
afterwards.

As can be observed in Figure llI-4, the existententerconnected systems can be assumed
between point A and B, while the volume fractidme tdegree of interconnection, and hence
the conductivity rises continuously up to point @hwimonene as continuous phase. At point
C (¢= 0.50), the monotonous increase in conductivigaks up and the conductivity between
point C and D increases only slightly. This can hgibated to the formation of a
bicontinuous structure where the transport propertio not change significantly. The
following decrease in conductivity between D anduggests that the IL is now forming the
continuous phase. A decrease in conductivity caassegned to a decrease in the mobility of
charge carriers. The subtraction of a co-solventh@épresent case limonene, decreases the
mobility of charge carriers due to an increasedgmee of ion pairs in the solution.

Viscosity can be a useful tool to confirm the clotgezation of local microstructures as well.
It has been shown b@ates & Candatf® that locally cylindrical and random flexible films
exhibit a high fluidity, while locally lamellar anather rarer structures such as "molten" cubic

phases are forming extremely viscous microemulsi8imilar to conductivity measurement,
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equations for percolation have been suggested. Hmwa quantitative verification is only
possible, if the viscosity of the polar compound is sufficiently differenorn 77 of the oil***
which can be excluded in the present system. Atbagxperimental path, all samples exhibit
Newtonian behaviour within the measured shear rate (Figlir®)l The observed linear
dependence indicates the presence dfeavtonianfluid. The dynamic viscosity can be

obtained by calculating the slope of the lineaveur
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Figure 11l-5. Shear stress vs. shear rate at 25 °C obtained agurements onBohlin Instrumentsheometer
for microemulsions with concentrations along thpexkmental path.

Unfortunately, the cone plate systerBollin rheometer), used to determine dynamic
viscosities, was not suitable for the whole ingetied concentration range and temperature
range. This was indicated by high irregularitiestiie determined absolute values of the
dynamic viscosities, resulting from the insuffidietemperature control (x 0.5 °C).
Nevertheless, the presenceNdwtonianfluids could be proved and the exact values fer th
dynamic viscosities were determined by measurenwrksematic viscosities and densities.
The dynamic viscosities are obtained by multiplmatiof the two values according to
equation 111-3.

n=p,w (11-3)

wherey denotes the dynamic viscosipythe density, and the kinematic viscosity.

The finally calculated mean value of the dynamicessty increases monotonic up to point C

with increasing amount of room temperature iomeild as shown in Figure IlI-6. At point C
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(¢=0.50) the slope changes and indicates a changeidrostructure, consistent with the

conductivity data.
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Figure 111-6. Dynamic viscosities at 25 °C in dependence onmeldraction [emim][etS¢). The points A, B,
C, D, and E mark the same points as in Figure.lll-4

2.2.2 Lower Segregation Temperatures and Viscosityeasurements as a Function of

Temperature

The segregation temperatures obtained are shownigareRll-7. Distinct temperature

stabilities can be observed for microemulsions @ointg a high content of IL (point C to E,
see Figure llI-6). Moderate temperature-stabiliayy de found between point A and B and
strong temperature dependence can be detecteefantermediate region between point B
and C. The changes in temperature-stability occwinatlar points where both conductivity
and viscosity change. Nevertheless, interpretatmmshe kind of microstructure cannot be
deduced from segregation temperatures alone. Theegagpn mechanism results in a
separation of the solution in two phases followsdthe freezing of the surfactahit. By

contrast, o/IL microemulsions do not exhibit phasgregation down to -20 °C.
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Figure 1ll-7. Lower “Phase Segregation Temperatures” for micrdsions having a composition along the

experimental path shown in Figure IlI-2. Samplesveeng= 0.43 andp= 0.58 do not show a segregation
down to at least -20 °C.

The kinematic viscosity of microemulsions includir wt% [emim][etSGQ), 54 wt%
[emim][etSQ], and 58 wt% [emim][etS¢) was measured between (0 and 40) °C. The same
compositions were also investigated with SAXS expents down to -10 °C. The dynamic
viscosities were calculated from kinematic visdesitand measured densities at the
appropriate temperature. ThBlewtonian behaviour over a wide temperature range

(Figure 111-8) was verified by measurements on aezplate system as reported for 25 °C.
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Figure 111-8. Shear stress vs. shear rate at (10, 15, 20, 2853@0, 45, 50, 55, 60) °C plotted for
microemulsions including 50 wt%IL (a), 54 wt%IL (kand 58 wt%IL (c).

The results for viscosity measurements are presantédgure I11-9. At 0 °C the dynamic

viscosity already reaches a value of more thanslwach is in the same order of magnitude

as the viscosity of glycerifitat ambient temperature (1.763 Pas at 20 °C). Neless,

magnetic stirring is possible down to -20 °C andi®es applications of these microemulsions
in these temperature ranges.
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Figure 111-9: Dynamic viscosities for microemulsions with 50 w{#), 54 wt% (A ), 58 wt% @)
[emim][etSQ] measured in a temperature range from 0 °C taCA0rhe data points were connected by a solid
line to guide the eye.

2.2.3 Small Angle X-Ray Scattering

SAXS measurements have been performed along théamed experimental path at 25 °C
and additionally for the three compositions, 58 w&4 wt%, and 50 wt% [emim][etSPat
temperatures of 40 °C, 30 °C, 15 °C, 10 °C, 5 °@C0-5 °C, and -10 °C. The SAXS spectra
exhibit a single broad correlation peak followed dg* decay at large values similar to
SAXS spectra of aqueous microemulsions. The fiegt 81 data evaluation is to extract three
parameters from the broad maxima, one of them hi@gharacteristic cell distande This
also represents the frequency in the correlatiowtfan!*® This three parameter fit formula
(equation IlI-4) fromTeubner & Strey(TS) indicates some apparent domain size as well as
the ratio between size and "persistence” lengtticative of stiffness/flexibility balance.
ConsequentlyFreiberger et af>® could show that TS can be even applied in the qaatie
regime, then giving access to inter-droplet distand. The Teubner-Streyfit and the
experimental data along the experimental path atCHFigure 11I-10) and for three
compositions at temperatures from 40 °C down to°@@Figure 1ll-11) are visualized in the

following.
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Figure 111-10. Experimental SAXS data and Teubner-Strey Fit (safiels) at 25 °C. 5 wt%IL (green),
10 wt%lIL (red), 20 wt%lIL (blue), 40 wt%IL (magent®0 wt%lIL (yellow), 54 wt%lL (black), 58 wt%IL
(orange).

1
1(q) = | -4
(q) a2 +Clq2+02q4 + 0 ( )

According to equation III-5 and 11I-6, two charagstic length scales were extracted from the
Teubner-Strey-Fit, the correlation lendgthnd the domain sizk

1(a,)? 1 e

=2 qe "
_ }/2 —%

d =27 %(%j —:110& (111-6)

Additionally, the amphiphilic factorf, can be calculated from the fitting data using

equation 111-7.

f=—a — (11-7)
(4a,C,) 2

These equations have been already given in thedroewitals of this work, but are of main

importance for this chapter and are therefore rtegeance more. The extracted length scales

for the measurements along the experimental patb & are summarized in Table IlI-4.
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Figure 1lI-11. Experimental SAXS datac] and Teubner-Strey-Fit (solid line) for 58 wt% [ienfjetSO4] (a),
54 wt% [emim][etSO4] (b), and 50 wt% [emim][etS(4) at different temperatures varying from 40 °Qvdo
to -10 °C.

For IL weight fractions between (5 and 20) wt%, ethrepresent points in the regime A-B,
the domain size increases with increasing RTIL-eoftconsistent with an increase in size
for IL/o microstructures. At higher IL weight fragh, where limonene can be assumed to be
the internal phase ((50 - 58) wt% corresponds ¢oGFE regime), the domain size decreases.
This results from o/IL structures whose size dessavith decreasing limonene content. The
size of the domain swells as well with increasiegiperature. However this effect is not
significant, as it can be seen in Table IlI-5. Tisisn agreement with the results reported by
Warr et al. for EAN®* or PAN®*® based systems, where in general higher surfactaain
length were necessary to induce temperature depeptiase changes or intruding lamellar
phases compared to aqueous systems. Additionlaéigetresults confirm the results found by
Gao et al*?, where Triton X-100 based non-aqueous reverseogriculsions also showed less

pronounced temperature dependence compared t@atheous counterparts.
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Table I11-4. Characteristic length scales and amphiphilic fafrtum the Teubner-Strey model, the DOC
lamellae model, and the DOC cylinder model for [@ffgtSQ,] microemulsions at 25 °C.

DOC Lamellae DOC Cylinder

WL @o  Z[cm2emd [dg [g] fa][' vt OEE}\O]C Vi, Z ‘%ﬂ/’f]c Vil

58 0.81 4.07-10° 59.3 22.1 0.69 0.25 37.4 60.0 0.95
54 0.76 3.82-10° 70.2 30.9 0.77 0.30 37.1 70.9 0.95
50 0.71 3.64-10° 79.4 39.50.81 0.30 36.9 753 0.95
40 0.60 3.50-10° 94.8 51.50.84 0.30 33.0 80.4 0.96
20 0.39 3.26-10° 101.7 41.0 0.73 0.35 35.5 56.7 1.02 3.0 834 1.15
10 0.30 3.73-10° 92.2 28.30.58 0.30 35.6 49.1 1.02 3.0 64.0 1.24

5 0.25 4.08-10° 84.0 20.0 0.38 0.25 34.8 44.8 1.02 3.0 54.3 1.30
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Table 11I-5. Values of domain sizérs, correlation lengtli, and amphiphilic facto, derived from Teubner-
Strey Fits for 58 wt% [emim][etSA 54 wt% [emim][etSQ)], and 50 wt% [emim][etSgE) at various
temperatures.

T[°C] 40 30 25 15 10 5 0 -5 -10

58 wt% 8{? 65.8 624 593 586 572 56.2 552 543 536

L ¢A) 213 228 221 240 246 256 261 265 27.1
f, -061 -068 -0.69 -0.74 -0.76 -0.78 -0.79 -0.81 820.

2d 270 253 244 260 263 258 258 255 257

54 wt% E:g“;’ 815 760 70.2 689 675 663 651 641 631

L ¢@A) 257 279 309 321 335 345 358 370 37.9
f -059 -0.77 -0.77 -0.79 -081 -0.83 -0.85 -0.86 870.

2d 312 301 271 282 280 279 277 274 275

50 wt% E:g“;’ 899 837 794 781 770 761 754 750 748

IL f(A) 347 381 395 431 441 445 449 451 449
fa -0.72 -0.y8 -0.81 -085 -0.86 -0.86 -0.87 -0.87 870.

2d 310 296 274 281 280 2/9 277 274 275

The amphiphilicity factorf, obtained from the Teubner-Strey fit is limitedttee values 1,
corresponding to the disorder line and -1, corredpw to the lamellar instability line.
Structured microemulsions can be formed betweersethémits’®® Well structured
bicontinuous microemulsions can be found between add -0.9 according to Teubner and
Strey!® The values obtained from the TS-fits decrease wéhreasing temperature from
-0.61 to -0.82 for 58 wt% [emim][etS{) from -0.59 to -0.87 for 54 wt% [emim][etgPand
from -0.71 to -0.87 for 50 wt% [emim][etQPD Consequently, a bicontinuous structure at
50 wt% [emim][etSG over the whole investigated temperature range lsanassumed.
However, with increasing IL-content just bicontimgostructures are more likely to exist
between (-10 and 25) °C. Furthermofgindicates that microemulsions including (20 - 54)
wt%lIL preferentially form bicontinuous microstruots. These conclusions drawn from the

extracted amphiphilicity factor give first hints remerning the microstructure at different
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compositions. However, it is counterintuitive topext transition from o/IL to bicontinuous
structures with decreasing temperature. Conseqgyéeh# dimensionless dilution plot can be
applied for a convenient picture about the micragtire present at a given composition. The
dilution plot, which is illustrated in Figure 1112l allows verifying the microstructure
suggested from the values of the amphiphilicitydac

It has been determined that microstructures seebetbicontinuous in an average volume
fraction range. To progress further with the prégxperimental data, the construction of a
dimensionless dilution plogd vs. g (shown in Figure 1lI-12) is required. Using "dilom
laws" as introduced bPe Gennes & Taupfi* can help to distinguish between flexible and
stiff microemulsions. Flexible microemulsions witllow the De Gennes & Taupifaw*?* 24
while other bicontinuous locally cylindrical or laity lamellar (alias bi-liquid foams) exhibit
other dilution lines. The extreme case of flexilphicroemulsions is obtained with SDS-
pentanol or linear non ionic surfactants as moglsiesns'>* Stiff microemulsions have been
identified byRushforthet al!*®in the water-rich domain and Barnes et at>® in the oil rich
domain. Theoretical models can be found in literfdand all can be calculated analytically,
but the specific area'is required for producing dimensionless dilutidotg.

Therefore, the information contained in the scattgdata has been analyzed by means of the
Porod limit, experimental invariant and finally specificea> (equation I11-8)*’

|im(|q4)77§0p0| (1_§0pol)
==

(I11-8)

00

[1(@adg

0

lim(lg*) denotes th&orod limit and J'I (9)g°dqg represents the experimental invari@at,
q_.oo
0

The theoretical Invarian®Que, can be estimated by means of the scattering ledegtisity

differenceAp and the volume fractions through the relati@p., = 277° (80)° @, = @) - I

the present case the values @k, andQneo differ about 30 %. This probably indicates a high
solubility of Triton X-100 in one solvent, most &ky in the ionic liquid, resulting in an
approximated value ofp. In 2009Anjum et al’** published a detailed study to the phase
behaviour of the system water, Triton X-100, anel liydrophobic IL, [omim][P§. Several
“fish cuts” were recorded at different mass ratbsL and water. With increasing amount of
IL the “fish”-head was shifted to higher surfactanhcentrations leading to the conclusion of
an extraordinarily high solubility of the surfactafriton X-100 in the IL. Considering the
present investigation together with studies pullishbyAtkin et al*> **and the higher cmc
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values reported for surfactants in ILs comparethé&corresponding aqueous systems, a high
solubility of non-aggregated surfactant molecules ILs appears to be very likely.
Consequently, the specific area was calculatedepeddence of the experimental invariant
because it mirrors the real situation in the samapkis hence the more reliable value.

Several models have been calculated for compariBba.cubic random cell (CRC) model
holds for bicontinuous structures and is validvolume fractions between 0.18 and 0.82 and
corresponds to th®e Gennes & Taupidaw for flexible microstructure¥* The model
assumes a set of cubes filled randomly with IL aildo describe the microstructure. The

analytic expression for this model can be writtst?a

3d = 60, (L= G0) (111-9)

Actually, the numerical factor has been recalcaatebe 5.83 and not '8! an insignificant
difference, which cannot be detected experimentally

The 2d value for w/o or o/w spheres, equivalent to ILfoodL spheres, can be predicted by

equation 111-10*2

Sd = 48493 (111-10)
However, the volume fraction is linked to the sfieciarea for repulsive spheres by

equation 111-111*2

5d = 432¢" (I11-11)

For g0 > 0.5 the experimental data were in-between remuilspheres and o/w spheres.
Taking into account the estimated error of 15 %Juh the data could be additionally
interpreted in terms of IL/o or o/IL spheres, restpely. However, the adaptability of other
models that could better describe the experimelata has also been checked.

The adaptability of the model of disordered opennezted (DOC)-lamellar microstructtré
has been verified to describe the experimentaleglliihe DOC model is based oNa@rona’
cell tessellation of space, yielding a complete afemicrostructures ranging from isolated
spheres via connected cylinders to disordered lameWith the fixed input parametegsy
and 5, and the assumption of a surfactant chain lengtt8.6fA, and a fixed effective
surfactant parametgp, the asymmetry parametérand the predicted valuedpoc for DOC
lamellar structures has been obtained. Themins defined agpo =V / (a I) whereV is the
volume of the apolar part of the surfactant filnthe area of film per surfactant, anthe film
thickness>®For the connected cylinder microstructure with itiut parametergo, specific
area and curvature mirrored by the value of thefastant parametepo, no physical

reasonable values for the connectivAtgould be extracted. In general, the connectiXitan
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be found between 0 Z< 1.2 when the conductivity is low, for 1.2<< 4 the polar network
of coalescent droplets is infinitd? Therefore, the connectivity was fixed at 3.0. Bdixed
connectivity, the granularity of the microemulsias determined. For explicit analytic
expressions, the reader is referred to refs 126lai@dFor IL weight fractions within (50 - 58)
wt% that corresponds to the regime C-E and to veluimactions 0.71 to 0.82, the
experimental data agree reasonably well with theCD&nellar model. In contrast, it was not
possible at all to describe the experimental pointth the DOC-cylinder model. The
microstructure of connected cylinders can be olegkat high curvatures and high surfactant
content, while the disordered lamellar structurékisly if the spontaneous curvature is low
compared tal.'*? 2°By further going from right to left in the dilutioplot, the values in the
dimensionless2d scale do not decrease with increasing olL-coraeult cannot be described
by any of the models. Consequently, the existencenicroemulsions with a flexible
interfacial film can be excluded in the case of €.40< 0.4, corresponding to (10 - 20)
wt%lIL. On the contrary, the data suggest that dureacannot be reversed towards the IL
phase. Hence, at mean RTIL-content (10 - 40) wigh £ 0.3 - 0.6) the interfacial film is still

curved towards the limonene phase.
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Figure 11I-12. Dilution plot: experimental data at 25 °€)(including an assumed error of 15 %, CRC model
(—=), IL/o or o/IL (), repulsive spheres<{—), DOC lamellae (----), DOC cylinder.

Comparable observations have already been madegtegous microemulsions Barnes et
al.®>" where the ternary system DDAB/tetradecane/water stiagied and the curvature was

tilted towards the oil even at low water conterits.the present case the formation of

78



Results and Discussion - pE with Triton X-100

asymmetric sponge phases or liquid-foam like stmest are reasonable explanations. These
structures exist down to IL concentrations of 5 vat8fisuming a high surface.

The results for scattering measurements as a maid temperature are not shown in the
dilution plot for the sake of clarity. However, tivalues are included in Table IlI-4. The
temperature effect obd can be summarized as follows: above 25 °C the vakreases and
fits better to the model of o/IL microemulsions 40 °C. Below 25 °C the change is not
significant and therefore, the conclusion that itinerostructure does not change drastically

with decreasing temperature is appropriate.

2.3 Conclusion

It was shown that microemulsions which are stahlebielow 0 °C do exist and evidences
were found that indicate a “bicontinuous” structimea large temperature range. Dilution
plots show that the film is not flexible. Isolatddoplets or flexible random microemulsions
are not formed. None of the available models issstent with all data presented. The
microstructure which accommodates best to the dataigh IL concentrations is a locally
lamellar structure. This can be ascribed to achiitl foam structure or an oil-swollen sponge
phase, in present case an asymmetric sponge thakeka described Boux et alin 1992%°
and byWolf et al. in2010%*

Since the dilution plot does not follow the "unisa¥’ De Gennes-Taupiplot, the bending
constant associated to this surfactant, separailrgnd IL must be> 1 kT. To determine if
the bending constant is as high as 10 kT, dilugbfamellar phases should be made. These
are time-consuming scattering experiments that weteperformed. The access to SAXS or
SANS equipments is usually limited. However, therdpneous packing parameter associated
to the phase diagram and microstructure can beresbto be close to one.

While conductivity measurements alone were notigefit to distinguish between several
possible microstructures, scattering experimentgeshight on the present microstructure. At
low IL-content, (5 — 20) wt%, biliquid-foam like (docally lamellar alias asymmetric sponge)
structures are most likely to exist. At high IL-¢ent above 50 wt%IL (above point D) the
data fit reasonably well to the connected localgmeéllar structure. Further, these
microemulsions offered the best visually obsenadperature-stability down to -20 °C. The
results indicate that the effect of temperaturenas very pronounced, regarding both the
domain size obtained from TS and the dimensionlddstion plot reflecting the
microstructure present. Further, the moderate siies at low temperatures renders these
systems applicable.g. as reaction media, at low temperature. Neverthelde formulation
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of low-temperature-stable systems with even lowstosities and wider liquid ranges should
build a future task. These microemulsions with Epoontinuous phase could be used over a
wide temperature range. To the best of our knovdedgs is the first work reporting such
temperature-stability of o/IL microemulsions. Tligstem represents a model system for the

formulation of low-temperature-stable microemulsi@md surely can be further improved.
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3. Microemulsions with Triton X-114 - Effect of Sufactant Hydrophobicity
on the Phase Behaviour of lonic Liquid Based Microeulsions

3.1 Introduction

In the last chapter the characteristics of micrdesions composed of 1-ethyl-3-methyl-
imidazolium ethylsulfate ([emim][etSg)/limonene/Triton X-100 (TX-100) with the purpose
to develop low-temperature-stable microemulsiongHazeen discussed. These systems have
high potential for several applications such astiea media or lubricants.

In this part of the thesis, the effect of surfattamphiphilicity with respect to phase
behaviour, microstructure and thermal stability|wie focused. Consequently, all other
conditions, i.e. the ionic liquid and the apolar phase have begnt kdentical. The IL
[emim][etSQ] as polar phase and limonene as oil phase appder éxtraordinary promising
for the formulation of systems that are stable deemelow the freezing point of water due to
their very low glass transition temperature (-8) °@hd low melting point (-96 °C),
respectively. The only change that is made is #@acement of Triton X-100 by Triton
X-114 (TX-114).

The difference between the two surfactants is tineber of ethylene oxide (EO) groups.
TX-100 comprises in average 9.5 EO groups, TX-144 @.5 EO groups, resulting in an
increased hydrophobicity of the TX-114 surfactarte HLB of TX-100 is 13.5, while 12.4
for TX-114.

The two surfactants, Triton X-100 and Triton X-1&4de predestined for studying the effect of
surfactant amphiphilicity on the formulation of moemulsions and their present
microstructure as the two compounds exhibit exatitysame chemical structure expect the
number of EO groups.

This again changes the phase behaviour in a cro@aher: formation of a three phase state
slightly above room temperature and increased ctarfia efficiency. Experiments are
presented that enable the determination of theeptemicrostructure along an experimental
path and temperature range. The results will bepeved to the TX-100 based system.
Additionally, as reported before for TX-100 baseidnmemulsions, the TX-114 system is also
suitable for the formulation of “cold” microemulsis well below 0 °C, partly down to -35 °C.
This goes far beyond the temperature range thaldcbe achieved for TX-100 based
microemulsions. Finally, a general concept for fbemulation of low-temperature-stable

microemulsions can be established.
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3.2 Results and Discussion

3.2.1 Structural Changes along the Dilution Line ahmbient Temperature

Compared to the previous study of [emim][eifdmonene, and TX-100, the ternary phase
diagram with TX-114 exhibits a significantly enladysingle phase region (Figure Ill-13).
Already at 25 °C this surfactant is more efficidghtin TX-100. Consequently, a better
surfactant was found to solubilise limonene and ifejfetSO, at least at ambient
temperature. The experimental path for single pl@meacterization was chosen to be at
36 wt% Triton X-114. Structural changes along tkpegimental path at 25 °C will be first

discussed before heading for the temperature sffaeit section).

single phase region

7 L 4 7
0.00 0.25 0.50 0.75 1.00
w (limonene)

Figure 11I-13. Ternary phase diagram at 25 °C for the system:rfgf@tSQy, limonene, Triton X-114. The
black arrow marks the experimental path that waseh for further experiments. Crosses highlight the
compositions that were further investigated by SAX&surements.

In general, the conductivity of o/w, w/o, and bitanous microemulsions is significantly
different and therefore allows a discrimination vietn the possible microstructures. A
monotonic behaviour of conductivity suggests thespnce of flexible microemulsions while
rigid ones present a maximum in conductivity. Aotially, w/o droplets can be easily
differentiated according to their very low conduttti values. For IL-based microemulsions

similar observations have been m3u#
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Figure 111-14. Conductivity along the dilution line at 25 °C; A, B, D mark the concentrations where a change
in microstructure could be possible.

Figure 111-14 illustrates the conductivity alongetrexperimental path at 25 °C, which in
general is very similar to the previous reportestaym with Triton X-100. The almost stable,
low conductivity at high olL-content (between potand B) could suggest the existence of
IL/o droplets. Nevertheless, the conductivity isaminigher (10 S/m) than the conductivity
usually observed for reverse micelles in limonehat tis mainly dominated by the
conductivity of the oil phase (F08/m). A possible explanation for this behaviousvgiven

in the previous study of TX-100 microemulsions. albg connected structures,g biliquid
foams could exist rather than separated dropletslugtion of scattering data will shed light
on this statement. First, the remaining condugticiirve remains to be discussed. Above
point B the conductivity rises continuously andalé the assumption of an enlargement of
connected structures. Above point C the increasemauctivity with increasing IL-content is
less pronounced than between point B and C. Coesdlgu a change in microstructure
occurs. Point D represents a maximum in condugtivihe value decreases slightly between
point D and E, while at point E only IL and surfaat is present in the solution. The lower
conductivity could be explained by a high solulitif surfactant molecules in the conducting
IL phase, where possibly most TX-114 moleculesdissolved as monomers in the IL phase
and not at the interface, resulting in a decreasediuctivity’® Adding limonene leads to a
preferred micelle formation and to a slight inceeas conductivity. The shape of the
conductivity curve exhibits many similarities comge to the curve obtained for TX-100
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microemulsions. Therefore, one could conclude thlaer features found before for TX-100
microemulsions also could be present in this syst€ms prior investigated system for
example indicated the presence of an interfaciad, fwwhich is located in between rigid and
flexible films. SAXS experiments at 25 °C along tfiution line can give an answer to the
guestion of rigid or flexible microemulsions. Bedogoing into detail on this question, some
general evaluations from scattering data will kecdssed. The experimental data were fitted
according to the formula proposed Bgubner & Streyequation I11-4)}*

The domain sizedys (equation 11I-5), the correlation length (equation IlI-6), and the
amphiphilic factorf, (equation 111-7) have been extracted.

Sincef, tends to 1 for disordered systems and to -1 féenaellar phasef, can provide
important information about the microstructure pres®® The results fromTeubner-Strey
analyses are summarized in Table IlI-6, the saagerurves with the corresponding fits are
visualized in Figure 111-15.
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Figure 11I-15. Experimental SAXS data and TS-fit at ambient terapee for 7 sample compositions along the
dilution line.
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Table 111-6. Results from SAXS data evaluation withubner-Streyermula for measurements at 25 °C and
sample 1 to sample 7.

Sample wWit%lL @ Bol drs [A] ETA fa
1 5 0.037 0.230 84.1 19.1 -0.34
2 10 0.077 0.273 87.7 25.2 -0.53
3 15 0.118 0.320 94.8 315 -0.63
4 30 0.251 0.463 104.6 46.2 -0.77
5 45 0.398 0.624 91.5 42.7 -0.79
6 56 0.516 0.752 70.6 26.4 -0.69
7 60 0.559 0.798 59.1 21.6 -0.68

According toTeubner & Streywell structured bicontinuous systems should bmdobetween
-0.7 and -0.9*° From the seven samples measured at ambient teimgethe three samples
between (5-15) wt% yield values between -0.34 &n@3- Consequently, no well structured
bicontinuous microemulsions are present. This isngletely in agreement with the
conductivity results, which suggest potentially wected IL/o microstructures up to point B
(@ =0.12, corresponds to 15 wt%lIL). The interpretataiso correlates with the low IL-
content and high limonene content that is presenthe samples (1-3). The determined
domain sizedrs as well underlines this assumption as the valaeeases from (5-15) wt%lIL
(84 A-95 A) arguing strongly for a swelling of rese micelles. Mainly, comparable results
have been found for TX-100 microemulsions. Bothteys seem to exhibit several
similarities. Further, samples including 30 wt%lig (= 0.25) and 45 wt%lIL ¢_= 0.40)
result in values of,=-0.77 andf,=-0.79. The samples lie in the B-C range of tHatidin
line and the values of the amphiphilic factor adlves the conductivity measurements
indicate the extension of connected structurelisyxdomain. A bicontinuous structure is most
likely present according to almost equal amountsiladnd IL phase in these samples. Finally,
two samples remain to be discussed, 56 wt%glL £ 0.52) corresponding to a point between
C and D and 60 wt%lIL ¢ = 0.56) corresponding to point D. Amphiphilic facgt of -0.69
and -0.68 are received, respectively. These vawesslightly below the border of a well
structured bicontinuous microemulsion proposed eybner & Strey™ This and the fact that
the modulus of the amphiphilic factor decreasesnfreample 5 (45 wt%lL) to sample 7

(60 wt%lL) combined with a simultaneous decrease dig indicates a change in
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microstructure, most likely the formation of o/lltoghlets. This would be in agreement with
high IL-contents/low limonene contents. In additianwould underline the results obtained
from conductivity measurements, which as well ssgge change in microstructure at
concentrations above point C. Furthermore, theroeted amphiphilic factors, domain sizes
(Table I1I-5), and correlation lengths (Table Il)j-&re in the same order of magnitude as the
obtained values for TX-100 microemulsions. To dmaare conclusions one has to extract
even more information from SAXS measurements usirdjlution plot. The plot gives the
possibility to distinguish between rigid and flebe@bmicroemulsions, but is only meaningful if
experiments were carried out along a dilution fitfeas it is the case for this system. The
product of specific area®j] and domain sized{s) is plottedversusthe volume fraction of the
polar phase ¢.) to construct the dilution plot. Thus, the specdrea has to be obtained as
follows: first one has to extract tHeorod limit and the experimental invariant, and then
calculate the polar volume fractions. Finally equatll-7 can be used to obtain

The obtained values fd?orod limit, theoretical Quneg and experimentalfeyy) invariant are
summarised in Table IlI-Qeo andQeyp fit extraordinary well; the maximum deviation was

14 %. This indicates that the made assumptionstatmooposition are correct.

Table 11l-7. Extracted experimental invaria@t,, calculated theoretical invaria@n., Porodlimit and specific
surfaceZ for the seven concentrations measured at 25 °C.

sample | wosIL - (_aexp (_gtheo z Porod limit
[ecm¥107]  [em™107]  [em¥em¥107]  [em®/107

1 5 0.230 1.60 1.83 4.65 13.4

2 10 0.273 1.84 2.14 4.34 12.8

3 15 0.320 2.28 2.39 3.90 13.0

4 30 0.463 2.74 2.82 3.42 12.0

5 45 0.624 2.47 2.60 3.48 11.7

6 56 0.752 1.80 1.90 4.16 12.8

7 60 0.798 1.45 154 4.61 13.2

The resulting dilution plot is visualized in Figuleé16. Together with the experimental data,

model systems that can be found in literature kotaul.
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Figure 11I-16. Dilution plot: experimental data at 25 °€)(including an assumed error of 15 %, CRC model
(=), IL/o or o/IL (), repulsive spheresH{-—).

As can be observed in Figure IlI-16, the experirakwalues fit well to o/IL droplets for high
IL-concentrations (samples 6, 56 wt%IL and samplédwt%lIL). This result displays one
important difference between the previous work ¢8IDO microemulsions and the present
work on TX-114 microemulsions. TX-100 microemulsocould be well described in this
concentration range by the model of disordered agemected (DOC5° lamellae. In the
present case we can disclaim the application of@& models as our data can be well
described by the theoretical model of o/IL spherBy. going further to lower IL
concentrations in the dilution plot, samples 4 \%lIL) and 5 (30 wt%lIL) provideXdrs
values slightly below the theoretical value forLofir IL/o droplets. This means that less
surface is consumed and indicates a structural gehdor the two samples compared to
samples 6 and 7. This is consistent with the datailmed from conductivity and the values for
the amphiphilic factor that indicate the presende ao well structured bicontinuous
microemulsion in this concentration range. The reanples (1-3) exhibit values that are
even above the predicted ones for IL/o dropletsthd microstructure would change to
separated IL/o droplets, the value Xdrs would decrease belowgqa = 0.5. The effect of
non-decreasingdrs could be already observed for Triton X-100 microdsions, but was not
as pronounced as in this case. One can conclutisaparated IL/o structures are not likely
according to the shape of the dilution plot thali¢ates that the interfacial film does not curve

towards the IL phase. Therefore, biliquid-foam I@ally lamellar alias asymmetric sponge)-
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like structures are most likely to exist. This aellwwould explain the relatively high
conductivities at very low IL-content. Furthermothe non decreasingdrs values do not
follow the dilution law ofDe Gennes & Taupithat is valid for flexible films. Hence, a rigid
or intermediate surfactant film can be assumedthtier present system. Same observations
have been already made for TX-100 microemulsionise Tifferences and similarities
observed for the two systems at 25 °C can be nomngrized. Similarities can be found in
the microstructure at low and intermediate IL-cotdéeand differences in the microstructure at
high IL-contents. Intermediate weight fractionslioflead quite surely in both cases to well-
structured bicontinuous microemulsions. Low IL cemications lead to structures that are
hard to determine, where separated IL/o dropletsbeaexcluded according to conductivity
and SAXS data. Most likely structures are locatinmected for both systems studied. At high
IL-content structural differences can be seen Hsdrbplets can be found for TX-114 and a
DOC lamellae structure for TX-100 microemulsions.id not probable that the small
discrepancy is due to differences in the surfaatantcentration along the experimental path,
which is 38 wt% (0.61 mol/kg) for the TX-100 and 866 (0.67 mol/kg) for the TX-114
system.

3.2.2 Structural Changes of o/IL Microstructure asa Function of Temperature

Additionally to the characterization at ambient psrature the system has also been analyzed
in respect of temperature-stability. The major ¢arg to find microemulsions that do not
separate by cooling. Hence, segregation tempeshaee been determined. The results are
plotted in Figure IlI-17. The experiment clearlyndenstrated that this system features low-
temperature-stability. Along the experimental paéich sample shows at least no segregation
down to -4 °C. That means that the cooled sampestilll form single-phase microemulsions
and none of the included components freezes duhegcooling process. Compared to the
previous studied microemulsions with Triton X-1@Be resulting segregation temperatures
are much lower. This is a big improvement in conserof low-temperature-stable
microemulsions. Once again microemulsions with ghhamount of IL exhibit the best
temperature-stability down to at least -35 °C. Abm temperature these compositions,
56 wt%lL (@ = 0.52) and 60 wt%lIL ¢ = 0.56) have been shown to correspond to an o/IL
microstructure. The temperature dependent changeghese structures remain to be

discussed.
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Figure 111-17. Segregation temperatures recorded along the expetaipath marked in the ternary phase
diagram. The data points were connected to guieleye.

SAXS has been measured as a function of tempergiife 40) °C and fitted to the formula

of Teubner & StreyThe spectra are show in Figure I11-18.
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Figure 111-18 . SAXS spectra: experimental dasg @nd Teubner Strey fit (—) for samples 6 (a) ar{td)7at -
10 °C, 0 °C, 10 °C, 20 °C, 25 °C, 30 °C, and 40 °C.

From theTeubner-Streyit domain size and correlation length can beaoted. The domain
size slightly decreases for sample 6 (56 wt%IL)rfr81.6 A at 40 °C to 63.4 A at -10 °C and
for sample 7 (60 wt%IL) from 63.1 A at 40 °C to & at -10 °C. The change in domain size
is not very pronounced and could be also relatedataecrease in mobility at low
temperatures. However, the amphiphilic factor deses for both samples below 25 °C to a
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value of -0.7 and even further by cooling down16 ¢C. Nevertheless, in this case the value
has to be handled with care. A change from o/lla feicontinuous structure with decreasing
temperature would be suggested by an exclusiveidenasion of the amphiphilic factors
(Table 111-8). This however is completely againitabservations made before for structural
changes in microemulsions and our observationsatediscussed in the following section

(“fish™-cut).

Table 111-8. Results fromTeubner-Streyvaluation of SAXS data for sample 6 and sam@ad’results for
specific surface® at various temperatures.

Sample 6 (56 wt%lL) Sample 7 (60 wt%lL)
T[C] dis[A]  ¢[A] fa Sths | dis[A] - E[A] fa Ztrs

-10 63.4 32.1 -0.82 2.64 53.1 23.8 -0.78 2.37
0 65.3 30.1 -0.79 2.78 54.7 24.0 -0.77 2.53
10 67.7 28.6 -0.75 2.82 56.8 23.8 -0.75 2.57
20 69.9 26.4 -0.70 2.84 58.1 22.2 -0.70 2.70
25 70.6 26.4 -0.69 2.94 59.1 21.6 -0.68 2.72
30 73.4 24.6 -0.63 3.21 60.9 21.2 -0.65 2.81
40 81.6 20.8 -0.44 3.54 63.1 20.1 -0.60 2.86

Nevertheless, the change in the amphiphilic facébr least indicates a change in
microstructure. All results fronTeubner-Streyevaluation are summarized in Table III-8
together with the resultingdrs values. Those as well indicate structural chan{és
formation of locally connected structures like spemphase, disordered lamellae or connected
cylinders at low temperatures could be possiblee Jtrs value decreases with decreasing
temperature and finally, lies in between theorétiGdues for o/IL droplets and repulsive
spheres. Consequently, a change from a flexiblerfatial film to a rigid interfacial film
could occur with decreasing temperature. For TX-h@8ed systems this structure could be
well described by the model of disordered open eoted (DOC) lamellae. The application
of the DOC model however does not make sense uald#stion line is investigated and thus
was not applied in the present case. TX-100 mictdgions exhibited comparable changes as

a function of temperature. The characteristics rofirdermediate interfacial surfactant film
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were observed for TX-100 based microemulsions dyred ambient temperature as discussed
in section 3.1 of this chapter. At temperaturesvali2b °C the domain size increases further
up to 40 °C, theXdrs parameter increases also and can only be attdbtdean o/IL
microstructure for both samples. This effect wa albserved for TX-100 microemulsions.
Therefore, one can now conclude that o/IL micragtries are most likely present for TX-114
based microemulsions at (relatively) high tempeestuand DOC lamellae could be the
preferred structure at low temperatures.

In addition to microstructure, the viscosity of giesent system is of main importance if one
implicates the possible applications. Kinematicwotsties have been measured as a function
of temperature from 40 °C down to 5 °C. Dynamiccusties were obtained from the
multiplication of kinematic viscosities by the cesponding densities. Prior to this
calculation, the existence dfewtonianfluids was verified by measurements on a coneeplat
system as described for the Triton X-100 basedesysihe results for dynamic viscosities
are illustrated in Figure 1lI-19. The values ob&irfor the TX-114 microemulsions are in the
same order of magnitude as the values obtainedXet00 based systems at 5 °C, (1000 —
1200) mPas.
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Figure 111-19. Viscosity measurements as a function of tempezaample 6 (56 wt%lL)e). Sample 7
(60 wt%lL) (V). The data points were connected to guide the eye.

3.2.3“Fish”-Cutat a = 0.5

The “fish”-cut ata = 0.5 is shown in Figure 1lI-20. A three phase yad observed at
temperatures between 24.6 and 27.1AChpeing 2.5 °C.
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Figure 11I-20. “Fish”-cut ata = 0.5 and conductivity results at 35 wt% TritoriX4 between 12 and 35 °C.
The data points were connected to guide the eye.

With increasing temperature a phase change ocoursWinsor| (2) over Winsor I (5) to
Winsor 1ll (3) as previously described for non-ionic sofant based aquedfis
microemulsions and microemulsions including Pit:s*® The phase inversion temperature
(PIT), corresponding to the temperature where thremal amount of surfactant is needed to
form a one phase microemulsion could be extractedbé 25.7 °C. For TX-100
microemulsions the value was 30.1 °C. The maximurfastant efficiency is about 22 wt%.
This is an improvement of 2 % compared to the Tirk6100 microemulsions. Additionally,
lowest temperature where a three phase body oe@s$owered from 28.0 to 24.6 °C. These
changes in phase behaviour can be attributed tadififierence in hydrophobicity of the
surfactants, while TX-100 exhibits a HLB-value .3 and TX-114 a value of 12.4. The
formation of surfactant structures in the hydropbobil is therefore preferred at lower
temperatures. Conductivity measurements can additiogive information on the structural
characteristics of the one phase region. Condtygtiat 35 wt% Triton X-114 and in a
temperature range between 12 °C and 35 °C showeaa maximum around the phase
inversion temperature followed by a sharp decreéaseonductivity. The shape of these
conductivity measurements indicates the existerichighly structured systems along the
measured temperature range. Two opposite effeftiente the appearance of this curve: first
the effect of increasing temperature rises the gotindty according to an increased mobility

of effective charge carriers. Second the structanange from o/IL microemulsions at low
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temperatures over bicontinuous structures to ILicrastructures would result in a relatively
high starting conductivity that increases up tofH€ and decreases above the PIT to a lower
value than the starting value. The observed shaparaurve hence allows the conclusion of

highly structured systems.

3.3 Conclusion

This work has shown the effect of the surfactartiomrX-114 on the phase behaviour of the
ionic liquid [emim][etSQ] and limonene. Previous work with Triton X-100afering a
slightly higher HLB value than Triton X-114 haveosin the curiosity of microemulsions that
exhibit intermediate characteristics between ricgadd flexible systems at ambient
temperature. TX-114 microemulsions can be at highcdncentrations defined as ol/IL
microstructure. Both systems show many similarite¢d microstructure is in both cases the
one with the best stability towards low temperaguiiéhat means the samples do not separate
while they are cooled down. Another similarity dae found in the present microstructure,
both systems display features for connected strestat low IL-content. Finally, the
temperature dependence on microstructure of thpeeature stable systems was comparable.
However, o/IL droplets could be identified at anmbietemperature for TX-114
microemulsions at high IL concentrations and DO@dHae was the present structure for
TX-100 microemulsions. At temperatures below 255ah systems gave hints for connected
structures and at high temperatures for o/IL drgpl&nother difference is the position of the
“fish” at a = 0.5 as slightly above 25 °C a three phase badydcbe observed. This change
can be attributed to changes in surfactant hydroicity. The most important difference
between both systems is possibly the temperatmgeran which the systems are applicable.
The TX-114 microemulsions with high amount of satéat exhibit temperature-stability
down to -35 °C that clearly exceeds the obtainddegafrom -20 °C for TX-100 systems.
Consequently, this allows one to draw the conclusiat an even lower HLB-value of the
surfactant may lead to even lower temperaturessatde. Further, an interesting feature of
the o/IL microstructure that seems to undergo angbarom o/IL droplets to intermediate
structures with decreasing temperature has beendfolihis observation holds for both
surfactants. Unfortunately, the viscosity could het reduced by replacing Triton X-100
through Triton X-114 as the two formed microemuisgystems exhibit similar viscosities.
Indeed, this would be of importance when applicetioome into play and therefore a system

should be found that exhibits low-temperature-$itsland moderate viscosities.
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4. Microemulsions with C,oE4- Formulation of Microemulsions Suitable for

Applications as Reaction Media

4.1 Introduction

In the two previous chapters the possibility to nfafate low-temperature-stable
microemulsions was demonstrated. First experimaitts Triton X-100 and Triton X-114 led
to the assumption that surfactants with lower HL8lues could be more efficient in
solubilising [emim][etSG] and limonene at room temperature and temperatuetisbelow

0 °C. Triton X-100 exhibits an HLB value of 13.5dafriton X-114 an HLB value of 12.4.
Consequently, the next step comprises the appicati a surfactant with a lower HLB value.

Triton X-100 and Triton X-114 are commercially dahie low-cost surfactants. However,
they feature a distribution in EO groups with a mealue of 9.5 for Triton X-100 and 7.5 for
Triton X-114. One of the final goals of this themgshe utilization of low-temperature-stable
microemulsions as reaction media. To realize timsapure surfactant with defined number
of EO groups should be implemented instead of thi@[ X-type surfactants. The simplest
non-ionic surfactants are ethoxylated alcoholsheftype GE;. However, pure surfactants of
this type are very expensive (1 mL about 100 Eurdsfortunately, microemulsions contain
a relatively high amount of surfactant. In the tsystems already reported, an experimental
path was characterized comprising 36 wt% or 38 wtffactant, respectively. Consequently,
a purchase of these surfactants for a detaile¢y stndhe microstructure of microemulsions is

almost impossible.

Tetraethyleneglycol monodecylether;{E;) was chosen as amphiphile after first experiments
with a corresponding technical surfactant (same Hlel promising results in formulating
low-temperature-stable microemulsions. These preliny results are not presented here as
this work focuses on the most promising systems liage been investigated;dE, can be
synthesized simply from inexpensive starting matsriFurther, GE, exhibits an HLB of
10.6, being definitely below the HLB of Triton X-4112.4). Therefore, there exists a high
potential in the formulation of low-temperaturekdta microemulsions implementing this
surfactant. The ternary phase diagram, conductivigcosity, and SAXS measurements will
be reported in the following. Additionally, the digation of these microemulsions as reaction
media and results from preliminary experiments bdlpresented.
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4.2 Results and Discussion

4.2.1 Ternary Phase Diagram

The resulting ternary phase diagram for the sydemim][etSQ], limonene, and GE, is
illustrated in Figure 111-21. The surfactant issesfficient than Triton X-100 and Triton X-114
at room temperature. The implementation of a mgdrdphobic surfactant leads to a system
where the multi phase region is more pronounced ihdahe previous studies. Nevertheless,
these results do not automatically implicate thaw-temperature-stable microemulsions
cannot be obtained by using this surfactant. Inctee of the GE4 based systems, no “fish”-
cut was recorded. Aa = 0.5 the system is definitely “above” the “fisat room temperature
and down to -10 °C.
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Figure 111-21. Ternary phase diagram for [emim][etg3Qimonene, and GE,. The black arrow marks the
investigated experimental path at ambient temperafAicross highlights the microemulsion composiithat
were investigated by SAXS measurements.
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4.2.2 Characterisation along the Experimental Path

Along the experimental path the surfactant conedioin is kept constant at 45 wt% (€.
This corresponds to the dilution with the lowessgible surfactant concentration in the single

phase region of the ternary phase diagram.

As already reported for the two microemulsion systencluding Triton X-100 and Triton
X-114, conductivity measurements provide importamtormation about the transport
properties and microstructure present. As the systehibits remarkable temperature-stability
along the experimental path (Figure 111-22), corntdity was measured not exclusively at
25 °C (Figure 111-23), but also at 0 °C (Figure-26) and -15 °C (Figure 111-27).

One important difference to the previously studsd@tems is visualized in Figure 111-22.
Herein, segregation temperatures are illustrateghsured along the experimental path at
45 wt% surfactant. Microemulsions with comparaliteants of limonene and [emim][etgO
are stable down to -20 °C. Segregation points ifjetite temperature at which the samples
separate or freeze. In contrast to these microeomglsthe systems including Triton X-100
and Triton X-114 exhibit the best stability if higlmounts of ionic liquid and low amounts of

limonene are present in the formulation.

-10 -

T [°C]

-15 °

°
-20 ° o«

-25 T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

wt% [emim][etSO4]

Figure 11I-22. Segregation temperatures foiRE, based microemulsions with compositions along the
experimental path.
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The conductivity at 25°C along the experimentathp#s illustrated as function of

[emim][etSQ] volume fraction in Figure 111-23.
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Figure 111-23. Conductivity measured along the experimental pa2b °C.¢ denotes the determined
percolation threshold. The line was drawn to guideeye.

Conductivity values are almost zero at low IL-caonitand increase over several orders of
magnitude when the IL-content is increased. The émwmductivity at low IL-content (10
®S/m) can be correlated to the existence of IL/qkits. The conductivity of those structures
is mainly governed by the conductivity of the neiphase (1§ S/m)?’ Furthermore, typical
percolation behaviour can be assumed. After thegtetion threshold ¢), conductivity
values increase over several orders of magnitugefinal value of 0.18 S/m. Thereforg,
can be determined by plotting lag(versus the volume fraction of [emim][etgd@Figure IlI-
24), fitting the curve with a fourth order polynahand setting the second derivate to Z&%o.
Shortly, this corresponds to the determination leé tnflection point of the curve. The

resulting percolation threshold ¢g[emim][etSQ]) = 0.26.
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Figure 111-24. log(«(¢) plot for the determination of the percolationetbhold for GoE4 microemulsions at
25 °C. Measured data is depicted by triangles hadolid curve corresponds to the fourth order pmtyial fit.

The percolation behaviour can be further charazdriby the determination of two
characteristic parametepsands. Two models exist to explain the percolation pheaoon,
static or dynamic. Dynamic percolati8fi*® **“describes droplets that are in motion. The
increase in conductivity is related to rapid fusf@sion processes among the dispersed
droplets. Static percolation describes the idearofsolating solution with solid conductors
and is based on the appearance of a bicontinuoustige'® To distinguish between both

models a plot according to Figure 111-25 is reqdifx versus Ing @l)).

According to the most widely used dynamic percolatmodel, two pseudo phases can be
assumed: one in which charge is transported byliffiesion of microemulsion globules and
the other phase in which charge carriers itselfudé in the reverse micellar clustét.
According to this theory two separate asymptotigvgrolaws can be used to describe the

conductivity behaviour above and below the peramfathreshold along the dilution line.
Ink =Ink, + ,uanw— qop|) (above percolation threshold)  (I11-12)
Ink =Ink, - sIan— (0P|) (below percolation threshold) (111-13)

The two characteristic parameteps (equation IlI-12) ands (equation 11I-13) can be
determined from Figure 111-25. Computer simulatiatetermined parameters jpf= 1.94 and

s= 1.2 for dynamic percolation apd= 2 ands = 0.6-0.7 for static percolatidf’ %
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Figure 111-25. Plot for the determination of the two charactériphrameterg ands.

The resulting parameters ape=0.57 ands=1.08 in the case of these non-aqueous
microemulsions containingigE4. The parametepn is not suitable for a clear differentiation
between static and dynamic percolation as the sahare to similar for both models. In
contrast, the parametsiis suitable to distinguish between both percolapbenomena. The
value of 1.08 fors fits more to the phenomena of dynamic than foricstaércolation. In
general, a value o$ below 1 indicates static percolation and a valuevabl dynamic
percolation whereag lies usually between 1 and'%. A value ofpu =0.57 is below the

typical values.

Conductivity data at 0 °C (Figure 1lI-26) and -15 {Figure IlI-27) are presented in the
following two figures. A very low conductivity abW IL-content indicates the existence of
IL/o droplets. Limonene forms the continuous phdge conductivity values do not increase
over several orders of magnitude as observed aE2%his can be correlated to the decreased
mobility of the charge carriers at low temperaturidsvertheless, above, = 0.2 a slight
increase in conductivity can be observed for measants at 0 °C. This indicates the
formation of connected structures. At high IL-canigeconductivity values do not decrease as
it was observed for Triton X-100 and Triton X-114skd systems. This observation indicates

the presence of flexible interfacial films. The saholds for the conductivity results at 25 °C.
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Figure 111-26. Conductivity data for GE, based microemulsions at 0 °C. The line was drangutde the eye.
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Figure 111-27. Conductivity data for ¢E, microemulsions at -15 °C. The line was drawn talghe eye.

At -15 °C the slope of the curve is even less stibgp at 0 °C and 25 °C. A continuous
increase in conductivity can be observed. The stdpire curve does not change significantly
along the experimental path. A limited concentratiange could be measured due to some
samples that freeze or separate when they areccdoen to -15 °C. Subareas cannot be

doubtlessly defined at this temperature.
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Viscosity is of importance when applications comwiplay. Additionally, viscosities can
also give information about transport propertied e microstructure present. Consequently,
the dynamic viscosities have been determined aloagxperimental path (45 wt%¢E,) in

a temperature range from (5-30) °C (Figure llI-ZBynamic viscosities were derived from
kinematic viscosities and densities after the eris¢ ofNewtonianfluids was confirmed
(same procedure as for Triton X-100 microemulsiomkg values for the dynamic viscosities
are significantly lower than in the previous measusystems including Triton X-100 and
Triton X-114. At 5 °C the microemulsions formed hvitriton X-100 exhibited a dynamic
viscosity of (1300-1500) mPas and Triton X-114 aaiyic viscosity of (900-1500) mPas.
These are values, which have been obtained foemgsthat include a high content of
[emim][etSQ)]. Therefore, these values can be only comparec 6, microemulsions with
comparable amounts of ionic liquid. A microemulsiavith 45 wt% GoEs, 52 Wt%
[emim][etSQ], and 3 wt% limonene exhibits a viscosity of 2&%Pat 5 °C. The goal to
formulate microemulsions that can be applied be®%C and that show a relatively low
viscosity could be met. Consequently, these mictdgions with the simple surfactantd,
are easier to handle and exhibit a higher poterfbal future applications than their
competitive systems including Triton X-100 and dmitX-114. The decreased viscosity could
result from the difference in viscosity from thefagtants, 20 mPas fori6E4, 290 mPas for
Triton X-100, and 282 mPas for Triton X-114 at aembitemperature.
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Figure 111-28. Dynamic viscosities measured in a temperature rah¢@0-5) °C for microemulsions along the
experimental path containing 45 wt%gE,. Black: 2 wt%, bright green: 6 wt%, blue: 10 witftagenta:
16 wt%, yellow: 22 wt%, orange: 28 wt%, green: 38awbrown: 44 wt%, red: 52 wt% [emim][etQIOThe data
points were connected to guide the eye.
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Dynamic viscosities at 25 °C as function of ioriguid content are shown in Figure 111-29.
Significant differences in viscosities between aatdnt-limonene and surfactant-ionic liquid
mixtures could give information on the microstruetuyresent. However, Figure I11-29
illustrates a continuous increase in viscosity glothe experimental path without
characteristic changes in the slope of the cumvaeed, typical percolation behaviour cannot
be observed. Further curves at other temperataes hot been plotted here as they exhibit

similar shape and no information on microstructtae be extracted.
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Figure 111-29. Dynamic viscosities along the experimental patinfiicroemulsions containing:g&, at 25 °C as
a function of IL-content. The line was drawn todgpithe eye.

4.2.3 SAXS Investigations

The system has been investigated by means of cowithy@nd segregation temperatures
along the experimental path. For further applicstioof the systemge.g. as chemical

nanoreactors, two samples with a less surfactartesuration have been chosen (35 wt%lL).
The samples were investigated with SAXS (Figure3d). The segregation temperatures of
these samples were -12 °C. Small angle X-ray soagtSAXS) has been measured at
temperatures of 30 °C, 25 °C, 10 °C, 0 °C, and°@.0The experimental data were fitted
115

according toreubner & Streyequation 111-3).7> The results from TS-fit and the experimental

data are shown in Figure 111-30.
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Figure 111-30. SAXS spectra of GGE, based microemulsions. 63 wt% [emim][etfQ@ wt% limonene, 35 wt%
C10E4 (b). 61 wt% [emim][etSE), 4 wt% limonene, 35 wt% &, (a).

The three characteristic values, two length sc@esain sizedrs and persistence length
and the amphiphilic factdy were extracted from the fits accordingTteubner & StreyThe

results are summarized in Table 1lI-9.

Table 111-9. Extracted parameter frofreubner-Stregvaluation of GE, based microemulsions.

Sample 1 (61wt%lIL) Sample 7 (63wt%IL)
T[C] drs[A]  ¢€[A] fa drs [A] E[A] fa
-10 49.1 30.5 -0.91 45.1 34.5 -0.88
0 49.8 294 -0.90 44.9 32.6 -0.86
10 50.3 275 -0.89 47.9 315 -0.84
25 51.4 254 -0.87 47.5 26.8 -0.81
30 51.3 254 -0.86 47.1 26.3 -0.81

The domain size remains almost constant with degorgatemperature. In contrast, the
domain size calculated for Triton X-100 and Trit&rl14 systems increased clearly with
decreasing temperaturel;s changes from 51.3A (30°C) to 49.1 A (-10 °C) ftire
microemulsion including 61 wt%IL and from 47.1 AOf3C) to 45.1 A (-10 °C) for the
microemulsion containing 63 wt%IL. The variationabout 2 A in both cases and therefore
can be neglected. Consequentlyofz based microemulsions have been formulated whose

domain size does not change in the measured tetaperange of 40 °C. These observations
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underline the choice of these systems for low teatpee applications.g.as reaction media

for catalysis or nanoparticle synthesis. The calead amphiphilic factor for these
microemulsions exhibits values between -0.8 an@l-or both systems. This is theoretically
in the range of well structured bicontinuous micnoésions as proposed bleubner &

Strey**®

This value has to be taken with care as it doésnsure the absence of separated
micelles. From this point of research, no exactcagion about the present microstructure of
these two samples can be drawn. Further investigatof dilution lines with SAXS could
provide the desired information about the micradtrite. Alternatively, microscopy methods

like FF-TEM and Cryo-TEM measurements are helpfolg for this purpose.

Viscosities have been measured for these microegonut®mpositions as well. The dynamic
viscosities were derived from measured kinemascasgities and measured densities. Prior to
this, the existence dNewtonianfluids was confirmed by measurements on a conte-pla
system as described for Triton X-100 microemulsidrefore. The results of dynamic
viscosities for the two samples are shown in Figur81. The values are quite low at 5 °C
and allow the conclusion that these systems ar@ldei for further applicationg,e. as

reaction media.
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Figure 111-31. Measured dynamic viscosities for the compositiGiswt% [emim][etSq), 35 wt% GE,,
4 wt% limonene ¢), and 63 wt% [emim][etSg), 35 wt% GoE4, 2 wt% limonenex). The lines were drawn to
guide the eye.
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4.3 Preliminary Experiments for Applications of Low-Temperature-Stable

Microemulsions as Nanoreactor

Synthesis of Ru-nanoparticles in o/IL microemulsions with subsequent hydrogenation of

the oil phase:

Preliminary experiments have been realized at tsitit de Chimie de Lyon, Lyon
University, Dr. Catherine C. Santiniln this contextDr. Santini and Dr. Campbelare

gratefully acknowledged for performing these expemnts.

Ru-particles are synthesized from organo-metaltimpglexes using hydrogen. The reaction
takes place in the apolar cores of the o/ IL migroksions. Thein situ synthesis of Ru-
particles is followed by catalytic hydrogenationtbe substrate limonene. The principle is
illustrated in Figure I1I-32 and was already stutlia pure imidazolium based ionic liquids
with an alkyl chain length of n =48 The nanoparticle synthesis and the reaction of
limonene were tested at O °C. First results shothedl the organo-metallic precursor was
highly soluble in the apolar cores of the microesmans (25 g/L). Two microemulsion
compositions were used: first sample (referred 4osample 1) containing 35 wt%dE,,

63 wt% [emim][etSQ, and 2 wt% limonene, second sample (referred dosample 2)
containing 35 wt% @Es, 61 wt% [emim][etSG], 4 wt% limonene. These samples build
model systems. In future the substrate limonenebeasubstituted by toluene or benzene. The

aim is to study the selectivity of catalytic hydemgtion reactions of aromatic rings.

The results of the Ru-particle synthesis and thdrdgenation of limonene in IL based

microemulsions can be summarized as follows:

* The Ru-particles have been synthesised under 4 dfars at 0 °C for 4 days. In
sample 1 no size control could be observed, thacfmsize varied between 10 and
100 nm (transmission electron microscope (TEM) iesagFigure I11I-33). The
synthesis in sample 2 produced exclusively padideound 10 nm (TEM images:
Figure 111-34).

» After the reaction the resulting black suspensitiase been analysed by GC.
Sample 1: 83 % of the present limonene has beemopgdated, 21 % para-1-
menthene and 62 % menthane (cis- and trans-) werengin products. Sample 2:
67 % of the limonene has been hydrogenated, 38 Ba-Jpanenthene, and 29 %
menthane (cis- and trans-) have been the main pr®din both samples traces of

other menthene isomers were detected (double basttier positions on the ring).
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Figure 111-32. Schematic illustration of the reaction processmfation of Ru-nanoparticles in o/IL
microemulsions followed by a subsequent hydrogenaif limonene.
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Figure 111-33. TEM pictures of Ru-particles synthesized in samp(85 wt% GoE4, 63 Wt% [emim][etS(],
2 wt% limonene).

Figure 111-34. TEM picture of Ru-particles synthesized in sanpl(85 wt% GoE4, 61 wt% [emim][etSd],
4 wt% limonene).

These first experiments have shown that catalyyicaitive Ru-particles can be synthesized
in the present microemulsions. However, further eeixpents at different temperature,
reaction times, and finally with different microelsions are necessary for a correct
estimation of the present results. The insufficigae control of the particles built could be
due to possible flexible films that exist in thygoé of microemulsion. Surfactants with linear
short alkyl chains often form flexible, deformalfilens with a bending constant of the order
1 kT. Nevertheless, more experiments are required tfiroothis theory. Bending constants
for example can be calculated by contrast variagaperiments in small angle neutron
scattering (SANS).
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Epoxidation of limonenein o/IL microemulsionsin the presence of m-CPBA:

The epoxidation of limonene should proof the reactimedia capability of o/IL
microemulsions. For this reason a reaction wasamhdsat does not contain many reactants,

which could destroy the structured microemulsion.

Limonene has been epoxidised in the presencen@PBA (metachloroperoxybenzoic
acid)!®* The reaction takes place in the apolar cores@bflL microemulsions (2 or 4 wt%
limonene, 35 wt% GE4, [emim][etSQ] as continuous phase). The reaction equation is

presented in Scheme IlI-1.

@) O+~ __OOH
m-CPBA (1.2 eq)

Cl
m-CPBA

Scheme llI-1. Schematic illustration of the epoxidation of linesve withm-CPBA.

The utilization ofm-CPBA has several benefits. Only one reactant éleé to perform the
conversion to the desired product. The reactiomiscm a very fast rate and produces almost
exclusively the desired product. Therefore, onlgnaall excess of reagent is needed. The
microemulsion seemed to be stable over the whdaetimn process, which means that no
phase separation occurred. SinoeCPBA is an electrophilic epoxidation reagent it
epoxidises only the electron richer double bondhie six-membered ring, not the sterical
more accessible double bond on the side chain.

The reaction process could be easily followed byamseof characteristic proton signals of
starting material and product #-NMR (Figure 11-35). None of the reaction compote
shows a proton signal in the same ppm range. THmwva the determination of
product/starting material ratios without furtheoleion of the product. These ratios are

summarised in Table I11-10.

(0]
A ,H
5.37 ppm 3.03 ppm

Figure 111-35. EssentialH-NMR shifts of limonene and 1,2-limonene oxide.
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Table 111-10. Product/starting material ratio derived from NMRadysis.

t 45 min 1.5h 35h
RT 1/0.6 1/0.2 1/0
0°C 1/2 1/0.7 1/<0.02

The resulting 1,2-limonene oxide is a useful startmaterial for several natural product
syntheses. For example, the first step of the ggmdhof Z)-(1'S3'R,4'S)(-)-2-(3',4’-Epoxy-
4’-methylcyclohexyl)-6-methylhepta-2,5-diene, a maomponent of the sex pheromone of
the male green stinkbugezara viridula(Brazil), is the epoxidation o§-limonene (Scheme
11-2).*%° The southern stinkbug is mainly distributed thriomgt the tropical and neotropical
regions of the world and is a major pest of cotminus, and cereal.

Oi : O :
N o;\

NS =

(2)-(1’S,3’R,4°S)(-)-2-(3’,4’-Epoxy-4’-methyl
cyclohexyl)-6-methylhepta-2,5-diene

Scheme lll-2.Limonene as starting material for the synthesi&Zdf(1'S,3'R,4’S)(-)-2-(3’,4’-Epoxy-4'-
methylcyclohexyl)-6-methylhepta-2,5-diene.

In addition, the epoxide works as starting matdéoaimporting building blocks of vitamin D
analogues (Scheme I11-3%° For instance, d,25-dihydroxy vitamin 3 is known as a strong
calcium and phosphorus regulator, but also playsngportant role in the regulation of
malignant cell proliferation, implied in cancersdaother hyperproliferation diseases, cellular
differentiation and immunology. Unfortunately, deseequired in treatments cause
hypercalcaemia side effects that limit its applaratas a valuable therapeutical agent. Owing
to these properties, preparation of vitamin D agaés has attracted the interest of numerous

synthetic groups.

110



Results and Discussion - LE withoE,

OH “ “
f) — \\é \\ér
/:\ éBn (:)Bn

C:)Bn

R=H Vitamin D;
R =O0H 1a,25-dihydroxy Vitamin D3
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Scheme 11I-3.Limonene as starting material for building bloétsthe synthesis of vitamine D analogdés.

4.4. Conclusion

Microemulsions have been formulated including tbaid liquid [emim][etSQ] as polar
phase, the oil limonene as apolar phase and théonansurfactant GE4 as amphiphile. The
aim of this project was the establishment of acstmed system that exhibits low-temperature-
stability and is suitable for potential applicasonFurther requirements were moderate
viscosities and the incorporation of a pure sudatctThe latter is mainly of importance when
the microemulsions should serve as reaction médligh number of substances are present
in commercial available non-ionic surfactants doeah EO distribution that cannot be
avoided in large-scale productions. However, thesridbution fact complicates the utilization
of such systems as reaction media. Consequengy CibE, system was established and
characterized. (gE4 was chosen as its HLB is 10.6 and previous exmarisnsuggested a low
HLB for the successful formulation of low-tempenraistable microemulsions. Furthermore,
this surfactant can be synthesized easily in the A4 25 °C the one phase region of the
ternary phase diagram is not as large as for teeiqusly studied systems containing Triton
X-100 and Triton X-114. Nevertheless, segregatanperatures measured for samples along
the experimental path (45 wt% 4dE4) revealed good stabilities as intermediate IL
concentrations. Conductivity and viscosity meas@eis were performed at room
temperature and temperatures down to -15 °C arfd, 5€spectively. Comparison with the
Triton X-100 and Triton X-114 systems reveals salvetifferences. First, segregation

temperatures have different characteristics. Intrash to GoEs based systems, Triton X
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surfactants are most stable at high IL-content. Tdoaductivity characteristics are
significantly different as well. In contrast tq¢E4, TX-100 and TX-114 microemulsions seem
to exhibit too high viscosities as percolation cblbé observed. High viscosities lead to lower
conductivities. Therefore, the increase in conditgtivalues is not significant enough to be
identified as percolation. ;g4 microemulsions indeed have lower viscosities and
consequently typical percolation behaviour is obseér The threshold was calculated from
the inflection point of the curve log(@.)). Additionally, Go¢Es microemulsions with
35 wt%IL were characterized by means of SAXS andcosity measurements. The
composition was chosen in regard of applicationgastion media. Preliminary results of the
application of GoE4 based microemulsions as reaction media have lresemied. On the one
hand, the o/IL microemulsion can act as templateife synthesis of Ru-nanoparticles with
subsequent hydrogenation of limonene. On the dthed, it serves as reaction media for the
epoxidation of limonene. Both reactions have bearried out in o/IL microemulsions

preliminary results have been presented.
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V. Conclusions and Outlook

Three differing microemulsion systems have beeabdished, all suitable for low temperature
applications. One ionic liquid, namely [emim][et§@vas used as polar phase. The apolar
phase was represented by the natural oil limonEme.choice for the ionic liquid and the oil
resulted from the low glass transition temperatanel melting point of the substances,
respectively. Three surfactants were studied, mrgel00, Triton X-114 and (E4. All three
systems show in particular low-temperature-stabiliriton X-100 systems are most stable at
high IL-content and Triton X-114 systems show thee behaviour. In contrast, the system
formulated with GoE4 is most stable if intermediate amounts of ionguid and oil are
present. The microemulsions were all investigatgdreans of low-temperature-stability,
conductivity, viscosity, and small angle X-ray seeahg. The two microemulsion systems
including Triton X-100 and Triton X-114 exhibit eled viscosities at low temperatures.
Consequently, the goal was to find microemulsionth \Wwigher fluidity. GoE4 is a suitable
surfactant for this purpose. Indeed, preliminargutes with GoE4 based microemulsions
showed the high potential of these systems foréusypplications according to low viscosities
and the observed temperature-stability. The mdferdnce between the three systems is that
C10E4 Is a pure surfactant with a less viscosity andetioee more suitable for applications as
reaction media. Model reactions have been carngdnothese microemulsions: the synthesis
of Ru-particles with a subsequent hydrogenatiolmudnene and the epoxidation of limonene
in o/IL microemulsions. Preliminary results shoviad high potential of these systems to be
used as reaction media. In future, these expergneah be investigated in more detalil.

Moreover, several other reactions with limonenepargsible:

* Reaction of (R)-Limonene with S-Thioacids:

Thio-products derived from limonene can be usedlasurs or flotation-agents. The
reaction ofSthioacids with R)-limonene is a very attractive route to@rtenthenyl)S
thiocarboxylates®’ As in the case of related monoterpene sulfides, ptoducts offer
great potentials as starting materials for a nteftispreparation of bisabolanes. The
reaction is presented in Scheme IV-1. Usually, thaction occurs under elevated
temperatures and in organic solvents. The reactionld be also performed in
limonene/lL microemulsions. The effect of this needin the reaction process could be
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studied as well as temperature effects. This ctmad to a different selectivity compared

to the reaction at elevated temperatures.

RSH

S\R

Scheme IV-1.Schematic illustration of the reaction of limonemal R-SH.

* Limonene and R-OH: FeCl; catalyzed functionalization of monterpenes

The coupling of monoterpenes with alcohols usinGlgas catalysis has been reported by
Yadav et alfor monoterpenes like limonene, isolimoneaayinene ang-pinene!®® The
corresponding ethers were obtained in high yi€lthe reactions were performed at 0 °C
and 25 °C, respectively® This is a simple method to functionalize terpeagesmild
conditions. Since these reactions are usually edhrout in dichloromethane it would be
interesting to study them in o/IL microemulsionsncerning the aspect of green and

sustainable chemistry. The reaction equation isgred in Scheme 1V-2.

FCC13
R-OH
e
Q
R

Scheme 1V-2.Schematic illustration of the catalytically actigdtreaction of limonene and R-OH.

Further, some other applications of non-aqueousrammulsions that exhibit low-

temperature-stability will be presented:

The utilization of ILs as media for enzymatic réacs has been also reported. It turned out
that according to the special characteristics ob#lsed systems enzyme reactions exhibit
excellent selectivity, including substrate-, regand enantioselectivity. Consequently, ILs and
thereon based microemulsions can be consideretbasging reaction media for biocatalytic
reactions. Further, the application of the presemeroemulsions can be of interest herein as
they can be stable over a wide temperature rangeeSeports on enzymatic activity in ILs

s170

are available, for example for lipd&&'"°and alcohol dehydrogena¥e.
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Another potential application of low-temperaturakde microemulsions could be as carriers
for topical and transdermal drug deliveionirruzaman et a* *’> demonstrated that IL
based microemulsions can be suitable drug caffieemrmolecules that are sparingly soluble in
water and oil. ILs turned out to be qualified calades because they can be capable of
dissolving various poorly soluble compounds inchgdidrug molecules. In future, the
combination of low toxic and pharmaceutical accklggaompounds with the formulation of
low-temperature-stable microemulsions could leadew, required systems for drug delivery.

Lubricants could build another application field 1 based microemulsions. However, not
only low-temperature-stability is of importance lalgo high temperature-stability is required.
Under friction high temperatures occur while lownfeeratures could be adorable for the
application of the lubricarlt>** Some of the main reasons for the interest in lks a
lubricants are their negligible volatility, non-flamability and their ability to withstand severe
environments, such as high temperature or high urad(**’® Therefore, not only low
temperatures should be studied but also the dtahilielevated temperatures of the present
systems. Further, the microemulsions have to feaduow corrosiveness to special materials
depending of course on the material which shoulthbgcated. In winter these system could
possibly also act as a combination of lubricant bouk de-icer. However, this application

also requires low corrosiveness.

The potential of the present systems for applioatin several fields could be clearly
demonstrated in this short outlook. Surely, morpeexnents are needed to realize one of
those suggestions. Nevertheless, the capabilityrestion media has been already

successfully proved.
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Summary

The present work is divided in four main sectiofise aim of the thesis was to formulate low-
temperature-stable microemulsions. This comprigasctsired liquid systems that do not
exclusively exist at temperatures around 25 °Cdbstv at temperatures that are stable well
below 0 °C. For this purpose water, the conventigmdar phase in microemulsions was
replaced by the ionic liquid 1-ethyl-3-methylimiddimm ethylsulfate ([emim][etSg))
comprising a glass transition temperature of -80IAGddition, a natural oil namely limonene
that exhibits a very low melting point of -96 °C sviaacorporated in the microemulsions. The
polar and apolar phase were kept constant andfteet ®f surfactant nature was studied.
Three non-ionic amphiphiles have been used, TrXeh00 (HLB = 13.5), Triton X-114
(HLB = 12.4) and GE,; (HLB =10.6). The first two surfactants are comanr available
surfactants with a special EO distribution andlds one is a pure surfactant, synthesized in
the lab.

The first part of this work deals with the deteration of critical aggregation concentrations
(cac) of the used surfactants in water and thezedil ionic liquid, [emim][etSG). The
obtained values in water and ionic liquid are coragao each other and to values that were
found in literature. As the cacs in ionic liquidsedn general significantly higher than in

water, this effect is discussed and explained.

The following part of the work comprises the egtdivhent of a microemulsion system
including the amphiphile Triton X-100. The systemasw characterized at ambient
temperatures and temperatures down to -10 °C bynsnef small angle X-ray scattering,
conductivity, viscosity and phase diagrams. Theéesgshows a remarkable wide temperature
range where microemulsions exist, for high IL-comge between (-10 and 40) °C. The
hydrophilic lipophilic balance (HLB) is a measuré the degree of hydrophilicity and
lipophilicity of a surfactant and results for TmtoX-100 in a value of 13.5. The question
arises which effect the hydrophobicity of the scid@t has on the formulation of low-

temperature-stable microemulsions including anddiquid as polar phase.

Consequently, the third part of this work dealdhwtite effect of surfactant hydrophobicity of
non-aqueous microemulsions that should be stablebsw 0 °C. Therefore, the system
composed of [emim][etS)h limonene, and Triton X-114 (HLB =12.4) was sedl The

main difference between both surfactants is the bminof ethyleneoxide groups. Triton
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X-100 comprises in average 9.5 EO groups and Titdri4 in average 7.5 EO groups. Thus,
this exchange is an increase in surfactant hydrophy (lower HLB value). The two
microemulsion systems have been compared. The mddference is the increased
temperature range in which Triton X-114 microenuisi can be applied. Microemulsions
with high IL-content do not undergo a phase separabr freezing down to -35 °C. This
value indeed is limited by the enormous viscositthase temperatures. Finally, the next goal
was to formulate systems that exhibit lower vistesiand can be applied therefore as
reaction media at low temperatures. Further, tfeiraption is obvious that a lower HLB

value of the surfactant would lead to even be@isrperature stabilities.

The last part of this work describes the formulatamd characterization of microemulsions
containing the amphiphile;gE4. This surfactant was synthesized in the lab anidesefore of
high purity in contrast to the previous used ambpitgs. This and the resulting low viscosities
enable these microemulsions for their applicatisrresction media. Finally, this has been
exemplarily shown for some selected reactions. fmmation of catalytically active Ru-
particles including a subsequent hydrogenationhefdil phase was reported as well as an

epoxidation reaction of limonene in o/IL microematss.

Altogether, this work comprises a detailed studylosf-temperature-stable microemulsions
with the aim to formulate systems that are suitdblefuture applicationg.g. as reaction
media. The studied systems represent some modnsyghat can be enlarged to other
surfactants, ionic liquids or oils, respectivelyn mportant step has been done towards future

works on low-temperature-stable microemulsions.
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2. List of Figures

Figure I-1. Some examples for common anions and cations udéd.in

Figure I-2. Classification diagram for ionic liquids, basedtba classical Walden rule, and
deviations therefrom. Reproduced frafashizawa et all. Am.Chem. So2003> with

permission, copyright American Chemical Society.

Figure I-3. Droplet microemulsion phase: left: w/o microemutsiaght: o/w microemulsion.
middle: surfactant structure. In the case of nanesurfactants and AOT: no cosurfactant; in

the case of ionic surfactants: an additional dastant has to be inserted into the interface.

Figure 1-4. 3-Dimensional illustration of a bicontinuous phé&sgonge phase). Reproduced
from Pieruschka & Marcelija, Langmuir1994%° with permission,copyright American

Chemical Society

Figure I-5. lllustration of aWinsor I, a Winsor Il and aWinsor Ill phase.Winsor I: o/w
microemulsion in equilibrium with an excess oil pha(upper phaseWinsor II: o/w
microemulsion in equilibrium with excess water phaflower phase).Winsor Il

bicontinuous microstructure in equilibrium with @ss water and excess oil phase.

Figure 1-6. Schematic illustration of a ternary phase diagramluding the phase

classification according taé/insor(I-1V).

Figure I-7. Left phase diagram: above PIT, mean curvaturegative Winsortyp Il phase is
formed, Winsor lll disappeared. Right phase diagram: below PI€amcurvature positive,

Winsorl is formed,Winsorlll disappeared. 1: single phase region.

Figure 1-8. Schematic illustration of a “fish” diagram inclugi the phase classification
according toNVinsorand characteristic values that can be extracted the diagram.

Figure 1-9. Ideal conductivity behaviour of a *“traditional” Rible microemulsion in
dependence of volume fraction polar phage.denotes the percolation threshold volume

fraction.

Figure 1-10. General setup of a scattering experiment. Radiaoamce with incident fluxp;,
sample aperture with ared incident intensityl;, sample with thicknesd, detector with
efficiency E(1)<1 and surface arefye= AQL? at distance. from sample position and at a

scattering anglé.
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Figure I-11. Definition of scattering vectog. ki: incident wave vector: scattered wave

vector,f: scattering angle.

Figure 1-12. Schematic illustration of a dilution plot includirige cubic random cell model
(black), the model of o/w and w/o microstructuresgectively (green), and the model of

repulsive spheres (red).

Figure 1I-1. lllustration of the used SAXS equipment at theitost ICSM, CEA, Marcoule,

France.

Figure II-2. Chemical structure of R)-(+)-limonene, Triton X-100 and Triton X-114

surfactants.
Figure II-3. Chemical structure of [emim][etSD

Figure II-4. Chemical structure of tetraethyleneglycol monodietlyer (GoEs).

Figure llI-1. Surface tension measurements for Triton X-100 TAiyon X-114 (B), GoE4
(C) in water (left, 1) and in [emim][etS{(right, 2).

Figure IlI-2. Ternary phase diagram of [emim][et3Qimonene, Triton X-100 at 25 °C. The
arrow marks the experimental path. A cross higlsighe sample investigated by SAXS
Figure I1I-3. “Fish”-diagram at constant IL/oil mass ratio o1 11: single phase
microemulsion, “fish-tail”; 3: three phase systéfﬁsh—head";é: two phase system, oil/IL

microemulsion and excess oil phasell2oil microemulsions and excess IL phase.

Figure IlI-4. Conductivity measured at 25 °C along the experialgrath marked in
Figure IlI-2. A, B, C, D, and E mark the detectatldbareas.

Figure IlI-5. Shear stress vs. shear rate at 25 °C obtained aguraments onBohlin

Instrumentgheometer for microemulsions with concentratidles@ the experimental path.

Figure 11I-6. Dynamic viscosities at 25 °C in dependence onmeldraction [emim][etSg).

The points A, B, C, D, and E mark the same poistsdigure 1l1-3.

Figure IlI-7. Lower “Phase Segregation Temperatures” for micrdsions having a
composition along the experimental path shown gufé IlI-2. Samples betweep= 0.43

and ¢= 0.58 do not show a segregation down to at l2astC.
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Figure IlI-8. Shear stress vs. shear rate at (10, 15, 20, 2853@0, 45, 50, 55, 60) °C
plotted for microemulsions including 50 wt%lIL (&% wt%IL (b), and 58 wt%lIL.

Figure 111-9. Dynamic viscosities for microemulsions with 50 w{#), 54 wt% (A ), 58 wt%
(m) [emim][etSQ] measured in a temperature range from 0 °C taCA0rhe data points were

connected by a solid line to guide the eye.

Figure 111-10. Experimental SAXS data and Teubner-Strey Fit (sdiks) at 25 °C.
5 wt%lIL (green), 10 wt%lIL (red), 20 wt%lL (blue)04t%IL (magenta), 50 wt%lIL (yellow),
54 wt%lL (black), 58 wt%IL (orange).

Figure IlI-11. Experimental SAXS dataj and Teubner-Strey-Fit (solid line) for 58 wt%
[emim][etSQ] (a), 54 wt% [emim][etSE) (b), and 50 wt% [emim][etS£(c) at different
temperatures varying from 40 °C down to -10 °C.

Figure [11-12. Dilution plot: experimental data at 25 °€)(including an assumed error of
15 %, CRC modekH-—), IL/o or o/IL (), repulsive spheres<-—), DOC lamellae (----),
DOC cylinder ).

Figure IlI-13. Ternary phase diagram at 25 °C for the system: rf@f@tSQyj], limonene,
Triton X-114. The black arrow marks the experimémgath that was chosen for further
experiments. Crosses highlight the compositions Where further investigated by SAXS

measurements.

Figure IlI-14. Conductivity along the dilution line at 25 °C; B, C, D mark the

concentrations where a change in microstructurédee possible.

Figure I1I-15. Experimental SAXS data and TS-fit at ambient terapge for 7 sample

compositions along the dilution line.

Figure I1I-16. Dilution plot: experimental data at 25 °€)(including an assumed error of
15 %, CRC modeH), IL/o or o/IL (), repulsive spheres—(-—).

Figure IlI-17. Segregation temperatures recorded along the exeetal path marked in the

ternary phase diagram. The data points were coatéatguide the eye.

Figure 111-18. SAXS spectra: experimental dasg @nd Teubner Strey fit (—) for samples 6
and 7 at -10 °C, 0 °C, 10 °C, 20 °C, 25 °C, 30a] 40 °C.

Figure 111-19. Viscosity measurements as a function of tempezattample 6 (56 wt%lL)

(®). Sample 7 (60 wt%IL) Y ). The data points were connected to guide the eye.
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Figure 11-20. “Fish”-cut ata = 0.5 and conductivity results at 35wt% Triton X41between
12 and 35 °C. The data points were connected tteghe eye.

Figure IlI-21. Ternary phase diagram for [emim][et§Qimonene and &E,4. The black
arrow marks the investigated experimental pathmdiiant temperature. A cross highlights the

microemulsion compositions that were investigatg@BXS measurements.

Figure IlI-22. Segregation temperatures fofoE, based microemulsions with compositions

along the experimental path.

Figure 111-23. Conductivity measured along the experimental @t25 °C. The line was

drawn to guide the eyep denotes the determined percolation threshold.

Figure I11-24. log(«(¢) plot for the determination of the percolatiorretshold for GoE,4
microemulsions at 25 °C. Measured data is showoints and the solid curve corresponds to

the fourth order polynomial fit.
Figure 111-25. Plot for the determination of the two characteriparameterg: ands.

Figure I11-26. Conductivity data for E4 microemulsions at 0 °C. The line was drawn to

guide the eye.

Figure 111-27. Conductivity data for ¢E4 microemulsions at -15 °C. The line was drawn to

guide the eye.

Figure 111-28. Dynamic viscosities measured in a temperatureadBg-5) °C for
microemulsions along the experimental path comagidi5 wt% GoE4. Black: 2 wt%, bright
green: 6 wt%, blue: 10 wt%, magenta: 16 wt%, yella®&wt%, orange: 28 wt%, green:
36 wt%, brown: 44 wt%, red: 52 wt% [emim][etgdOTlhe data points were connected to

guide the eye.

Figure [11-29. Dynamic viscosities along the experimental patimieccroemulsions

containing GoE4 at 25 °C as a function of IL-content.

Figure 111-30. SAXS spectra of E, based microemulsions. Left: 63 wt% [emim][etfO
2 wt% limonene, 35 wt% {gE4. Right: 61 wt% [emim][etSg), 4 wt% limonene, 35 wt%
CioEa.

Figure I1I-31. Measured dynamic viscosities for the compositiglwt% [emim][etSQ),

35wt% GoEs, 4 Wt% limonene €) and 63 wt% [emim][etSE), 35 wt% GoEs, 2 wt%

limonene @). The lines are to guide the eye.
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Figure I11-32. Schematic illustration of the reaction processmiation of Ru-nanoparticles in

o/IL microemulsions by a subsequent hydrogenatfdimmnene.

Figure 111-33. TEM pictures of Ru-particles synthesized in sanip(85 wt% GoEs, 63 wt%

[emim][etSQ], 2 wt% limonene).

Figure 111-34. TEM picture of Ru-particles synthesized in sanIE85 wt% GoE4, 61 Wt%

[emim][etSQ], 2 wt% limonene).

Figure 11-35. Essential 1H-NMR shifts of limonene and 1,2-limoe®xide.

3. List of Tables

Table I-1. Some physicochemical values for common solvendsiamc liquids. T,: melting
point, Ty: glass transition temperaturey: Tooiling point, T: decomposition temperature,

ATiquid: resulting liquidus range.

Table I-2. Melting points of the 1-ethyl-3-methylimidazoliuoation combined with various

anions, reproduced from Ref. 43.
Table I-3. Reported industrial applications of ionic liquideproduced from Ref. 43.

Table 1-4. Qualitative effects of increasing variables upohage behaviour of i€

surfactants, oil and water mixtures, reproducechfRef. 75.

Table II-1. Cell constants of the utilized capillaries for ma@ng conductivities.

Table II-2. Cell constants of the two utilized capillaries foeasuring kinematic viscosities.

Table IlI-1. Cmc for Triton X-100 in different ionic liquids.
Table 1l1-2. Extracted cacs from surface tension measurements.

Table 111-3. Weight fraction of IL in characterized microemulssoand resulting volume

fractions for the three ingredients at 25 °C.

Table IlI-4. Characteristic length scales and amphiphilic fadtom the Teubner-Strey
model, the DOC lamellae model, and the DOC cylingeodel for [emim][etSG)

microemulsions at 25 °C.
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Table 11I-5. Values of domain sizérs, correlation lengtld, and amphiphilic factof, derived
from Teubner-Strey Fits for 58 wt% [emim][etd054 wt% [emim][etSG], and 50 wt%

[emim][etSQ] at various temperatures.

Table 1lI-6. Results from SAXS data evaluation with Teubneeformula for

measurements at 25 °C and sample 1 to sample 7.

Table III-7. Extracted experimental invariaQey, calculated theoretical invariat@neo

Porodlimit and specific surfacé for the seven concentrations measured at 25 °C.

Table 111-8. Results from Teubner-Strey evaluation of SAXS datssample 6 and sample 7

and results for specific surfaceat various temperatures.

Table III-9. Extracted parameter fromTleubner-Strey evaluation of GE; based

microemulsions.

Table 111-10. Product/starting material ratio derived from NMRadysis.

4. List of Schemes

Scheme llI-1. Schematic illustration of the epoxidation of lineme withm-CPBA.

Scheme Il1-2. Limonene as starting material for the synthesis(£f(1'S,3'R,4’S)(-)-2-
(3',4’-Epoxy-4’-methylcyclohexyl)-6-methylhepta-2diene.

Scheme llI-3. Limonene as starting material for building bloé&sthe synthesis of vitamine

D analogues®®

Scheme IV-1.Schematic illustration of the reaction of limoneamal R-SH.

Scheme 1V-2.Schematic illustration of the catalytically actigdtreaction of limonene and an

alcohol.
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