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I. Introduction 

During the last decades, the field of nanotechnology has become more and more 

important, because of the upcoming miniaturization according to which the size of mi-

croelectronics, for example, shrinks drastically year by year. In general, the term 

nanotechnology (or nanoscience) is employed to describe the fabrication and the re-

search of materials that have structural features in the submicron range, i.e. between 1 

nm and 1 μm. Many different materials, which achieve this criterion, are reported in the 

literature 1. One area of research focuses nanocrystals composed of periodic groups of 

II-VI or III-V semiconductors, e.g. CdS, CdSe or CdTe, with almost spherical geometry 

of sizes from 2 - 10 nm in diameter. These materials show characteristic luminescence 

phenomena (with quantum yields exceeding 50%) which do not occur in the corre-

sponding bulk semiconductors. The latter is the direct consequence of the nanometer 

size leading to the so-called quantum confinement. Electrons in bulk semiconductor 

materials have energy levels that are so close together that they behave as if the levels 

were the same. This characteristic sets the band gap energy at a fixed amount. Quantum 

dots behave differently. An exciton is defined as an excited electron–hole pair. The av-

erage distance between an excited electron and a hole is called the Exciton Bohr Radius. 

In bulk material, this radius is much smaller than the semiconductor crystal. However, 

nanocrystal diameters are smaller than this Bohr radius and therefore, the “continuous 

band” of electron energy levels no longer can be viewed as continuous. The energy lev-

els become discrete meaning that there is a small and finite separation between the en-

ergy levels. This situation of discrete energy levels is denoted as quantum confinement 

that causes the special material properties. Because quantum dots' electron energy levels 

are discrete rather than continuous, the addition or subtraction of just a few atoms to the 

quantum dot has the effect of altering the boundaries of the bandgap. Changing the ge-

ometry of the surface of the quantum dot also changes the bandgap energy, owing again 

to the small size of the dot, and the effects of quantum confinement. Therefore, it is 

clear that the size of the bandgap is simply controlled by adjusting the size and the 
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shape of the dot. Since the emission frequency of a dot is dependent on the bandgap, it 

is possible to control the output wavelength of a dot with extreme precision. In effect, it 

is possible to tune the bandgap of a dot, and therefore specify its "colour" output de-

pending on the needs of the application. Because of the tuneable optical features, it is 

not surprising that these kind of nanomaterials were found to be well suited for the us-

age in security applications (e.g. security inks), life science (e.g. diagnostics, biological 

sensors), and electronics (data storage, LEDs, photo voltaics, flat panel displays) 1-3. 

Beside the quantum dots a lot of other nanoscale functional materials, including 

colour pigments (CoAl2O4, Cr2O3, α-Fe2O3, TiO2), transparent conducting oxides 

(In2O3:Sn), and catalytically active oxides (CeO2, Mn3O4, V2O5) are of great interest for 

various applications 4-12 

In the early 1990s, the study of porous silica with very high surfaces and well-

defined monodisperse pores in the nanometer scale have attracted much attention of 

chemists and nanomaterial scientists caused by the fact that these materials are very 

interesting in their applications, e.g. chemical separations, heterogeneous catalysis, 

chemical sensing, or electronic and optoelectronic technologies 13, 14. However, not only 

silica with unimodal pore distributions are of great interest, but also hierarchical bi- or 

trimodal mesoporous silica materials are in the focus of many workgroups 15-20. Ideally, 

such multimodal materials should possess adjustable and well-defined macropores and 

tuneable, interconnected mesopore types of different size (between 2 to 50 nm) in the 

macropore walls. On all length scales, the larger pores should be connected through the 

smaller pores 18. First, introduction of hierarchy in the pore system leads to a higher 

surface area, facilitating an enhanced interaction with adsorbents, and second hierarchi-

cal pore structures allow a better macroscopic transport within the matrix 19. 

Another type of porous crystalline solids with nanoscale cavities are zeolites, 

which are extremely useful catalysts for many industrial chemical reactions. The main 

difference to the previous presented mesoporous materials is that the structural features 

of zeolites are significantly smaller (≤ 1 nm). In general, the building blocks of these 

types of solids are tetrahedral of oxygen atoms, with a cation at the centre of each tetra-
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hedron. By corner sharing of the tetrahedra, three-dimensional networks are formed. 

One example is the aluminophosphate zeolite constructed from combinations of alumin-

ium-based tetrahedra (AlO4) and phosphorous-based tetrahedra (PO4) 21. 

In order to synthesize nanoparticles (quantum dots or colour pigments), 

mesoporous materials, and zeolites, respectively, different innovative strategies were 

developed over time. Since the properties of nanomaterials is directly connected to their 

dimension and thus to their applications, the most crucial point in synthesis is the size 

control of their structural features, i.e. the particle sizes in the case of nanoparticles and 

the pore sizes in the case of porous materials, respectively. It has been shown for 

nanoparticles that the size control can be very well established by using surfactant sys-

tems. Droplet microemulsions composed of water, surfactant, co-surfactant, and hydro-

carbon, for example, contain spherical aggregates with dimensions on the nanometer-

scale. These aggregates have to be turned out to be very versatile in controlling the pri-

mary size of nanoparticles when they act as nano-reactors in which the nano-material is 

synthesized by the reaction of suitable precursors. Beside the droplet phases of microe-

mulsions, also other microemulsion phases, e.g. the bicontinuous phase, are suited as 

structural templates for the preparation of nanometer structured materials 22-26. A big 

advantage of such multicomponent templates is that the droplets and structures present 

in the microemulsion phase can be systematically altered by the composition. Conse-

quently, the variety of the as-prepared nanomaterials is very wide 11, 27-29. For the prepa-

ration of ordered porous silica, the microemulsion approach is not suitable. The synthe-

sis of such materials is normally established by sol-gel templating utilizing amphiphilic 

surfactants in aqueous phase as templates 30. Fundamentally, sol-gel templating can be 

classified into two strategies. In the so-called nanocasting technique, a concentrated 

lyotropic surfactant mesophase is converted into its mesoporous replica in a 1:1 copy 

process. At the end, the observed silica replica is calcinated between 500 and 600°C. 

Here, the tuning of the mesopores is mainly enabled by the appropriate choice of the 

surfactant (chain-length, head group nature). Contrarily, the second strategy denoted as 

hydrothermal approach is based on recipes starting from dilute surfactant containing 

aqueous solutions. In this connection, the desired structure of the mesoporous material 
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is usually obtained during the reaction by the cooperative interaction of the surfactant 

(as well as of the eventually formed surfactant aggregates) with the applied siliceous 

precursors. In the hydrothermal synthesis, the reaction is completed in an autoclave 

working at 100°C under autogeneous pressure of water normally used as solvent 13, 30, 32. 

Zeolites are also prepared from the hydrothermal approach 33. 

It is noteworthy that a good quality of nanomaterials is quite often restricted to 

high material crystallinity. For instance, specific material properties such as the bright 

colour of pigments, as well as the electrical conductivity of transparent conductive ox-

ides or the luminescence of quantum dots can be excluded or drastically reduced in 

quality, if these materials are amorphous. However, high temperatures are often a pre-

condition for the crystallization of inorganic compounds in crystal lattices. Since colloi-

dal systems incorporating water as polar solvent are limited to ambient or near ambient 

application, because of the thermal stability of the micelles, which leads to phase sepa-

ration at temperatures higher than about 80°C (especially when non-ionic surfactants are 

used), crystalline materials are usually obtained after an additional thermal post-

treatment of the as-prepared amorphous powder samples. Such a treatment, however, is 

generally accompanied by extensive agglomeration and particle growth 11. In addition, 

the evaporation of water at higher temperatures continuously changes the colloidal ar-

chitecture of the template, which finally disturbs the templating process. Sometimes, the 

difficulty of water evaporation at elevated temperature is overcome by the usage of an 

autoclave, e.g. in the case of the hydrothermal synthesis. 

Recently, it has been shown that ionic liquids (ILs) (cp. Chapter II.1) are predes-

tined for the preparation of nanomaterials including nanoparticles, mesoporous silica, 

and zeolites. Up to now, the preparation of these nanomaterials utilizing ILs can be di-

vided into two general approaches. First, a pure ionic liquid, in which the appropriate 

precursors are solubilised (sometimes together with a small amount of co-solvent) acts 

as template solvent and therefore directs the formation of the nanomaterials. For this 

strategy, ILs with short alkyl chains (so-called solvent-like ILs) were recommended 

which are liquid at room-temperature and are based on the imidazolium cation, e.g. 
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1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (emimTf2N), 1-ethyl-3-

methylimidazolium tetrafluoroborate (emimBF4), or 1-butyl-3-methylimidazolium tetra-

fluoroborate (bmimBF4). By using ILs of the previous type, the preparation of TiO2 

nanoparticles, gold nanosheets, nanoscale transparent conductive oxides, and other 

nanomaterials have been reported in the open literature 34-38. Further, the synthesis of 

already known and novel type zeolites was impressively demonstrated using ILs as sol-

vent and simultaneously as “structure-directing agent” 33. The main advantages of this 

IL-templating strategy results from the unique properties of these ionic solvents (cp. 

Chapter II.1.4). Mainly the negligible vapour pressure, the extraordinary high thermal 

stability, the polar properties, and in some cases the favourable interactions of the imi-

dazolium cation with the precursors can be denoted to be the relevant features provided 

by these substance class. For example, the very good thermal stability in combination 

with the negligible vapour pressure enables the application of ILs also for templating at 

elevated temperatures leading to highly crystalline materials with low defect concentra-

tions, since thermal post-treatment of the as-prepared nanopowders or the employment 

of autoclaves can be avoided 33, 37-40. However, it must be noted that there is also one 

disadvantage, especially for the preparation of nanoparticles in pure ILs, which arises 

mainly from the fact that the size/structure tuning of the nanomaterials is limited to only 

a few parameters including for example reaction time, temperature, or precursor con-

centrations. A fine-tuning of the template, which can be performed by default in colloi-

dal formulations, e.g. microemulsions or micellar solutions, is often not possible in this 

case. 

In contrast to the previous templating approach utilizing liquid short-chain imi-

dazolium ionic liquids, the second strategy features imidazolium based ionic liquids 

with long alkyl-chains, e.g. 1-hexadecyl-3-methylimidazolium chloride (C16mimCl), 

which exhibit surfactant properties, for the synthesis of mesoporous highly structured 

silica materials. It was reported that such amphiphilic ionic liquids are very suitable for 

the nanocasting technique. In the latter, a three-dimensional self-assembled nanostruc-

ture, e.g. a lamellar phase, of a concentrated aqueous surfactant solution is transformed 

into hollow inorganic replicas with preservation of the fine structural details by hy-
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drolysis and condensation of inorganic precursors in the aqueous domain of the micro-

phase-separated medium (derived from the self-assembled phase of the used surfactant 

template) 13, 17, 41. Further, the generation of mesoporous silica was realized via the 

hydrothermal synthesis using the surfactant-like ionic liquid C16mimCl in aqueous solu-

tion, but at significantly lower IL concentrations compared to nanocasting templating. 

Particularly the workgroups at the Max-Planck-Institute of Colloids and Interfaces in 

Golm, Germany, showed that the application of long-chain surfactant ionic liquids in 

sol-gel templating chemistry of mesoporous materials offers superior advantages in 

comparison to the conventional cationic surfactants, e.g. 1-hexadecyltrimethyl-

ammonium chloride (CTACl), which were used in the standard sol-gel approaches 30, 31. 

The unique templating features of the C16mimCl compared to traditional surfactants are 

(i) the unusual high degree of order of the resulting nanocasted silica, (ii) the need of 

lower amphiphile concentrations in the hydrothermal synthesis, and finally (iii) the gen-

eration of hierarchical mesoporous systems using C16mimCl together with a copolymer 

or polystyrene beads as templates which is not possible with common CTACl 13, 17, 41-44. 

In addition, Antonietti et al. reported that the employment of imidazolium chloride am-

phiphiles in sol-gel templating provides also benefits for the post-calcination of nano-

structured silica. They showed that C16mimCl has significant higher thermal stability 

than the conventional CTACl. This fact is responsible for the conservation of the 

C16mimCl-template also at increased temperatures giving the silica framework longer 

time for the process of condensation and densification during calcination than CTACl 

does 13. 

Although, the aqueous sol-gel approach for the preparation of mesoporous silica 

is well established using an amphiphilic imidazolium ionic liquid template, the reasons 

for the very good templating abilities of these kind of surfactants are not fully under-

stood up to now. Today the question arises, whether there is a relationship between the 

molecular structure, the aggregation/phase behaviour in water and the sol-gel templating 

features of the ionic liquid C16mimCl in comparison to CTACl (denoted as reference in 

sol-gel chemistry) 45. This problem mainly results from the fact that there is nearly no 
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information concerning the aggregation behaviour of IL-surfactants in the open litera-

ture. Only a handful reports are known 46-57. 

Based on the information given above as well as in the previous chapter, the ob-

jective of the present study was threefold: First, the aggregation behaviour of three IL-

amphiphile homologous (CnmimCl), namely 1-dodecyl-3-methylimidazolium chloride 

(C12mimCl), 1-tetradecyl-3-methylimidazolium chloride (C14mimCl), and 1-hexadecyl-

3-methylimidazolium chloride (C16mimCl) in dilute aqueous solution was systemati-

cally investigated and the results were compared to literature data of the common well-

investigated 1-alkyl-trimethylammonium chlorides (CnTACl), 1-dodecyl-trimethyl-

ammonium chloride (DTACl), 1-tetradecyl-trimethylammonium chloride (TTACl), and 

1-hexadecyl-trimethylammonium chloride (CTACl), respectively. Thereby, it was pos-

sible to highlight the main differences between the two types of surfactants. Since the 

only disparity between these two surfactant analogues is the head group, the one of 

CnTACl being a substituted ammonium head group with a localized positive charge and 

the one of CnmimCl being an imidazolium head group with a delocalized positive 

charge, a fundamental understanding of the peculiarity of the imidazolium head in com-

parison to the ammonium head could be achieved. This basic research was of great in-

terest, since it should bridge the gap in the open literature concerning imidazolium chlo-

ride surfactants.  

Second, this study is concerned with the question of whether it is possible to 

formulate new colloidal systems consisting of micellar aggregates by mixing an imida-

zolium based surfactant-like ionic liquid (SLIL) acting as surfactant and a room-

temperature molten salt (RTMS) acting as solvent. As amphiphilic ILs C12mimCl, 

C14mimCl, and C16mimCl were used and as solvent IL ethylammonium nitrate (EAN) 

as well as 1-butyl-3-methyl-imidazolium tetrafluoroborate (bmimBF4) were applied. 

Beside the fundamental investigation of aggregation in SLIL/RTMS-mixtures at room-

temperature, additional efforts have been made to screen the thermal stability of such 

systems (until 150°C). As noted previously, high-temperature (HT) stable colloidal sys-

tems composed of ingredients with negligible vapour pressure and high thermal resis-
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tance could be very interesting for the high-temperature synthesis of already known and 

perhaps of new nanomaterials with good crystallinity without using an autoclave or 

post-calcination. At this point, it must be remarked that common ionic as well as non-

ionic surfactant/RTMS mixtures incorporating self-assembled surfactant aggregates are 

already known in the open literature 58-68. In addition, also lyotropic phases of such sys-

tems are reported 69-71. However, only one study published by Warr et al. deals with 

surfactant/RTMS solutions at elevated temperatures. The authors present binary phase 

diagrams of various non-ionic surfactants of the CnEm-type in solution of EAN (up to 

100% of surfactant amount) in a temperature range up to 150°C. Interestingly, all re-

ported systems demix into two phases at higher temperatures (the most stable at about 

130°C) making a high-temperature application impossible. Such behaviour is highly 

reminiscent of the well-known cloud-point phenomenon of non-ionic surfactants in 

aqueous solutions 71. In contrast, the usage of ionic surfactants, in particular imida-

zolium based ones, which show better thermal stability than the conventional ammo-

nium surfactants, appears more suitable for the formulation of HT-stable colloidal 

RTMS-systems, since the phase behaviour of ionic amphiphiles is extensively less vul-

nerable to temperature 72-77.  

The third and final part of this work addresses the formulation of non-aqueous 

microemulsions consisting of SLIL as surfactant, a long-chain alcohol as co-surfactant, 

oil as the apolar phase, and a RTMS as the polar phase. Microemulsions incorporating a 

RTMS as polar phase are reported in the open literature, but up to now only systems 

containing non-ionic surfactants acting as amphiphile were investigated 78-97. With re-

gard to the fact that the recently investigated RTMS-based microemulsions feature non-

ionic amphiphiles, these systems were only examined near room-temperature (at ele-

vated temperature demixing occurs as illustrated graphically in the paper of Estoe et al. 

because of the desolvation of the ethoxylene groups of the surfactant) 85. The underlying 

work focuses, for the first time, on the formulation of RTMS-microemulsions formed 

by the aid of an ionic liquid surfactant (together with a co-surfactant) as surface-active 

compound. In addition to the fundamental aspects, as previously for the SLIL/RTMS-

colloids, the additional aim of the third study is to demonstrate that the prepared RTMS-
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microemulsions are stable also at temperatures higher than 130°C. All ingredients for 

the formulations (C16mimCl/1-decanol/dodecane/RTMS; where RTMS is either EAN or 

bmimBF4) were chosen in order to provide good thermal stabilities and low or negligi-

ble vapour pressures. Especially for the microemulsion templating of nanoparticles at 

elevated temperatures, e.g. metaloxides or quantum dots with good crystallinity, the 

regions where reverse microemulsions are formed are of particular interest, since the 

most precursors used for the synthesis of these types of materials are readily soluble in 

polar solvents. Therefore, the characterization of the formulated systems was limited to 

the areas of the phase-diagrams in which reverse RTMS nanodroplets may be assumed. 
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II. Fundamentals 

1 Ionic liquids 

During the last years the interest in ionic liquids (ILs) increased rapidly by a 

growing number of scientists and engineers as demonstrated by the increasing number 

of papers published in recent years. This fact could be mostly attributed to the very in-

teresting properties of this substance class resulting mainly from the fact that these ma-

terials consist only of cations and anions. Especially, the usage as new innovative sol-

vents for industrial processes is partially responsible for this interest 1, 2. 

1.1 General aspects 

In general, ionic liquids are salts having a melting point (mp.) below 100°C. In 

special cases, these substances are free-flowing liquids already at room temperature 

(mp. ≤ 25°C). In this case, they are called room temperature molten salts (RTMS). The 

number of ILs is increasing daily, but the cations are generally bulky, asymmetric am-

monium, sulfonium or phosphonium salts, or heteroatomics, with very low symmetry, 

weak intermolecular interactions and low charge densities 2-7. 

The very low melting point of a room temperature molten salt is a synergistic ef-

fect of both, the used cation and the used anion both influencing the lattice energy E  

within the crystals (II-1). 

 
ion

Q QE M
d

+ −

=  (II-1)

In Eq. (II-1), M  is the Madelung constant reflecting the packing efficiency, Q+  and 

Q−  are the charges of the ions, and iond  is the interionic separation. With larger ions 

iond  is effectively larger resulting in a smaller lattice energy and therefore in a lower 

melting point. For this reason, low melting salts can be obtained when charges of the 
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involved ions are ±1. In addition, charge delocalization reduces overall charge density 

further 8. 

 

Figure II-1 : Schematic comparison between the NaCl-crystal packing and the IL-crystal packing. 

Due to these reasons, the lowering of the symmetry of the cation lowers the melting 

point of an IL, since the crystallisation in an ideal closely packed (cp) crystal lattice is 

hindered and iond  becomes larger. In contrast, sodium chloride, a well known salt, with 

symmetric ions (spheres) forms a cubic closely packed crystal structure in the solid state 

and has therefore a very high lattice energy and a high melting-point of about 800°C 

(cp. Figure II-1) 1, 4. As Table II-1 illustrates, the alkyl-chain of the 1-alkyl-3-methyl-

imidazolium chloride controls the symmetry and iond . Thus, it has a great influence on 

the temperature of the solid-liquid phase transitions of these salts (cp. Table II-1).  

Salt Symmetry mp. / [°C] Ref. 

NaCl high 803 [9] 

KCl 772 [9] 

R = Me 125 10] 

R = Et  87 10] NMe N R
+ Cl

-

 R = nBu low 65 10] 

Table II-1 : Melting points of chloride salts in dependence of cation symmetry. 

However, if the alkyl-chain becomes longer (n ≥10) van der Waal interactions 

between the hydrocarbons gain more and more in importance. The melting point starts 

to raise with increasing alkyl chain length while the symmetry is decreasing, because 

the long hydrocarbon chains contribute to local structure by induction of microphase 

separation between the covalent, hydrophobic alkyl chains and the charged ionic re-
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gions of the molecules. In fact, this is the reason for the higher melting point of ionic 

liquids with long alkyl-chains 1.  

As already considered above, the anion further alters the melting point: The lar-

ger the size of the anion, the lower is the melting point of the ionic liquid reflecting the 

weaker Coulombic interactions in the crystal lattice. In combination with a good charge 

delocalization, low solid-liquid phase transition temperatures can be achieved (cp. Table 

II-2). 

Salt Anion size mp. / [°C] Ref. 

Cl- small 87 10] 

NO-
2 55 [11] 

NO-
3 38 [11] 

AlCl-4 7 [12] 

BF-
4 6 [13] 

CF3SO-
2 -9 [14] 

NMe N Et
+

 

CF3CO-
2 large -14 [14] 

Table II-2 : Influence of the anion size on the melting points of ILs. 

Cations Anions 

Cl- / AlCl-3 

Cl-, Br-, I-, (CN)2N- 

NO-
3, CO2-

3 , SO2-
4  

CF3COO-, CF3SO-
3 

BF-
4, PF-

6 

EtSO-
4 

+

N
+

R

NNR1 R2

P
+

R4
R3

R1

R2

N
+

R4
R3

R1

R2  (CF3SO2)2N- 

Table II-3 : Survey of the mostly used cation-anion combinations in IL research. 

Since ionic liquids are composed of two parts, the cation and the anion, a big 

synthetic flexibility arises which is not available for single component molecules. 

Therefore, it is not surprising that until now a variety of possible cation-anion combina-
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tions were synthesized and investigated. Table II-3 gives a survey of mostly common 

cations and anions used in recent ionic liquid research 1, 2, 15. 

1.2 Evolution of ionic liquid development 

The development of ionic liquids started in 1914 with the synthesis of ethyl am-

monium nitrate, which was obtained by the reaction of nitric acid and ethylamine in 

aqueous solution. This salt has a melting point of about 12°C and was the first protic 

ionic liquid (PIL) 16. Twenty years later Hurley and Wier reported on mixtures of 1-

ethylpyridinium halogenides and AlCl3, which had a very low melting point and good 

properties as bath solutions for electroplating of aluminium 17, 18. However, systems 

composed of organic chloride salts and AlCl3 were not studied further until 1968 when 

Osteryoung and Wilkes rediscovered them and prepared, for the first time, room-

temperature liquid chloroaluminate melts 10, 12, 19-23. At this time, the IL research was 

mainly focused on electrochemical applications. In the early 1980s, the workgroups of 

Seddon and Hussey began to use chloroaluminate melts as non-aqueous, polar solvents 

for transition metal complexes 24, 25. During this time, ionic liquids became more famil-

iar to a broad public. However, a big problem persists, the high reactivity of this type of 

molten salts towards water. This confinement was solved by Wilkes et al. in 1992 when 

they described the synthesis of ILs, incorporating the 1,3-dialkyl imidazolium cation 

and the tetrafluoroborate anion with significantly reduced instability against hydrolysis 
26. This was a break through, because these systems also offered a higher tolerance ver-

sus functionalized groups within the cation compared to the chloroaluminate melts and 

therefore they opened a much larger range of applications, especially in the field of new 

high polar solvents. Today, many different anions with good stability against water are 

known 2. 

In recent years, many researchers deal with the synthesis of new ionic liquids 

and with the finding of applications in industrial processes. Now, it is also possible to 

source ionic liquids commercially from a number of suppliers in a range of different 

qualities, which was not possible some years ago 1.  
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1.3 Concepts of ionic liquid synthesis 

Before the synthesis of ionic liquids will be presented in detail, it should be 

noted that in order to obtain ionic liquids with high purity, it is essential to use purified 

starting materials. Any trace impurities introduced during the synthesis are hardly to 

remove, especially when the synthesized salt is a room temperature molten salt with a 

low melting point where recrystallization is not possible at all. An extensive analysis 

(e.g. NMR, mass analysis, elementary analysis and water determination) of the used 

reactants, solvents and the achieved ILs is a crucial point for the detection of uninten-

tional impurities diverted during the synthesis.  

Principally, the synthesis of ionic liquids includes 1-2 steps. The initial step is 

the quaternization, of an amine for example, in order to form the cation (Figure II-2, 

step I). If it is not possible to introduce the desired anion during the quaternization reac-

tion, an additional step follows: the anion metathesis (Figure II-2, step IIa and IIb) 4, 27. 

The construction of the cation either can be carried out by the protonation with a Brøn-

sted acid or by the above mentioned quaternization reaction with an alkylating agent. 

For protonation normally a strong acid, such as HNO3, is used which reacts with an 

appropriate amine or phosphane (Figure II-3, top). The so formed ionic liquids are 

known as protic ILs (PILs), since a Brønsted acid and base formed them 28-31. 

 

 

 

 

 

 

 

Figure II-2 : Synthesis path for the preparation of an ammonium 
ionic liquid. Represented from Refs. [4, 27]. 
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NH2CH3 HNO3+ H2O, 0°C
NH3

+CH3 NO3
-

NMe N CH3X+
AN 

X = Cl, Br, I
+ NNMe Bu

X
-

Protonation

Quaternization
 

Figure II-3 : Example of a protonation reaction (top) and a quaternization reaction (bottom). 

Typical alkylating agents used in quaternization are alkane halogenides. They react ac-

cording to a substitution reaction with the amine (Figure II-3, bottom) forming so-called 

aprotic ILs (AILs) 30. Consequently, an ammonium cation can be obtained with an anion 

depending on the used acid and the alkylating agent, respectively. Table II-4 shows an 

overview of ionic liquids, which can be achieved in this manner. 

Ionic liquid Reactant Mp. / [°C] Ref. 

EtNH3NO3 HNO3 Acid 10-14 [16] 

[EMIM]CF3SO3 Methyltriflat -9 [14] 

[BMIM]CF3SO3 Methyltriflat 16 [14] 

[Ph3POc]OTs OcOTs 70-71 [32] 

[Bu3NMe]OTs MeOTs 62 [33] 

[BMIM]Cl Chlorbutan 

Alkylating 
agent 

65-69 [10] 

Table II-4 : Ionic liquids obtained by direct synthesis (one step synthesis). 

In cases where it is impossible to form the desired anion directly within the first step, 

two different pathways to vary the anion are possible. The anion-exchange can be real-

ized via Lewis-acid-base reaction or via anion-metathesis. Both types of reactions are 

carried out from the halogenide salts of ionic liquids. With the reaction of a Lewis acid 

MXy with an IL of the type [cation]+X-, salts of the formula [cation]+MX-
y+1 can be ob-

tained (R.III-1). 
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[R´R3N]+ Cl + AlCl3  [R´R3N]+ AlCl4- (R.III-1) 

Typical Lewis acids in this context are AlCl3, BCl3, or CuCl2. Depending on the molar 

ratio between the used halogenide salt and the Lewis acid, different anion species are 

present in equilibrium (R. III-2 / ratio 1:1, R. III-3 / ratio 1:2, R. III-4 / ratio 1:3). 

[R´R3N]+ Cl + AlCl3  [R´R3N]+ AlCl4- (R.III-2) 

[R´R3N]+ AlCl-4 + AlCl3  [R´R3N]+ Al2Cl7- (R.III-3) 

[R´R3N]+ Al2Cl7- + AlCl3  [R´R3N]+ Al3Cl10
- (R.III-4) 

Chloroaluminate ionic liquids are the best known, but not the only ionic liquids that can 

be prepared by the reaction of a chloride salt with a Lewis acid. Further examples and 

the corresponding equilibria are shown in Table II-5. 

Ionic liquid Established anions Ref. 

[Cation]Cl/AlCl3 Cl-, AlCl4-, Al2Cl7-, Al3Cl-10 [20, 34] 

[Cation]Cl/AlEtCl2 AlEtCl-3, AlEt2Cl-5 [35, 36] 

[Cation]Cl/BCl3 Cl-, BCl-4 [37] 

[Cation]Cl/CuCl CuCl-2, Cu2Cl-3, Cu3Cl-4 [38] 

[Cation]Cl/SnCl2 SnCl-3, Sn2Cl-5 [39, 40, 41] 

Table II-5 : Examples of ILs, which can be prepared by the reaction of a halide with a Lewis acid. 

In contrast to the Lewis acid/Lewis base reactions presented above, during the anion 

metathesis the halogenide X- is replaced completely by the desired anion A-. Hence, the 

salt of the type [cation]+A- is formed containing only one anion species when the ex-

change reaction has proceeded to completion. Normally, this procedure is carried out by 

the addition of a metal salt M+A- or by a strong Brønsted acid H+A- under release of 

H+X- (R.III-6). In the case of anion metathesis by means of a metal salt, solvents such 

as acetonitrile or acetone are used in which the formed salt M+X- has a very low solubil-

ity product and therefore precipitates. Thus, the equilibrium is largely on the right side 
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of the reaction path and a complete anion exchange can be achieved (R.III-5). A further 

possibility to change the anion is an appropriate ion exchanger (R.III.7). A summary of 

anions, which can be introduced in such ways, are given in Table II-6. 

[R´R3N]+ X- + Li+BF-
4  [R´R3N]+ BF-

4 + Li+X-↑ (R.III-5)

[R´R3N]+ X- + H+BF-
4  [R´R3N]+ BF-

4 + H+X-↑ (R.III-6)

[R´R3N]+ X- + ─NH+
3OH-  [R´R3N]+ OH- + ─NH+

3X- (R.III-7)

As already remarked at the beginning of this chapter, ILs are readily prepared from 

commercially available sources by following comparatively easy synthesis routes. Nev-

ertheless, special demands on the preparative work must be made because every impu-

rity highly alters not only the physical but also the chemical properties of these sub-

stances. 

Ionic liquid Anion sources Ref. 

[Cation]PF6 HPF6 42-45] 

[Cation]BF4 HBF4, NH4BF4, NaBF4 [11, 13, 44, 45] 

[Cation](CF3SO2)2N Li(CF3SO2)2N [14, 45] 

[Cation]CF3S3 CF3SO3CH3, NH4(CF3SO2) [14, 45] 

[Cation]CH3CO2 Ag(CH3CO2) [11] 

[Cation]CF3CO2 Ag(CF3CO2) [11] 

[Cation]CF3(CF2)3CO2 K(CF3(CF2)3CO2 [14] 

[Cation]NO3 AgNO3, NaNO3 [14, 45, 46] 

[Cation]N(CN)2 AgN(CN)2 [47] 

[Cation]CB11H12 Ag(CB11H12) [48] 

[Cation]AuCl4 HAuCl4 [49] 

Table II-6 : ILs, which can be synthesized by anion metathesis from the halogenides in a solvent in 
which the resulting metal halogenides are insoluble, e.g. acetone or acetonitrile, respectively. 
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Usual impurities are non reacting educts, not completely removed side products, re-

maining solvents or absorbed water due to the hygroscopicity of most ionic liquids 46. 

Since purification by a distillation process is not possible considering the negligible 

vapour pressure of salts and a recrystallization is also not possible in many cases due to 

the very low melting points, the best way to obtain high qualities is the usage of purified 

and dried educts and solvents. Another popular problem is the decontamination of the 

ionic liquids with anions and cations from the metathesis reaction. New reaction paths 

favour anion metathesis in aqueous solution followed by an extraction of the prepared 

ionic liquid with dichloromethane (CH2Cl2). The side product M+X- remains in the 

aqueous phase because of its high solubility in water. For this reason, anion sources 

with sodium or lithium as cation, (Na, Li)+A-, have to be chosen, since their halogenides 

are very soluble in water. It is noteworthy that this strategy only works fine for the syn-

thesis of ILs, which are hydrophobic enough because of their structure, e.g. long alkyl 

chains and/or hydrophobic anions such as BF-
4 or PF-

6, and therefore are very soluble in 

apolar solvents 13. Beside the metal halogenides, water is another main impurity. Some 

ILs can absorb water up to 2 wt. %. Normally, it can be easily removed in vacuo at 

about 70°C. However, it must be taken into account that some ILs, especially protic ILs, 

can decompose very easily in vacuo, in particular at elevated temperatures. 

1.4 Bulk physical and chemical properties 

The physical and chemical properties of ionic liquids are altered by the cations 

and the anions in the same degree. This results in the ability to vary the properties of 

these salts in a wide range selectively. For instance, the solvent properties (e.g. polarity, 

solvation strength, acidity, and coordination behaviour) can be adjusted and thus a cus-

tomized solvent is available even for special applications 50. Hence, ionic liquids are 

often called “designer solvents” or “task-specific ionic liquids” 51. 

1.4.1 Phase transition (melting point, glass point, thermotropy) 

The melting point of ionic liquids represents the lower limit of the liquid gap. 

Together with the thermal stability, it defines the range of temperature within it is pos-
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sible to use the salt in the liquid state. Many attempts have been made to correlate the 

structures of these substances with their melting points. The exact melting point deter-

mination of ILs, unfortunately, is a big problem, since they undergo considerable super-

cooling. For this reason, the temperature of the phase-transition can differ a lot depend-

ing on whether the sample is heated or cooled 14, 42, 52, 53. Beside the already discussed 

asymmetry 52, size 12 and charge delocalization 1 of the cation and anion, another impor-

tant feature influencing the melting point is the occurrence of hydrogen bonding be-

tween the present ions. Normally, this effect takes place between the anion and the pro-

tons of the cation, in particular with that in the C-2 position relative to the heteroatom. 

Hydrogen bonding is observed, especially in the case of imidazolium-ILs, when basic 

anions such as halides, polyhalogenated metals, fluorinated organic anions, NO-
3, BF-

4 or 

PF-
6 are present. Especially, imidazolium chlorides exhibit high melting points (between 

40 and 80°C) and form 3-D networks, in the case of 1-ethyl-3-methyl imidazolium chlo-

ride (emimCl) 54, or layered structures, in the case of 1-butyl-3-methyl imidazolium 

chloride (bmimCl) 55, 56. This observation is attributed to the chloride anion which pos-

sesses a high charge density and for this reason forms very strong C-H…Cl hydrogen-

bonds. In contrast, intermolecular H…F interactions in BF-
4- or PF-

6-ILs are considered to 

be very weak because of the lower charge-densities of these types of anions. Conse-

quently, the melting point of imidazolium salts with fluoro-counterions is generally 

lower compared to the corresponding halide analogues 57.  

Glass formation, sometimes in addition or instead of crystal formation respec-

tively, is a common characteristic associated with many, but not all, of the ionic liquid 

salts. It is the result of the extreme unfavourable packing-efficiency of some ILs in the 

solid state. Normally, the glass transition temperature (Tg) is found to be lower than -

50°C 14, 29. 

Interestingly, long-chain IL salts (n≥10) have attracted some interest due to their 

liquid crystalline (LC) state occurring on average below 100°C. The origin for this char-

acteristic can be explained by the formation of domains where the ionic head-groups 

interact with the counterions by means of Coulombic forces and layers built from 
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(anti)parallel stacking of the long alkyl-chains through van-der-Waals attraction. The 

melting to isotropic liquids occur at rather high temperatures (>>100°C) 13, 42. 

1.4.2 Vapour pressure & thermal stability 

Generally, ionic liquids are often described as substances having a negligible 

vapour pressure due to their salt character. However, this is not completely true. Some 

ILs undergo a boiling point ( bT ) before they decompose ( dT ) upon heating. Well-known 

examples, in this context, are the already presented PILs. Consequently, these salts are 

distillable, so long as they do not decompose before boiling. The mechanism involves 

the simple proton transfer from the cation back to the anion reforming the original acid 

and base neutral species. During condensing, the PIL is rebuilt. PILs with low proton-

transfer energies are suitable for distillation, whereas protic ionic liquids with high pro-

ton-transfer energies undergo decomposition before they reach their boiling points 29, 58, 

59. Very recently, it was shown that certain AILs are also distillable 60, but there are a 

number of key differences between the distillation of PILs and AILs. Usually, protic 

ionic liquids just require moderate heating, whereas AILs need heating to high tempera-

tures in combination with very low pressures to prevent decomposition. In principle, the 

volatilization of AILs base on cluster formation of the ionic species rather than includ-

ing neutral species, which occur during PIL distillation 60, 61. As, only a small moiety of 

aprotic ionic liquids are distillable under extreme conditions, the declaration that these 

substances are non-volatile still persists in the literature. The negligible vapour pressure 

of most AILs is a great advantage from a process-engineering viewpoint, since separa-

tion by distillation of a reaction mixture becomes more effective as a method of product 

isolation because solvent-product azeotropic formation cannot occur 50. 

The thermal stability of ionic liquids is higher than 300°C on average. The cru-

cial point of the IL stability are the heteroatom-proton bonds (PILs) and the heteroatom-

carbon bonds (AILs), respectively. Usually, dT  of PILs is much lower than that of AILs, 

because of the tendency of PILs to deprotonate at elevated temperatures (between 

200°C and 300°C) 62-64. It should be noted that PILs having carboxylate anions easily 

form amides through condensation reaction (R.III-8), especially at higher temperatures, 
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but sometimes already at room temperature. Therefore, salts with these anions exhibit 

only low thermal stabilities 28. 

R-NH3
+ -OOCH-R´  R-NH-OCH-R´ + H2O (RIII-8)

In contrast, the AILs whose cations were obtained by quaternization reaction us-

ing an alkylating agent provide high decomposition temperatures, in special cases up to 

450°C. These salts mainly decompose by chemical reversal of the alkylating step 

(through elimination reaction, E2) 50, 65 Especially, AILs with long alkyl-chains in the 

cations are vulnerable to elimination and therefore show lower dT s (between 150 to 

300°C) 1. The thermal stability of AILs is also affected by the present anions. Relative 

anion stabilities have been suggested as PF-
6 > (CF3SO2)N- (= Tf2N-) ~ BF-

4 > halides. 

In general, the temperature stability is higher when weak coordinating anions are used 
13, 14, 52, 66, 67. 

1.4.3 Viscosity 

Ionic liquid viscosities are always higher than those values of water and conven-

tional organic solvents, respectively. On average quantities similar to those of oils are 

found 9. This characteristic represents one of the largest barriers to the application of 

ILs. A high viscosity may produce a reduction in the rate of many organic reactions or 

in the diffusion of redox species. Shear-rate dependent measurements of the viscosity 

show that ILs can be classified in terms of being Newtonian fluids whose viscosities 

remain constant with increasing shear rate, or thixotropic fluids whose viscosities de-

crease as the shear rate increases 46. The viscosity of ionic liquids is essentially deter-

mined by their tendency to form hydrogen bonds and by the strength of their van-der-

Waals interactions 14. The ability of hydrogen bonding is mostly influenced by the pre-

sent anions. Low viscosities are obtained using large fluorinated asymmetric anions 

with good charge delocalization by weakening of the hydrogen bonds. Therefore, the 

viscosity decreases in the order Cl- > PF-
6 > BF-

4 > Tf2N-. Another factor considered to 

affect the viscosity is the structure of the cation: Cations substituted by long alkyl-
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chains show higher viscosities by means of stronger van-der-Waal interactions 14, 68. 

The temperature dependence of the viscosity is often expressed by the empiric Vogel-

Fulcher-Tammann equation (Eq. (II-2) which describes the viscosity decrease of a liq-

uid (fundamentally, of a glass forming liquid) with increasing temperature 69. 

 0
0

exp B
T T

η η
⎛ ⎞

= ⎜ ⎟−⎝ ⎠
 (II-2)

In Eq. (II-2), η  is the viscosity at a given absolute temperature T . 0η , B  and 0T  are 

fitting parameters depending on the investigated system. It should be noted that present 

impurities remaining from the synthesis, e.g. solvents or halides from the metathesis 

reaction, influence the viscosity drastically. A viscosity reduction in the case of remain-

ing solvents is observed, whereas a viscosity increase in the case of halide impurities by 

30 to 600% depending on the concentration is found 46, 70. 

1.4.4 Density & molar volume 

The density d  of ILs is a very important material parameter, because nearly 

every application requires knowledge of it. The density of an ionic material depends on 

the packing efficiency of ions respectively and, hence, on the size and shape of the ions 

and ion-ion interactions. Generally, ionic liquids are denser than water and their densi-

ties are not strongly affected by temperature or impurities. A water content of about 20 

wt.% in bmimBF4, for example, decreases the density only by 4% 71. Usually, the den-

sity of ILs decreases slowly as the bulkiness of the cation increases. Thus, ionic liquids 

with planar cations such as imidazolium show higher densities as the corresponding 

tetraalkylammonium salts. Ionic liquids having long alkyl substituents within the cation 

exhibit lower densities than those with short chains. In addition, the counter ions sig-

nificantly influence the overall density of ILs. This observation can be easily explained 

by means of cation-anion size match. So, the density of ionic liquids increases as the 

packing may become more compact since the alternating positive and negative species 

become more even in size 28, 66, 72, 73. 
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The molar volume mV  has to be considered as a representation of the ion-ion 

spacing for ideal ionic liquids, where there is little association between the ions 74. For 

these substances, the ion-ion attractive force insist of Coulombic and van-der-Waal in-

teractions, whereby the repulsive force is due to Pauli repulsions from filled electron 

shells. Ideal ionic liquids are in this context the most AILs, whereas PILs show non-

ideal behaviour, which probably results from charge neutralization by some association 

of the ions and possibly from some weak proton transfer back from the acid to the base. 

In this case, mV  is only indicative of the ion-ion-spacing resulting in low molar volumes 
28, 74. 

1.4.5 Surface tension 

Surface tension may be an important property in multiphase processes. In gen-

eral, liquid/gas surface tensions of ILs are slightly higher than those quantities of con-

ventional solvents, but not as high as that of water. The surface tension is a measure of 

the cohesion of liquids, and is dependent upon the liquid structure and orientation. 

Changes to either the cation or the anion structures show a similar effect on the surface 

tension 28, 75-77. This is attributed to the fact that both ions are present at the surface and 

affect the surface tension 78, 79. A model has been proposed in which the basis is the as-

sumption that the charged groups of the cation and the anion are always located toward 

the bulk of the liquid, while the hydrocarbon chain is exposed to the gas phase 28. 

Cations with long-alkyl chains increase the amount of hydrocarbons situated at the sur-

face, and therefore decrease the surface tension by means of higher cohesive energy. An 

incorporation of large anions causes high surface tension values, which suggests that as 

the anion radius is increased, the cations are pushed further apart, and the surface ten-

sion increases due to the reduction in the amount of hydrocarbon present at the liq-

uid/gas interface. The surface tension decreases for the same cation in the order I- > Cl- 

> PF-
6 > BF-

4 77. Hence, the surface tension of ILs is strongly connected to length and the 

packing efficiency of the hydrocarbons of the ILs at the surface 28. With increasing tem-

perature, the surface tension decreases quite linearly 78. 
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1.4.6 Refractive index & polarizability 

Normally, ionic liquids have a refractive index Dn  between 1.42 and 1.58 com-

parable to those of organic solvents 28, 66. This is due to similar densities and atomic 

compositions (C, H, N). Dn  is related to the electron polarizability Eα  of a medium 

through the molar refraction molR  (cp. Eq. (II-3).  
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molR  can be considered as the sum of contributions either from units within a non-ionic 

molecular liquid or from both non-ionic and ionic units within an ionic liquid. Since Eq. 

(II-3) is only entirely valid for non-polar molecules, it is only an approximation for 

fused salts. 

1.4.7 Polarity & solubility strength 

In general, ionic liquids can be described as dipolar, protic (PILs) or aprotic 

(AILs) solvents respectively 1. Usually, the polarity of molecular solvents (solvent po-

larity) is often quantitatively characterized by their dielectric constant rε . As this polar-

ity classification is not entirely useful in the case of ILs, another polarity scale has to be 

chosen. Therefore, empirical solvent polarity scales mostly based on solvatochromic or 

fluorescent dyes are utilized to classify ionic liquids. Established dyes in this context are 

Nile red (neutral dye) and Reichardt´s dye (betaine dye) 80, 81. Investigations of solute-

solvent interactions by means of solvatochromic dyes are easy to perform, and they are 

convenient, if the interpretation is carefully considered. Generally, each dye is sensitive 

to a certain kind of interaction, e.g. hydrogen bonding or dipolarity/polarizability. Nev-

ertheless, solvent polarity arises from the sum of all possible intermolecular interac-

tions, and therefore different probes can result in different polarities of the investigated 

IL. Nile red (cp. Figure II-4, left) is sensitive to solvent dipolarity/polarizability, 

whereas the Reichardt´s dye (cp. Figure II-4, right) reflects the solvents hydrogen-



II Fundamentals – Ionic liquids 35 

bonding ability. For Nile red, polarity values of ionic liquids similar to short-chain alco-

hols were found. The range of the values is narrow. 

 

 

 

 

 

 

 

 

 

Figure II-4 : Solvatochromic dyes: Nile red (left) and Reichardt´s 
dye (right). 

In the case of ILs with short 1-alkyl chains within the cation, the polarity is dominated 

by the present anion, whereas the polarity of cations containing long 1-alkyl chains are 

less influenced by the present anion. The polarity decreases through the series NO-
2 > 

NO-
3 > BF-

4 > Tf2N- > PF-
6 and therefore the decrease correlates with anion size, i.e. with 

the effective charge density of the anion 80. The most popular polarity scale is based on 

(30)TE  values utilizing the solvatochromic shift of the lowest energy π-π* absorption 

band of the Reichardt´s betaine dye. The (30)TE  values of 1-alkyl-3-methyl imidazolium 

salts are similar to that of ethanol and are not hardly affected by long 1-alkyl-chains. 

Noteworthy, is the influence of a present methyl group instead of a proton in the C-2 

position in the case of imidazolium-ILs. It reduces the polarity obtained by Reichardt´s 

dye considerably. This is in agreement with the often proposed ability of the proton at 

C-2 to form hydrogen bonds with the anion and with the presumption that changes in 

the (30)TE  values are dominated by the hydrogen bonding acidity of the solvent. Cations 

synthesized from protonation (PILs) have in general higher polarities compared to AILs, 
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sometimes similar to water. Alteration of the anion (PF-
6, BF-

4, TfO-) has only little ef-

fect on the (30)TE  values of these substances 81. 

As mentioned above, the polarities and thus the solvent properties of ionic liq-

uids can be tuned by the cation-anion combination. A stepwise variation from hydro-

philic to hydrophobic is possible which enables the solubilisation of either polar or non-

polar substances 50. 

1.4.8 Acidity & coordination ability 

The acidity and the coordination ability of ILs are dominated by the anions. Be-

tween strong basic/strong coordinating and strong acidic/non-coordinating, many inter-

mediate levels can be obtained (cp. Table II-7) 50. 

Acidity/coordination ability 

Basic 

Strong coordinating 

Neutral 

Weak coordinating 

Acidic 

Non coordinating 

Cl-   AlCl-4  Al2Cl-7  

 CH3CO-
2  CuCl-2   Al3Cl-10 

 NO-
3   SbF-

6   

  SO2-
4   BF-

4 Cu2Cl-3  

    PF-
6  Cu3Cl-4 

Table II-7 : Coordinative characteristics of various anions. Represented from Ref. [50]. 

1.5 Toxicity & biological activity 

The popularity of ionic liquids is not only based on their unique tuneable properties 

leading to quite a lot of different applications (cp. Chapter II.1.6). In addition, they have 

also widely been promoted as “green solvents”. The rational for calling them green 

mainly consists of three arguments 82: 

(i) Their vapour pressure is generally negligible, and thus inhalative exposure of 

workers is reduced as compared to conventional molecular solvents. 
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(ii) They have been shown to be non-flammable, and therefore the risk of fast exo-

thermic oxidations in the case of an accident is strongly reduced. 

(iii) They are claimed to be relatively non-toxic. 

Since the large majority of ionic liquids are still in a very early phase concerning their 

usage in industrial processes in large scale, it is clear that there is not a lot of risk data 

available up to now. Therefore, point (iii) has to be dealt carefully. During the last three 

years more and more toxicity investigations of ILs are reported in the literature, includ-

ing comparisons to commonly utilized molecular solvents such as tert-butyl ether 

(MTBE), tetrahydrofuran (THF), dichlormethane (CH2Cl2) and acetonitrile (AN). An-

other set of reference substances that are not always functionally analogous to ILs, but 

have structural analogies, are ionic surfactants including mostly cationic but also ani-

onic ones. In summary, ionic liquids are often compared to organic solvents and ionic 

surfactants regarding five risk indicators: (i) release, (ii) spatiotemporal range, (iii) bio-

accumulation, (iv) biological activity and (v) uncertainty. Giving a résumé, the struc-

tural variability of ionic liquids provides substances that have a low risk regarding each 

of the five risk indicators. However, the ionic liquids commonly used to date in applica-

tions (especially the imidazolium-ILs) are toxic in nature, which has been proven by 

various toxicological data collections aimed at a wide range of organisms 83. For this 

reason, the term “green solvents” is a varnished sight often given by chemists and engi-

neers who work in the field of ionic liquids as these substances indeed are not com-

pletely harmless for the environment. Nevertheless, the adjustable nature of ionic liq-

uids once again embodies the omnipotence of designer solvents, i.e. ionic liquids can be 

designed to be less and nontoxic, respectively. With the close collaboration of toxico-

logical and synthetic chemists, evermore genuinely green and efficient ionic liquids 

may make an appearance 83. 

1.6 Applications 

Ionic liquids are predominately considered as alternatives of common organic 

solvents for industrial applications. It could be shown that ILs are not only interesting 

substitutes by means of their non-volatile characteristic. In fact, at the current level of 
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development, ionic liquids can nicely complement, and even sometimes work better 

than conventional solvents in a number of different applications 2. Table II-8 shows the 

key differences of ionic liquids in comparison to organic solvents.  

Property Organic solvents Ionic liquids 

Number of solvents > 1000 > 1,000,000 

Applicability Single function Multifunction 

Catalytic ability Rare Common and tuneable 

Chirality Rare Common and tuneable 

Vapour pressure Obeys the Clausius-Clapeyron 
equation 

Negligible vapour pressure under 
normal conditions 

Flammability Usually flammable Usually non-flammable 

Solvation Weakly solvating Strongly solvating 

Polarity Conventional polarity concepts 
apply Polarity concept questionable 

Tune ability Limited range of solvents available Virtually unlimited / “designer sol-
vents” 

Cost Normally cheap Typically 2 to 100 times the cost of 
organic solvents 

Recyclability Green imperative Economic imperative 

Viscosity / cP 0.2 - 100 22 - 40,000 

Density / g cm-3 0.6 - 1.7 0.8 - 3.3 

Refractive index 1.3 - 1.6 1.5 - 2.2 

Table II-8 : Comparisons of organic solvents with ionic liquids. Represented from Ref. [2]. 

Currently, the most popular and well established example of an industrial proc-

ess involving an ionic liquid is the BASILTM (Biphasic Acid Scavenging utilizing Ionic 

Liquids) process which was introduced by BASF AG in 2002 (cp. Figure II-5). This 

process is used for the production of alkoxyphenylphospines. In the original process 

chart, triethylamine was used to scavenge the acid formed during the reaction. However, 

this made the obtained reaction mixture difficult to handle, since the trimethylammo-

nium chloride formed an insoluble paste. Replacing triethylamine by 1-methylimidazole 
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results in the formation of 1-methyimidazolium chloride, an ionic liquid, which sepa-

rates out of the reaction mixture as a discrete phase at process temperature. This made 

the process more effective in consideration of scale and yield 2. 

 

 

 

 

Figure II-5 : The BASILTM process. 

Another development of BASF AG demonstrates that hydrogen chloride 

solubilised in ionic liquids could act as phosgene substitute. A reaction mixture of 1,4-

dihydroxybutane and HCl/IL results in an almost pure 1,4-dichlorobutane (98% selec-

tivity) product. In contrast, the direct reaction of 1,4-dihydroxybutane with HCl instead 

of phosgene produces a reaction mixture of four products and the desired 1,4-

dichlorobutane is only a minor by-product 84. 

Great efforts have also been made utilizing ionic liquids as solvents for bio-

polymers. Especially, cellulose, the most important bio-renewable resource (about 7.5 × 

1010 t/a), can be dissolved up to high concentrations (25 wt.%) which is not possible in 

conventional solvents 85. 

Beside the usage of ILs as solvents for organic reactions, the application as elec-

trolytes in lithium batteries 86-89, in electroplating processes 90-93, and solar cells 94-98 

reflects the applicability in electrochemistry. 

Noteworthy are also the investigations of ionic liquids with regard to their ad-

vantages in formulation technology, in colloid science and in tribology during the last 

years leading to their usage e.g. as additives in paintings 99, templates in nano-
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technology 100-121 or as innovative lubricants for steel on aluminium applications 122, 123. 

An overview of the diversity of IL employments gives Figure II-6. 

 

 

 

Figure II-6 : Survey of recent applications of ionic liquids. 
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2 Colloidal systems 

2.1 Amphiphiles - surfactants 

Surfactants or amphiphiles are terms used to described molecules formed by to 

distinctive parts, one that is soluble in water (hydrophilic) and one part that is not (hy-

drophobic). The hydrophilic part of the surfactant is usually called the head and the hy-

drophobic part the tail (cp. Figure II-7). 

 
Figure II-7 : Schematic presentation of a single surfactant mole-
cule; hexadecyltrimethylammonium bromide in this case. 

Surfactants can be classified depending on the charge of their head group (HG). 

The ones that have a charged HG are called ionic surfactants, while those with un-

charged head groups are called non-ionic surfactants.  

Classification Head group (HG) Name 

Anionic 
O

O-

R  Alkylsulfate 

Cationic N+R

CH3

CH3

CH3 Alkyltrimethylammonium 

Zwitterionic N+

R

CH3

CH3

O

O- N-Alkylbetaine 

Non-ionic 
O

O
H

R
n  Polyethylenoxidalkylether 

Table II-9: Classification of surfactants in dependence on the nature of their head 
groups. 
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Ionic surfactants can be classified depending on the charge of their HG as ani-

onic (negatively charged), cationic (positively charged) or zwitterionic (two charged 

groups of different sign) (cp. Table II-9) 1-5. 

2.2 Adsorption of surfactants at the liquid-gas interface 

An elementary feature of surfactants (adsorbate) is their tendency to adsorb at 

interfaces in an oriented fashion due to their amphiphilic character. The adsorption of 

amphiphilic molecules at the interface, liquid-gas (l/g) interface for examplea, helps 

them to lower their free energy in order to satisfy their hydrophilic/hydrophobic affini-

ties. In the case of a surfactant solubilised in a polar solvent, the latter is accomplished 

by orientation of the hydrophobic alkyl-chains away from the polar solvent into the 

gaseous phase 1-5. The energy change GΔ  (and consequently, the change of enthalpy 

HΔ  and entropy SΔ ) in the system occurring from the adsorption process delivers an 

insight into the interface behaviour of surfactants, since these magnitudes provide in-

formation about the efficiency and effectiveness of a surface-active substance.  

For the purpose of comparing the performance of surfactants in changing inter-

faces, as in adsorption, it is necessary to distinguish between the efficiency of the sur-

factant, i.e. the bulk phase concentration of surfactant required to change the interface 

properties by some significant mount, and its effectiveness, the maximum change of the 

interface property that can be observed, regardless of bulk phase concentration of the 

adsorbate. These two parameters do not necessarily run parallel to each other and some-

times even run counter to each other. In dilute surfactant solutions, the magnitude of 

change in any interfacial phenomenon related to the adsorption of a surfactant molecule 

to the surface is a function of concentration of the adsorbate. Thus, efficiency is deter-

mined by the ratio between the surfactant concentrations at the interface and in the bulk 

phase 1, 2. 

                                                 
a In this work the interface between gas (air or inert gas) and liquid (polar solvent, water and solvent-IL, 

respectively) is the most important situation. Therefore, the upcoming discussion is only addressed to 
this interface. In this context, the phrase surface denotes the surfaces of the liquid phase. 
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2.2.1 Gibbs adsorption theory 

In the discussion of adsorption processes, two aspects have to be taken into ac-

count: (i) the effect of the adsorbed species on the final equilibrium interfacial energy of 

the system and (ii) the kinetics of the adsorption process. The consideration to follow is 

concerned only with equilibrium conditions and dynamic processes are not addressed. 

In general, exchange of surfactant molecules between the surface and the bulk phase is 

very fast and therefore such a restriction does not result in significant limitations to the 

validity of the concept involved. Obvious exceptions would be those processes, which 

are kinetically “slow”, coating operations at the liquid-solid or gas-solid interface for 

example 2. 

The presence of amphiphilic molecules at the interface results in a reduction of 

the free energy of the interface, i.e. the surface (interfacial) tension σ  of the system 

decreases. The adsorption of a solute can be considered as the existence at the interface 

of the adsorbed material, s
in , that differs from its concentration, b

in , in the bulk phase, 

where s  denotes the surface and b  the bulk. The amount of component i  at the surface 

in excess of the amount of the same species in the bulk referred to the dividing plane 

S S−  to which each phase is spatially extended is the so-called surface excess concen-

tration iΓ . Formally, it is defined as by 

 
s
i

i
n
A

Γ =  (II-4)

In principle, iΓ  may be either positive or negative, and its value is determined by the 

arbitrary choice of the location of the dividing surface S S−  1, 2, 4-6. 

The concept of Gibbs relates the change of the interfacial energy iσ  of a system 

to the degree of adsorption of a species to the interface and the compositions of the bulk 

phase, polar solvent in the present case. Under conditions of constant temperature T  

and pressure p  the basic equation is written as 

 i 1 1 2 2 3 3d d d d ...σ Γ μ Γ μ Γ μ= − − − −  (II-5)
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where iσ  is the surface tension (interfacial energy), iΓ  is the surface excess of compo-

nent i  at the surface and interface, respectively, and iμ  is its chemical potential in each 

bulk phase (liquid or gas). The change in the free energy dG  of a system may be given 

by 

 i i
dG SdT Vdp dA dnσ μ= − + + + ∑  (II-6)

where S  is the entropy, p  is the pressure, V  is the volume, A  the interface, in  is the 

amount of substance i  in each bulk phase, and T  is the absolute temperature. At equi-

librium and under constant conditions of T , p  and in , Eq. (II-6) is reduced to 

 dG dAσ=  (II-7)

If the surface excess of component i  is allowed to vary during adsorption, then 

 i id dσ Γ μ= −∑  (II-8)

As already mentioned, iΓ  is defined by the choice of the location of the dividing sur-

face. For simplification, it is convenient to define S S−  so that the surface excess of 

one component, normally the bulk solvent phase, is zero ( 1 0Γ = ). For a simple two-

component system (e.g. 2 dissolved in 1) Eq. (II-8) is reduced to 

 2 2d dσ Γ μ= −  (II-9)

The chemical potential of a species is correlated to the species activity 2a  by  

 0
2 2 2RT ln aμ μ= +  (II-10)

so that 

 2 2d RTd ln aμ =  (II-11)
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 2 2d RTd ln aσ Γ= −  (II-12)

For dilute solutions where the activity coefficient of the solute is approximately 1, the 

concentration 2c  can be substituted for 2a . This leads to the final form of the Gibbs 

equation: 

 2
2

1 d
RT d ln c

σΓ = −  (II-13)

The form of Eq. (II-13) holds true for the adsorption of a non-dissociated species, e.g. 

non-ionic surfactants to the interface. In the case of ionic surfactants, however, consist-

ing of cations and anions, dissociation of these species in a polar solvent has to be taken 

into account. Assuming a monovalent completely dissociated ionic surfactant, Eq. 

(II-13) must be modified by consideration of the dissociation reaction of the ionic sur-

factant in equilibrium. For a monovalent ionic surfactant the dissociation reaction in 

equilibrium is described by 

 R 2G 0Δ μ μ μ+ −= + − =  (II-14)

and 

 2d d dμ μ μ+ −= +  (II-15)

where μ+  and μ−  are the chemical potential of the cation and the anion, respectively. 

At the surfactant concentration 2c  and with the dissociation degree α  representing the 

degree of dissociated surfactant molecules (Eq. (II-16)), one obtains 

 2( )c c cα+ −= =  (II-16)

 

 2d d RTd ln( a )μ μ α+ −= =  (II-17)
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 2 2d 2RTd ln( a )μ α=  (II-18)

Applying Eq. (II-18) in Eq. (II-13) at infinite dilution, the final form of the Gibbs equa-

tion for monovalent completely dissociated ionic surfactants is written as 

 2
2

1 d
2RT d lnc

σΓ = −  (II-19)

Eq. (II-19) can be used for the determination of the surface excess concentration of the 

adsorbed substance and, in principle, to relate that quantity to the structure of the mole-

cule, especially, when the interfacial energy can be directly determined (e.g. for liquid-

liquid or liquid-gas systems). The surface excess concentration at surface saturation 

maxΓ  is, given as 

 max
2

1 d
2RT d lnc

σΓ =  (II-20)

It is the maximum value that adsorption can attain and is a useful measure of the effec-

tiveness of adsorption of the surfactant at the interface. The maxΓ  value is directly corre-

lated to the minimum area per molecule at surface saturation minA  via 

 min
A max

1A
N Γ

=  (II-21)

The minimum area per molecule at the interface/surface provides information on 

the degree of packing and orientation of the adsorbed surfactant molecule when com-

pared with the dimensions of the present molecule as obtained by use of molecular 

models 1, 2. 
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2.2.2 Efficiency & effectiveness of surface tension reduction 

For comparing the performance of surfactants at l/g and l/l interfaces, it is very 

useful to have a parameter that measures the concentration of surfactant in the one 

phase needed to produce a given amount of adsorption at the interface. This is directly 

related to the efficiency of surface tension reduction of the surfactant. A commonly 

used concept in this context is the negative logarithm of the concentration of surfactant 

in the bulk phase required to produce an interfacial or surface tension reduction Δσ  = 

20 mN/m (or surface pressure Π  of 20 mN/m) of the interface: 

 ( 20 ) 20log C pCΔσ =− ≡  (II-22)

This concept is based on the following considerations: 

(i) The ideal measure of the efficiency of a surfactant at the interface is a function 

of the minimum concentration of amphiphile in the bulk phase necessary to pro-

duce maximum surface tension reduction. 

(ii) From investigations of the σ -log c  plots in the literature it was concluded that 

when the interfacial or surface tension of the pure solvent has been decreased 

about 20 mN/m, the surface excess concentration 2Γ  of the surfactant reached 

nearly its maximum value maxΓ  (saturation). At this point, the surface is nearly 

completely saturated (85.0 – 99.9%) and thus it can be a reference point for the 

comparison of surfactants concerning their efficiency. 

Since surface or interfacial tension reduction depends on the replacement of solvent 

molecules at the interface by surfactant molecules, the efficiency of a surfactant in re-

ducing surface tension should reflect the concentration of the surfactant at the interface 

relative to that in the bulk liquid phase. For surfactants in aqueous solution, the effi-

ciency increases with increase in the hydrophobic character of the surfactant, e.g. with 

increasing alkyl-chain length of a homologous surfactant series 1, 7. 
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The effectiveness of a surfactant in reducing surface tension can be measured by 

the amount of reduction (or surface pressure, Π ), attained at maximal surface satura-

tion. As will be discussed later, the surface tension of a solution of an individual surfac-

tant decreases steadily as the bulk concentration of surfactant is increased until the con-

centration reaches a nearly constant value known as the critical micelle concentration 

cmc above which the tension remains virtually unchanged. The surface tension at the 

cmc is therefore very close to the minimum tension (or maximum surface pressure, 

cmcΠ ) that the system can achieve. Consequently, the surface pressure at this point is a 

suitable measure of the ‘‘effectiveness’’ of a surfactant in reducing surface tension 1, 7. 

2.2.3 Efficiency of Adsorption: Free Energy of adsorption 

The standard free energy change upon adsorption 0
adsGΔ  tells one whether the 

adsorption is spontaneous (negative values of 0
adsGΔ ) and the magnitude of the driving 

force. Normally, 0
adsGΔ  is calculated from surface tension measurement data by the fol-

lowing equation 1, 7 

 [ ]0 20
ads min

CG 2.303RT log log f 6.023 20 AΔ
ω ±

⎡ ⎤⎛ ⎞= + − ⋅ ⋅⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
 (II-23)

where 20C  is the concentration of the surfactant in the bulk phase at cmcΠ  = 20 mN/m, 

ω  is the number of moles per liter of the solvent (water or solvent-IL for the present 

work), minA  is the area of the surfactant monomer at the surface, and log f±  is the am-

phiphile activity coefficient, which can be considered as 1 at low amphiphile concentra-

tions. The 0
adsGΔ  values of amphiphiles are usually negative indicating that adsorption 

of these molecules at the interface is a spontaneous process. In this context, it is impor-

tant to note that the major contribution to the negative values of the free energy change 

and thus the driving force for adsorption at the interface of these compounds is the posi-

tive entropy change upon adsorption 0
adsSΔ , as the entropy is related to 0

adsGΔ  by 

 0 0 0
ads ads adsG H T SΔ Δ Δ= −  (II-24)
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where 0
adsHΔ  is the enthalpy change upon adsorption. In addition, the negative loga-

rithm of the bulk phase concentration of surfactant necessary to reduce the surface ten-

sion about 20 mN/m is related to the standard free energy change involved in the trans-

fer of the surfactant molecule from the interior of the bulk phase to the interface near 

surface saturation. This feature is very important concerning the fact that the total stan-

dard energy change on adsorption 0
adsGΔ  can be broken into the individual standard free 

energy changes related to the influence of the different structural groupings in the sur-

factant molecule. Thus, the efficiency with which the surfactant is adsorbed at a surface 

or interface enables correlations between the various structural groupings in the surfac-

tant and its interfacial properties. For a single-chain surfactant of the structure 

CH3(CH2)nHG, where HG  is the hydrophilic head group of the molecule, the standard 

free energy on adsorption 0
adsGΔ  can be broken into the following portions: 

(i) Standard free energy change associated with the transfer of the terminal methyl 

group from the interior of the liquid phase to the interface at Δσ  = 20 mN/m. 

(ii) Standard free energy change associated with the transfer of the ─CH2─ groups 

of the hydrocarbon chain from the interior of the liquid phase to the interface at 

Δσ  = 20 mN/m. 

(iii) Standard free energy change associated with the transfer of the head group from 

the interior of the liquid phase to the interface at Δσ  = 20 mN/m. 

Thus, the transfer of the discrete surfactant segments (including the methylene 

groups, the methyl group, and the head group) from bulk water to the interface contrib-

utes to 0
adsGΔ as given by the following equation 

 0 0 0 0
ads ads 2 ads ads 3G m G ( CH ) G ( HG ) G ( CH )Δ Δ Δ Δ= − − + + −  (ΙΙ−25) 

where m is the number of the methylene groups, 0
ads 2G ( CH )− −  is the contribution of 

one methylene group of the alkyl chain, 0
ads 2G ( CH )− −  is the contribution of the termi-

nal methyl group, and 0
adsG ( HG )  is the contribution of the head-group. Eq. (ΙΙ−25) pre-
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dicts a linear correlation between 0
adsGΔ  and m, where the intercept includes contribu-

tions from the terminal methyl group and the head group. Since 0
adsG ( HG )  and 

0
ads 3G ( CH )−  are independent of the chain length of the surfactant, its contribution is 

constant in a homologous series and the relation of 20pC  and 0
ads 2G ( CH )Δ − −  becomes 

1, 2 : 

 
0

2
20

( ) .
2.303
adsG CHpC m const

RT
⎛ ⎞Δ − −

= − +⎜ ⎟
⎝ ⎠

 (II-26)

Eq. (II-26) impresses that 20pC  is a linear function of the number of carbon atoms in a 

straight-chain hydrophobic group, increasing as m  increases. The larger the value of 

20pC , the more efficiently the surfactant is adsorbed at the interface and the more effi-

ciently it reduces the interfacial or surface tension. The efficiency of surfactants nor-

mally increases linearly with an increasing number of carbon atoms in the hydrophilic 

chain, reflecting the negative free energy on adsorption of a methylene group at the in-

terface. An addition of two methylene groups to the hydrophobic chain results in an 

increase of the 20pC  value by about 0.6, which corresponds to a concentration decrease 

of the surfactant in the bulk phase of 30% compared to the concentration previously 

required 1, 2. The value of 0
adsGΔ−  per ─CH2─ group is about 3 to 3.5 kJ/mol at 25°C. 

Therefore, an increase in the length of the alkyl chain increases the tendency of the 

compound to adsorb at the interface. 

2.3 Self-assembly of surfactants in solution: micelles 

Beside the ability of surfactants to adsorb at interfaces, another important feature 

dominates these compounds in aqueous solution. As it has been mentioned previously, 

materials that contain a hydrophilic as well as a hydrophobic group solubilised in a po-

lar solvent minimize their free energy by adsorption at interfaces orienting their hydro-

phobic part away from the polar solvent. However, there is another possibility of mini-

mizing the free energy of the system and therefore decrease the distortion of the solvent 

structure. The free energy of a surfactant system can also be decreased by aggregation 
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of the surface-active molecule into clusters (micelles) with their hydrophobic groups 

directed toward the interior of the cluster and their hydrophilic groups directed toward 

the polar solvent 1, 2, 4-6, 8.  

The formation of micelles is often explained by the “hydrophobic effect” 9-12. 

The hydrophobic effect is the result of two contributions, (i) the structuring of water 

molecules around the solute and (ii) the energy needed to create a cavity in the solvent 

large enough for incorporating the non-polar solute. The first point is the result of fewer 

conformations available for the vicinal water molecules around the polar head group 

compared to free water molecules, causing negative entropy. The second opposite con-

tribution can be correlated to the large energy required to form a cavity for the incorpo-

ration of the hydrophobic part leading to an unfavourable arrangement, due to both, the 

high cohesion in water arising from the hydrogen-bonding, and the small size of the 

water molecules compared to, e.g. alkanes. These facts impress a balance between the 

forces, hindering micellization and those promoting it. An important consequence of 

this mechanism is that the magnitude of the hydrophobic effect is proportional to the 

area of the hydrophobic contact between water and the apolar part of the solute 11-13. 

As the formed micellar structures are in the nano scale, these aggregates are in-

vestigated by means of colloid science. However, differing from “hard matter” such as 

inorganic nanomaterials and polymers (also situated in the nano meter range), aggre-

gates consisting of surfactant molecules are easily deformable and rearranged by physi-

cal and chemical factors leading to pronounced differences and are more precisely de-

scribed as “soft matter”.  

Surfactant self-assembly leads to a variety of different structures (Figure II-8). 

The major types of structures appear to be (i, ii) relatively small, spherical structures, 

(iii) elongated cylindrical, rod-like micelles with hemispherical ends, (iii) large flat, 

lamellar phases, (v) vesicles - spherical structures consisting of bilayer lamellar micelles 

arranged in one or more concentric spheres, and (vi) bicontinuous structures with sur-

factant molecules aggregated into connected films 4. 
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Figure II-8 : Amphiphilic aggregate structures formed by surfactants in 
aqueous solution. Taken from Ref. [4]. 

2.3.1 Critical micelle concentration (cmc) 

At low concentrations, surfactants exist as monomers (ionic surfactants are dis-

sociated), but as the concentration of the surfactant in aqueous solution increases, ag-

gregates, i.e. micelles, are formed. This happens at a well defined concentration denoted 

as the critical micelle concentration (cmc). Another convenient expression is critical 

aggregation concentration (cac) which is often used, especially, when the formed ag-

gregates are not well investigated. This behaviour of surfactants is well monitored by 

measuring physical parameters of the solution as a function of amphiphile concentra-

tion. An abrupt change of the physical property indicates the cmc and the cac, respec-

tively, as illustrated by Figure II-9. 

When surfactants are dissolved in water at low concentrations, they exist as 

monomers or dissociated monomers in the case of ionic surfactants, respectively. Dilute 

ionic amphiphile solutions below the cmc are similar to those of simple electrolytes. At 

some higher concentration, which is different for different surfactants, abrupt unusual 

changes of the physical properties of the bulk are recorded.  

 

 

(iv) Lamellar phase (v) Vesicle 

(ii) Reverse micelle 

(vi) Bicontinuous structure 

(iii) Cylindrical micelles (i) Micelle 



II Fundamentals – Colloidal systems 66 

 

 

 

 

 

 

 

 

Figure II-9: Schematic presentation of the concentration dependence 
of some physical properties for solutions of a micelle forming amphi-
phile. 

For example, the surface tension, and also the osmotic pressure, takes on a 

nearly constant value, while the self-diffusion coefficient starts to decrease. In the case 

of ionic surfactants, a monitoring via conductivity measurements is also possible and 

often preferred as this technique is very precise and easy to perform. All these observa-

tions are consistent with a change from a solution containing single monomer surfactant 

molecules or ions, to a situation where the amphiphile exists in a self-assembled state. 

2.3.2 Influence of surfactant structure on the cmc 

The value of the cmc strongly depends on the present surfactant. During the last 

years a lot of work has been done on elucidating the various factors that determine the 

cmc, especially in aqueous solution 14. From these investigations, several general con-

clusions can be drawn about the influence of the chemical structure of the surfactant on 

the cmc 5, 15, 16: 

(i) The cmc decreases with increasing hydrocarbon chain length of the amphiphile. 

The cmc decreases by a factor of approximately 2 for ionics and by a factor of 3 

for nonionics on adding one ─CH2─ group to the alkyl chain. 

(ii) The cmcs of a non-ionic surfactant is generally lower than those of ionics with 

the same alkyl-chain length. 

M
ag

ni
tu

de
 o

f p
hy

si
ca

l p
ro

pe
rt

y 

Surfactant concentration

Osmotic pressure 
Self-diffusion 

Surface tension 

Conductivity 

cmc 

Equiv. conductivity 



II Fundamentals – Colloidal systems 67 

(iii) Cationic surfactants have slightly higher cmcs than anionics. 

(iv) In the case of ionic amphiphiles the valency of the counter ion has a great influ-

ence. Simple monovalent inorganic counterions give nearly the same cmc, while 

a higher valency to 2 results in a reduction of the cmc by a factor of about 4. 

(v) Perfluorinated alkyl chains lower dramatically lower the cmc, whereas partial 

fluorinated increase the cmc. 

Especially, the relationship between the length of the chain of a hydrocarbon amphi-

phile and the critical micelle concentration is a crucial factor in surfactant science. It is 

known that the cmc decreases logarithmically as the number of carbons in the chain of a 

homologous series n  increases. Mathematically, this relation is expressed by the 

Klevens equation 17: 

 log( cmc ) A Bn= −  (II-27)

where A  and B  are constants specific to the homologous series under the same micro-

environmental conditions (i.e. temperature, pressure…) 18. Generally, the value of A  is 

approximately constant for a particular head group, whereas B  is constant and ap-

proximately equal to 0.30 (log 2) for all paraffin chain surfactants solubilised in water 

having a single charged ionic head group. For a non-ionic amphiphiles B  becomes 0.5. 

The basis for the rule mentioned earlier that the cmc being halved for each increase in 

the hydrophobic chain by one carbon atom is apparent from this relation. 

2.3.3 Temperature dependence of surfactant solubility 

The solubility of ionic surfactants in water shows strong temperature dependence. 

Figure II-10 schematically illustrates the amphiphile solubility as a function of tempera-

ture. The solubility may be very low at low temperatures and it increase rapidly in a 

narrow temperature range. This phenomenon is generally denoted as the “Krafft phe-

nomenon” 1, 2, 4-6, 8. In fact, the Krafft point is defined as the intersection of the solubility 

curve and the cmc curve. Additionally, the so-called Krafft temperature is defined in 

literature. The latter is the denoted as the temperature of the Krafft boundary at an arbi-
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trarily selected composition, often 1 wt.% of ionic amphiphile in the polar solvent 19. 

The Krafft point and the Krafft temperature, respectively, vary extremely with changes 

in the chemical structures of ionic surfactants 20-22: 

(i) The Krafft point/temperature decreases as the alkyl chain length increases. 

(ii) The head group and the present counterion influence the Krafft temperature 

dramatically. For example, the Krafft point/temperature of cationic surfactants is 

higher for bromide than for chloride, and still higher for iodide. With divalent 

counterions, the increase of the Krafft point/temperature is typically more dra-

matic. Salt addition raises or decreases the Krafft point/temperature depending 

on the added salt. 

The Krafft phenomenon is often described as interplay between the temperature de-

pendence of the amphiphile monomer solubility and the temperature dependence of the 

cmc. The temperature dependence of the latter can be considered, in a good approxima-

tion, as very weak. If the surfactant concentration is below the cmc the total solubility is 

limited by the monomer solubility, but if the monomer solubility reaches the cmc, mi-

celles are formed, which are highly soluble compared to the monomers. This indicates 

why a small increase in monomer solubility, which results, in the concept of the Krafft 

phenomenon, from a temperature increase, leads to a dramatic raise of the overall am-

phiphile solubility. More general, the Krafft point/temperature is determined by the en-

ergetic relationship between the solid crystalline state (melting point) and the heat of 

hydration of the system 21. Lower Krafft points/temperatures are generally obtained by 

making the packing of the surfactant in the solid state unfavourable and by using highly 

hydrated polar head groups 2, 4, 5. An unfavourable crystal packing can be achieved in 

the following ways 23, 24: 

(i) Branching of the hydrophobic alkyl chain 

(ii) Introduction of a double bond in the alkyl chain  

(iii) Introduction of polar segments in the alkyl chain 
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In contrast, non-ionic surfactants do not exhibit a Krafft temperature, because of 

their different mechanism of solubilization (hydrogen bonds between the EO units and 

water in contrast to hydration of the ionic head group). Nevertheless, they also have a 

characteristic temperature–solubility relationship in water that causes them to become 

less soluble as the temperature increases. In some cases, phase separation occurs, pro-

ducing a cloudy suspension of surfactant. The temperature (usually a range of tempera-

ture) at which the phases separate is referred to as the ‘‘cloud point’’ for that non-ionic 

surfactant 1, 2, 4. 

 

 

 

 

 

 

 

Figure II-10 : Solubility of an amphiphile as a function of tem-
perature in the region of the Krafft point. 

2.3.4 Structure & shape of micelles: packing parameter 

Surfactant self-assembly in water leads to variety of different structures, as al-

ready discussed previously (Figure II-8). In fact, the most common structure is the 

spherical micelle with an interior composed of the hydrocarbon chains and a surface of 

polar head groups towards the bulk water phase. The hydrocarbon core has a radius 

nearly equal to the length of the extended alkyl chain. In contrast, the cross-section of 

elongated cylindrical micelles is similar to that of spherical aggregates, but the length is 

highly variable resulting in polydisperse solutions. Another possibility of surfactant 

self-assembly is the formation of bilayers, which build up lamellar phases or vesicles. 
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The latter is characterized by two distinct water compartments, with one forming the 

core and one the external medium. The reverse micelle is a special case of the spherical 

micelle having a water core surrounded by the amphiphile head groups. The hydropho-

bic alkyl chains form the continuous medium 1, 2, 4-6, 8. 

The formation of this type of assemblies strongly depends on the geometry of 

the single surfactant molecule, which is well presented by the critical packing parameter 

P  as was shown by Israelachvilli et al. 25, 26. P  is defined as 

 
vP
al

=  (II-28)

where v  is the volume of a single surfactant hydrocarbon chain, a  is the cross-sectional 

area of one surfactant molecule in the aggregate, and l  is the length of the fully ex-

tended hydrocarbon chain. The packing parameter can be evaluated by the aggregation 

number aggN , which represents the number of surfactant molecules forming the assem-

bled aggregate. The latter is defined as the ratio of the core volume of the micelle micV  

to the volume of one single surfactant alkyl chain v : 

 
34

3
mic mic

agg
V RN

v v
π= =  (II-29)

The aggregation number is also given by the ration of the area of the micelle (assuming 

the surface is completely covered with surfactant head groups) to the cross-sectional 

area per surfactant molecule: 

 
2

4mic micA RN
a a

π= =  (II-30)

Combining Eq. (II-30) and Eq. (II-31) yields: 

 
1
3mic

v
aR

=  (II-31)
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Figure II-11 : Packing parameters for different self-assembled structures. 



II Fundamentals – Colloidal systems 72 

The radius of the micelle micR  cannot exceed the length of the fully extended chain l , so 

Eq. (II-31) can be written as  

 
1
3

vP
al

= ≤  (II-32)

The values of v  and l  can be estimated by the two formulae of Tanford 27: 

 27.4 26.9 cv n= + 3Å  (II-33)

and 

 1.5 1.265 cl n= + Å  (II-34)

The aggregates, which do not exhibit spherical shapes, are characterized by 

packing parameters larger than ⅓. The surfactant packing parameter range and the vari-

ous surfactants aggregate shapes are compared in Figure II-11. The spherical micelles 

can be considered to be built from the packing of cones, corresponding to effective mo-

lecular volumes (large difference between the cross-sectional area of the head group and 

tail group). Other aggregate of types, e.g. cylindrical micelles, are preferably formed by 

surfactants with truncated cones (with packing parameters ⅓ < P  < ½). The flexible 

bilayers and vesicles result from a packing of surfactants with almost equal cross sec-

tional areas of head group and tail group (½ < P  ≤ 1). For P  ≈ 1, planar extended bi-

layered structures can be expected. When P  exceeds 1 ( P  > 1), reversed micelles are 

the favoured aggregate.  

Apart from these aggregate shapes, it was shown that the surfactant molecules 

can also pack into prolate and oblate spheroids 27, 28. Figure II-12 gives the schematic 

view of the prolate and oblate spheroids. (i) The semi-major axis ‘a’ (rotational axis) is 

larger than the semi-minor axis ‘b’ in case of prolate spheroids and (ii) In case of oblate 

spheroids the rotational axis ‘a’ is smaller than the semi axis ‘b’. 
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(i) Prolate ellipsoid (ii) Oblate ellipsoid 

 

 

 

 

 

 

 

 

Figure II-12: Schematic representation of the models of prolate (i) and oblate (ii) 
spheroids (a, the major semi-axis and b, the minor semi-axis). 

2.3.5 Models of surfactant aggregation 

Two well-known models generally discuss micelle formation: (i) the pseudo-

phase separation model and the (ii) mass action law model 4, 29. The first model treats 

the surfactant solution as a two-phase system, where the micelles are considered as a 

separate phase. In this case, the Gibbs phase rule would apply and micelles are in ther-

modynamic equilibrium with the surfactant monomers in solution. Within the frame-

work of the pseudo-phase model, solubilization is considered as equilibrium of the sol-

ute between the micellar phase and the bulk, 

 mono micμ μ=  (II-35)

where iμ  is the chemical potential of the solute in the aqueous bulk phase (monomeric 

surfactant) or in the micellar phase (aggregated surfactant) 8. 

An alternative approach to describe micellization is the mass action model. This 

model is further able to consider a fraction of counterions bound to the micelles and 

thus is better suited for modelling ionic surfactants. At equilibrium, the micelle forma-

tion of an ionic surfactant, is written as 

 nS   +   mC      SnCm
z ≡ Mz (R.III-9)
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where S  represents the surfactant ions, C  the surfactant counter ions, and nS  the 

formed aggregate with the bound counterions mC , abbreviated as zM . z  is the micellar 

charge, m  is the number of counterions bound to the micelle, and n  is the aggregation 

number ( aggN ) 30. The equilibrium constant K  of the reaction (R.III-9) can then be for-

mulated as 

 
zM

n m
S C

a
K

a a
=  (II-36)

where ia  is the activity of the species i . If one assumes that the activity coefficient is 1, 

which is a good approximation for dilute solutions, Eq. (II-36) becomes 

 
zM

n m
S C

X
K

X X
=  (II-37)

where iX  is the mol fraction of species i . In terms of the present equilibrium, it follows 

that 

 z
0

S CM
G RT(ln X nln X mln X )Δ = − − −  (II-38)

where R  and T  have their usual meaning. 0GΔ  is the free energy of micellization. The 

latter can be further expressed by 

 

 o o o o
z S CM

G n mΔ μ μ μ= − −  (II-39) 

in which o
iμ  is the standard chemical potential of species i. If one defines 0

micGΔ as the 

standard Gibbs free energy change of micellization per mole of amphiphile, 
0
mic micG G / nΔ Δ= , then 
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 0 1 o o o
mic z S CM

mG
n n

Δ μ μ μ= − −  (II-40)

and  

 
1o

mic z S CM

RT mG ln K RT( ln X ln X ln X )
n n n

Δ = − = − − −  (II-41)

Introducing the ratio z cmcM
X X / Xσ =  as Tanford did and recognizing that, at the cmc, 

S cmc zM
X X X= − , and that C SX X≈  ( cmcX ) when the ionic surfactant 

S C
S Sν ν  is like a 

symmetric electrolyte, i.e. S Cν ν= , one obtains 9 

 
0 1 11 1mic

cmc
G m( )ln X ln X ln( X )
RT n n n σ σ

Δ
= + − − + −  (II-42)

For large n  (for example, 50n ≥ ) the 1 / n  terms and the last term in the right-hand side 

are negligible. Hence in this case, Eq. (II-42) is reduced to 

 0 1mic mic cmcG ( )RT ln XΔ α= +  (II-43)

where 

 mic
m
n

α =  (II-44)

is the degree of counterion binding. Instead of the degree of counterion binding, the 

degree of ionization of micelles, β , is often taken into account as 1 micβ α= −  which 

results in the expression 

 0 2mic cmcG ( )RT ln XΔ β= −  (II-45)
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The enthalpy of micellization, 0
micHΔ , is obtained from 0

micGΔ  using the Gibbs-

Helmholtz relation: 

 

0

0

2

mic

mic

p

G
T H
T T

Δ
Δ

⎛ ⎞⎛ ⎞
∂⎜ ⎟⎜ ⎟

⎜ ⎟⎝ ⎠ = −⎜ ⎟∂
⎜ ⎟
⎜ ⎟
⎝ ⎠

 (II-46)

Taking into account the dependence of 0
micGΔ on n  and β , which may vary with the 

temperature, one obtains  

 0 2 2 cmc
mic

p

ln X f ( n; ) nH RT ( )
T n T

βΔ β
∂ ∂ ∂⎛ ⎞= − − +⎜ ⎟∂ ∂ ∂⎝ ⎠

 (II-47)

where the quantity f ( n, )β  is, in principle, a function of n  and β . 0
micHΔ  is usually 

been determined by this (indirect) method using Eq. (II-47) but neglecting the contribu-

tion of the second term: 

 0 2 2 cmc
mic

p

ln XH RT ( )
T

Δ β
∂⎛ ⎞= − − ⎜ ⎟∂⎝ ⎠

 (II-48)

In many cases, comparison of 0
micHΔ  values obtained from Eq. (II-47) with those de-

termined directly by calorimetry suggests that the temperature dependence of the terms 

containing n  and β  compensate in such a way that 0
micHΔ  can be given by the simpli-

fied relation, Eq. (II-48). Other authors have suggested this too, so Eq. (II-48) was used 

in the thermodynamic analysis presented in this work 31, 32. 

The standard entropies of micellization 0
micSΔ  can be obtained from the relation  

 
0 0

0 mic mic
mic

H GS
T

Δ ΔΔ −
=  (II-49)
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Therefore, from the temperature dependence of the cmc one can determine the values of 
0
micGΔ , enthalpy 0

micHΔ , and entropy 0
micSΔ  with the help of the following previously 

presented equations 1. 

Generally, the value of 0
micHΔ  decreases with the increase in temperature and 

with increase of the hydrocarbon chain of the surfactant. The Gibbs free energy of mi-

cellization is negative as expected for spontaneous micellization near the cmc. Its value 

becomes more negative as the temperature and the alkyl chain length increase. Funda-

mentally, micellization is entropy-driven, i.e. the contribution of 0
micHΔ  to the Gibbs 

free energy is less than that of 0
micT SΔ . The entropy decreases with increasing in tem-

perature and increases with longer alkyl chains 1, 8, 15. 

The contribution of the discrete surfactant segments (including the methylene 

groups, the methyl group, and the head group) from bulk water to the interface contrib-

utes to 0
micGΔ  as already discussed above for adsorption. 0

micGΔ  is written analogously to 

Eq. (ΙΙ−50): 

 0 0 0 0
mic mic 2 mic mic 3G m G ( CH ) G ( HG ) G ( CH )Δ Δ Δ Δ= − − + + −  (ΙΙ−50) 

where m is the number of the methylene groups, 0
mic 2G ( CH )− −  is the contribution of 

one methylene group of the alkyl chain, 0
mic 2G ( CH )− −  is the contribution of the termi-

nal methyl group, and 0
micG ( HG )  is the contribution of the head-group. Eq. (ΙΙ−50) pos-

tulates a linear correlation between 0
micGΔ  and m, where the intercept includes contribu-

tions from the terminal methyl group and the head group. Since 0
micG ( HG )  and 

0
mic 3G ( CH )−  are independent of the chain length of the surfactant, its contribution is 

constant in a homologous series 1, 2. 

2.3.6 Non-aqueous solvents: Solvophobic effect, Gordon parameter, cohesion energy 

density, internal pressure 

The most common solvent, as already mentioned, in surfactant science is water, 

as it is considered to be a unique liquid promoting amphiphilic self-aggregation due to 
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its high cohesive energy, its high relative dielectric constant rε , and its considerable 

hydrogen bonding ability 33, 34. Evans et al. suggested that especially the hydrogen 

bonding ability is a prerequisite for micellization to happen 4, 35. The low solubility of 

the surfactant hydrocarbon chain forces aggregation in polar solvents like water to occur 

(solvophobic effect) 33. It arises because of the introduction of a weakly interacting spe-

cies into a liquid of high cohesive energy. Evans et al. correlated the self-assembly 

promotion of solvents with the Gordon parameter PG , which is a useful parameter for 

characterizing the cohesiveness of a solvent. The Gordon parameter is defined as 

 1/3

σ
=P

m

G
V

 (II-51)

where σ  is the surface tension and mV  is the molar volume of the solvent. Evans et al. 

postulated that a sufficient high Gordon parameter (≥ 1.3 J/m3) is a crucial factor for 

solvents to support self-aggregation of amphiphilic molecules in solution 4. Table II-10 

summarizes Gordon parameters and related values of rε  and σ  of various polar sol-

vents as published by Evans et al 36. 

Polar solvent rε  
σ  

(mN/m) 
PG  

(J/m3) 

Water 78.4a,b 72.0 a,b 2.75a, b, 2.8c, 2.743d 

Hydrazine 51.7a,b 66.4 a,b 2.10a, b 

EAN ∞a,b 46.0 a,b 1.060e, 1.40b, 1.30a, b 

Formamide 109.0a,b 58.2 a,b 1.50a, b 

Ethylene glycol 37.7a,b 47.0 a,b 1.20a, b 

3-Methylsydnone 144.0a,b 57.0 a,b 1.40a, b 

Table II-10 : Properties of polar solvents at 25°C except for 3-methylsyd-
none, which is at 40°C. aRef. [4]. bRef. [36]. cRef. [10]. dRef. [73]. eRef. 
[74].  

Beside the investigations of Evans et al. concerning self-assembly of amphi-

philic molecules in non-aqueous solvents, Rico and Lattes also examined micelle for-
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mation in alternative media. They supposed that a water replacement should have the 

following properties in order to enable surfactant aggegation: (i) High polarity, (ii) high 

solvating power, and (iii) highly structured. In this connection, they recommended two 

physical solvent properties, the cohesive pressure (cohesive energy density) ced and the 

internal pressure Pi, from which the structuredness of a solvent can be evaluated 75. The 

cohesive pressure is a measure of the total molecular cohesion per unit volume, given 

by Eq. (II-52) 

 vap vap

m m

U H RT
ced

V V
Δ Δ −

= =  (II-52)

where ∆Uvap and ∆Hvap are respectively the energy and enthalpy (heat) of vapourization 

of the solvent to a gas of zero pressure, Vm is the molar volume of the solvent, R is the 

gas constant, and T is the absolute temperature. During vapourization of a solvent to a 

non-interacting vapour, all intermolecular solvent-solvent interactions will be broken. 

Consequently, ced stands for the total strength of the intermolecular solvent structure. 

High ced values can be found for solvents of high polarities and are further increased 

due to the presence of hydrogen bonds. In addition, this parameter is related to the en-

ergy required to create cavities in a liquid in order to accommodate solute molecules 

during the process of dissolution 76. 

On the other hand, the internal pressure Pi is defined as the change in internal 

energy of a solvent as it undergoes a very small isothermal expansion, as seen in Eq. 

(II-55) 

 
m

p
i

Vm TT

U pP T T
V T

α
β

⎛ ⎞ ⎛ ⎞∂ ∂⎛ ⎞= = ≈⎜ ⎟ ⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠⎝ ⎠
 (II-53)

where U, Vm, p and T are the molar internal energy, the molar volume, the applied pres-

sure and the absolute temperature, respectively. This small expansion does not necessar-

ily disrupt all the intermolecular solvent-solvent interactions. Thus, the internal pressure 
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results from the forces of attraction between solvent molecules exceeding the forces of 

repulsion, i.e. mainly dispersion forces and dipole-dipole interactions 76. Pi can be 

equated to the ratio of the thermal expansion coefficient αp and the isothermal com-

pressibility βT, as shown by Wilson et al. (cp. Eq. (II-53)) 77. The values obtained from 

the latter relation are extremely useful, but errors in the individual properties are com-

pounded in the ratio. Therefore, direct measurement of ( )/
mV

p T∂ ∂  is essential for accu-

rate determinations of Pi, especially when differences in Pi between the solvent and very 

dilute solutions are being examined. 

Although there is obviously a close connection between cohesive pressure and 

internal pressure, they are not equivalent, as indicated by the compilation of ced and Pi 

values for some selected solvents given in Table II-11.  

Solvent 
ced  

(J/cm3) 

iP  

(J/cm3) 

iced P−  

(J/cm3) 
in P / ced=  

Water 2303 151 2152 0.07 

MeOH 875 285 590 0.33 

Formamide 1574 544 1030 0.35 

EtOH 674 293 381 0.43 

Ethane-1,2-diol 1050 502 548 0.48 

Ethylene glycol 892 502 390 0.56 

DMF 582 477 105 0.82 

Table II-11: Cohesive pressures, ced, internal pressures, Pi, and their ratio n for 
some solvents, arranged in order of decreasing n, that is, in order of increasing 
‘‘structuredness’’. Further, the difference between ced and Pi is given. All values 
of ced and Pi were taken from Ref [78], in which the internal pressure was calcu-
lated from Tα/β. 

It has been assumed that Pi is mainly a reflection of temporary dispersion forces and 

permanent dipole-dipole interactions within the solvent, whereas ced additionally in-

cludes specific solvent-solvent interactions such as hydrogen bonding. Hydrogen bond-

ing in a solvent increases the cohesive pressure, while the internal pressure is compara-
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ble to that of solvents without hydrogen bonding. Therefore, the hydrogen-bonding 

pressure or energy density contribution can be measured by the difference ced–Pi. Val-

ues of Pi approach those of ced only for weakly polar solvents without specific sol-

vent/solvent interactions. The ratio n=ced/Pi approaches a value of unity for nonpolar 

solvents (e.g. hydrocarbons), but it can be less than or greater than unity for other sol-

vents. High values of n are obtained for the noninteracting fluorohydrocarbons, while 

for highly interacting solvents, e.g. for water, very low values of n are found 78, 79. 

2.4 Colloidal forces 

Colloidal assemblies are stabilized or destabilized by numerous interactions, 

which can be classified into two interaction forces, repulsion and attraction. Basically, 

interaction between colloidal particles is determined in terms of the balance of van-der-

Waals force (attractive potential energy) and electrostatic force (repulsive potential en-

ergy). This is well-know as Derjaguin-Landau-Verwey-Overbeek (DLVO)-theory 37-39. 

DLVO-theory, in general, applies for considerably low surfactant concentration, espe-

cially, for ionic surfactants which have the strong electric hindrance on coagulation. For 

high concentration solutions, micelles are obliged to approach each other because of the 

decrease in bulk phase volume. This is energetically disadvantageous. However, if a 

micellar structure is reconstructed into a long cylindrical micelle, for example, the as-

semblies can be apart more far from each other. 

2.4.1 Van-der-Waal forces 

The van-der-Waals force contains several contributions resulting in long-range 

attractive forces. One is the quantum mechanical dispersion interaction (London disper-

sion force). The second term arises from the thermally averaged dipole-dipole interac-

tion (Keesom term) and the third contribution comes from dipole-induced-dipole inter-

actions (Debye term). The van-der-Waals force operates between both apolar and polar 

molecules and varies rather little between different materials, i.e. compared to the dou-

ble-layer force, which can change by orders of magnitude upon addition of small 

amounts of salt 40. The most straightforward way to calculate the van-der-Waals force is 
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by assuming that the total potential is given by the sum of potentials between pairs of 

molecules, i.e. the potential is said to be pair wise additive. This is usually called the 

Hamaker approach 4, 6, 41. The resulting potential depends on the shapes of the colloidal 

particles and on their separation. In the case of two spheres (cp. Figure II-13) separated 

in vacuum by a distance d  having a volume 1V  and 2V , respectively, the non-retarded 

potential energy vdWE  is 

 1 2 12
1 26vdW

CE dV dV
r

ρ ρ
= −∫∫  (II-54)

and after integration using spherical geometry with 1r  and 2r  are the radii of the sphere 

1 and 2, respectively, vdWE  becomes 

 12 1 2

1 26 ( )vdW
A r rE
d r r

= −
+

 (II-55)

where 12A  is the Hamaker constant which is given by the following equation: 

 2
12 12 1 2A Cπ ρ ρ=  (II-56)

12C  is the coefficient concerning in the inter-atom pair potential (London constant), 1ρ  
and 2ρ  are the number densities of particle 1 and 2 in unit volume. The Hamaker con-

stant is normally found in the range of 10-20
 J 4, 6. 

In this context, another theory has been presented by Lifshitz et al. 42. The 

mathematical formalism of the Lifshitz-theory is rather sophisticated and in order to 

fully utilize the approach, the knowledge of the frequency-dependent dielectric permit-

tivity of all frequencies is needed. This method assumes that the interacting particles 

and the dispersion medium are all continuous. The basic idea of the theory is that the 

interaction between the bodies is considered to take place through a fluctuating electro-

magnetic field. This leads to another definition of the Hamaker constant. Although the 



II Fundamentals – Colloidal systems 83 

Lifshitz theory and the Hamaker theory use very different approaches, the net results are 

similar 4. 

 

 

 
 

 

 

 

Figure II-13 : Sketch of two dispersed spheres of different radii 
( r1 , r2 ) and different number densities ( 1ρ , 2ρ ), respectively, 
in distance d . 

2.4.2 Electric double-layer forces 

We now consider the electrical potential around a charged colloidal particle in solution. 

A particle, e.g. an micelle formed by an ionic surfactant that is charged at the surface 

attracts counterions, i.e. an ionic atmosphere is formed around it. These tend to segre-

gate into a layer adjacent to the layer of surface charges in the colloid particle. Since 

van-der-Waals forces between identical species of particles are always attractive, it 

would have seemed that the dissolved particles coagulate one another and precipitate as 

solid mass out of the solution, if van der Waals force alone were operative. However, it 

does not necessarily occur, because the particles dispersed in solution with large permit-

tivity such as water are charged commonly, resulting in hindrance of coalescence by 

electrostatic repulsion. Surface charge originates from two processes: (i) ionization or 

dissociation of a functional group on the surface, (ii) ionic adsorption (bond) onto the 

non-charged surface from solution. Thus, an electric double layer is created 4, 6. In the 

diffuse double layer model, the ionic atmosphere is supposed to consist of two regions. 

Close to the colloid particle, counterions tend to predominate due to strong electrostatic 

forces. Ions further away from the particles are assumed to be organized more diffusely, 

d

r1

r2

ρ1 

ρ2 
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according to a balance of electrical forces and those resulting from random thermal mo-

tion. In this outer region, the concentration of counterions thus decreases gradually 

away from the surface. For the Stern model, another single layer is formed over the sur-

face. This layer and the inner layer are termed Stern and Helmholtz layer, respectively 

(Figure II-14).  

 

 

 

 

 

 

 

 

 

Figure II-14 : Stern double-layer model 

Inside the Stern layer, the potential Ψ  decreases linearly. The diffuse double 

layer or the outer diffuse region away from the inner layer can be described by the 

Gouy-Chapman equation Eq. (II-57), which is a solution of the Poisson-Boltzmann 

equation for a planar diffuse double layer. 

 ( )04 tanh exp
4

B
D

B

ek T x
e k T

κ
⎛ ⎞Ψ

Ψ = − −⎜ ⎟
⎝ ⎠

 (II-57)

where x  is the distance from the middle of the two planes, e  the electron charge, Bk  

the Boltzmann constant, and Dκ  is defined as follows 
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The quantity 1/ Dκ  has dimensions of length and it is called the Debye screening length. 

In the case of 0 Bze /( k T )Ψ  < 1, i.e. for a system where the thermal diffusion energy 

Bk T  is dominant rather than the surface potential 0Ψ  and/or the electrolyte is weakly 

charged, then the potential simplifies to 

 ( )0 exp D xκΨ = Ψ −  (II-59)

This equation is known as Debye-Hückel equation 4, 43.  

2.4.3 DLVO theory 

The DLVO-theory consists of the above presented forces. The total interaction 

energy is formulated by sum of the two contributions. Differing from the electric double 

layer force, the van-der-Waals potential is not much sensitive to the concentration of 

electrolyte and pH, whereby it can be considered to be constant. The van-der-Waals 

attraction would be greater than the double layer repulsion whenever the distance be-

tween two particles or planes is enough small, because the attraction increases exponen-

tially with decreasing distance, while the repulsion increases rather slowly. The rela-

tionship of both the forces exhibits as a function of distance d  in Figure II-15.  

 

 

 

 

 

 

 

 

Figure II-15 : DLVO interaction vs. distance: (i) 
→ (ii), decreasing surface potential (e.g. due 
to salt addition) 

Van-der-Waal attraction 

Electrostatic repulsion 
(i)

(ii)

d

Total interactionIn
te

ra
ct

io
n 

en
er

gy
 

0 



II Fundamentals – Colloidal systems 86 

In the case of strongly charged particles, the repulsion over long range causes, as 

a consequence, an energy barrier that appears commonly in the distance from 1 to 4 nm. 

The energy barrier does not allow the particles to approach each other. Then the colloid 

particles settle down at the minimum, i.e. keep a constant distance away from one an-

other. Reduction of the charge density or potential suppresses the energy barrier (Figure 

2.5 (a)→(b)), resulting in flocculation. The colloidal system therefore becomes unstable 
4. 

2.4.4 Hydration forces 

The hydration force between the amphiphilic surfaces is proposed firstly by 

Langmuir 44. A charged or zwitterionic surface immersed in aqueous solution results in 

one or several well-defined layers of water molecules hydrating the surface in the same 

way as a dissolved ion has a hydration shell. Pushing two such surfaces together results 

in a dehydration and could be anticipated to be accompanied by a repulsive hydration 

force. The hydration force often exceeds the DLVO force in the short range and prevents 

from coalescence of bilayer, vesicle, and bio membrane. This is the background to the 

notation of repulsive hydration forces. Very strong short-ranged repulsive forces have 

been found to act between lipid bilayers 45. The range is somewhere between 10 and 30 

Å and the repulsion is found to decay exponentially with separation 46, 47. Similarly, 

repulsive forces between solid mica surfaces are reported from experiments using sur-

face apparatus. Repulsive hydration forces seem to exist both between neutral and 

charged surfaces. Despite the fact that the mica surfaces in the force apparatus are rigid 

and the bilayer systems studied have certain flexibility, there is surprisingly good 

agreement between the two techniques. The repulsive forces between mica surfaces 

have also been seen in other solvent. These experiments have given rise to a wide range 

of theoretical explanations. Structural or H-bonding polarization at the surface has been 

suggested as the cause for the repulsion. Bilayer undulations and image charge interac-

tions have also been put forward as possible mechanisms. Recently, it has been sug-

gested that the lipids protrude out into the solvent and this protrusion is limited when 

two surfaces approach and a repulsive force appears. The mechanism is akin to the idea 
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of undulation forces. The difference lies mainly in the range of the fluctuations. The 

original undulations model invoked long wavelength undulation, while in the protrusion 

model the ‘undulations’ are molecular in range 4. 

2.5 Microemulsions 

As the previous chapters demonstrate, binary water-surfactant and oil-surfactant 

systems form colloidal systems driven by the self-association feature of the amphiphilic 

ingredient. However, ternary systems are also well-known resulting from self-assembly 

of non-ionic or ionic double-chain surfactants. In general, these systems, commonly 

known as microemulsions, are equilibrium solutions containing substantial amount of 

both a polar component (usually water) and an apolar component, such as a medium- or 

long chain alkane (oil) that are stabilized by an amphiphilic additive. The phrase “mi-

croemulsion” was introduced by Schulman in 1959, who defined them as optically iso-

tropic transparent oil and water dispersions which are thermodynamically stable and are 

spontaneously formed by mixing the appropriate amount of ingredients 48. 

If a small amount of a non-polar component is added to micelles in water, this 

third component is solubilised in the interior of the micelle. This is the basic mechanism 

of microemulsion formation. In the case of regular micelles, first swollen micelles and 

then oil in water (O/W) microemulsions are formed upon the addition of oil, while wa-

ter in oil (O/W) microemulsions form from reversed micelles upon addition of water. 

By the incorporation of larger amount of the third component, a number of different, 

sometimes coexisting, phases may form and the phase diagram can become rather com-

plex, especially at high surfactant content (compared to binary surfactant solutions with 

water and oil, respectively) 49. 

Microemulsions are structurally well-defined self-organizing mixtures where the 

interfacial tension between water and oil is strongly decreased by the surfactant (≈ 10-2 

mN/m). They comprise droplet phases, which consist of more or less spherical nano-

droplets (radii between 1 to 100 nm) of oil in water (L1-phases) and water in oil (L2-

phases), as well as bicontinuous (L3) phases. Bicontinuous structures are interwoven 
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networks of water and oil tunnels separated by a surfactant film. The phase behaviour of 

such ternary systems shows a great variety influenced by, i.e., composition, tempera-

ture, and/or ionic strength. Noteworthy is that microemulsion phases can coexist with 

water and/or oil excess phases as well as liquid crystalline phases forming two or three-

phase equilibria 4, 50. 

The formulation of microemulsions utilizing single chain ionic surfactants is 

also possible but not without the usage of additional added compounds. Suitable addi-

tives in this context are aliphatic alcohols and/or electrolytes (e.g. NaCl). The basic ne-

cessity of these additives is a consequence of the charged head group of ionic surfac-

tants which is responsible for the relative low solubility of them in oils and it also de-

stabilizes the surfactant film through repulsive forces. These effects can be lowered by 

addition of a suitable alcohol, which is incorporated in the surfactant film resulting in an 

alternation of surfactant and alcohol in this film. This increases the distance between the 

charged head groups of the amphiphiles, therefore reduces the repulsive forces, and 

consequently stabilizes the film. Additionally, the compatibility of the amphiphile to-

wards the used oil is also enhanced as an appropriate alcohol increases the polarity of 

the apolar component. With other words, ionic surfactants are not hydrophobic enough 

to solubilise the oil phase. The added alcohol balances this disadvantage. Salt addition, 

in contrast, lowers the repulsive forces between the ionic head groups directly by ion 

condensation of the added electrolyte onto the charged surface of the ionic surfactant 

film making it more hydrophobic (“non-ionic”). Again, the solubilisation of the oil is 

enhanced. Because of the large number of components, the phase diagrams of single 

chain ionic surfactants are generally very complex (multidimensional) 51-54. 

2.5.1 Phase diagrams and phase evolution of microemulsions 

The different phases and coexisting regions of more component systems is gen-

erally represented in microemulsion science in a triangular phase diagram (Gibbs-

triangle). At each point in the diagram, the concentration of each species is determined 

by drawing a line parallel to the corresponding axis lying along one edge of the triangle. 

Figure II-16 shows a Gibbs-triangle of a non-ionic surfactant used as surface-active 
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compound displaying a wide range of structural different phases, which can principally 

form in a ternary or pseudo-ternary (for ionic surfactant with constant surfac-

tant/additive ratio) system of a strong amphiphile. 

 
Figure II-16 : Schematic representation of a Gibbs triangle 
of a non-ionic surfactant used as surface-active compound. 
Represented from Ref. [49]. 

In the upper part of the phase diagram, at high surfactant concentrations, the dif-

ferent liquid crystalline phases reach from the water-surfactant and oil-surfactant (re-

verse structures) sides into the triangle. These phases form two and three phase equilib-

ria at intermediate surfactant concentration with the microemulsion phases at lower sur-

factant concentrations. In the central part of the phase diagram bicontinuous microemul-

sions, and bilayer as well as bicontinuous crystalline phases at high surfactant concen-

tration normally occur. Isotropic bicontinuous microemulsions only can be found over a 

small surfactant concentration range at comparable amounts of water and oil. At low 

amphiphile concentration (bottom region within the phase diagram), there is not enough 

surfactant present to form a bicontinuous structure over the whole sample. In this case, 

the sample is split into three phases, a bicontinuous middle phase and almost pure water 

and oil phases (Winsor III phase). Depending on the temperature or the added alcohol 

and/or salt amount also a Winsor I (O/W microemulsion in equilibrium with an excess 

oil phase) and a Winsor II phase (W/O microemulsion in equilibrium with an excess 

water phase) can be observed 50, 51. This is schematically illustrated in Figure II-17. 
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Figure II-17: Phase evolution resulting in Winsor I-III-II microemul-
sion equilibria for a non-ionic surfactant as a function of tempera-
ture (also possible for ionic microemulsions with increasing 
amount of added salt for example). Represented from Ref. [49]. 

2.5.2 Curvature energy model - Understanding the phase behaviour of microemul-

sions 

During the last twenty years it has been shown that the structure and phase be-

haviour of microemulsion systems results, beside the composition, from the elastic 

property of the surfactant film separating the water and oil domains. This effect can be 

described successfully by a geometrical concept based on the statistical mechanics of 

curved interfaces, which was introduced by Helfrich et al. 55. The Helfrich free energy 

HE  defines the bending energy of a shaped surface in terms of the spontaneous curva-

ture 0H , the rigidity constant bκ  connected with bending, and the rigidity constant gκ  

connected with Gaussian curvature. HE  is defined as 

 2
H 0 b 0 gE f 2 ( H H ) K dAκ κ⎡ ⎤= + − +⎣ ⎦∫  (II-60)

where H  is the mean curvature, K  the Gaussian curvature, and A  the whole surface 

area. Using the definition of H  and K  with 1R  and 2R , the principle radii of curvature 

at a certain point on the surface A  (the sign of the radii is taken as positive when the 

film curves toward oil and negative when it is curved toward water.),  
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the Helfrich free energy becomes 
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where the parameters 0R  is the radius of spontaneous curvature and Hσ  the surface 

tension of the planar surface. 

 0
0

1R
H

=  (II-64)

0f  is defined such that Hσ  includes all the contributions which are independent of cur-

vature 

 2
0 02H bf Hσ κ= +  (II-65)

The model of Helfrich et al. is quite difficult to use quantitatively, as the present pa-

rameters cannot be obtained directly by a molecular model, for example. However, they 

are accessible experimentally. Nevertheless, the curvature energy concept allows a basic 

qualitative understanding of the formed type of microemulsion in the single phase and 

in multiphase equilibria in dependence of the spontaneous curvature 0H .  

The spontaneous curvature 0H  is defined as the curvature H  an amphiphile 

film has when the film is totally unconstrained. In this situation, the film has its lowest 

obtainable energy state and so 
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for H = 0H . Therefore, 0H  is the most favourable packing configuration of the amphi-

phile molecules in the surface. Positive and negative values of 0H  result in the forma-

tion of droplets with spherical and cylindrical geometry, respectively. Depending on the 

sign, regular or reversed structures are obtained. When 0H  is zero (balanced state), the 

film is generally flat and form planar bilayers or bicontinuous structures ( 1R = 2R− ). 

This is illustrated in Figure II-18. 

 

Spontaneous cur-
vature 0H  > 0 0H  ≈ 0 0H  < 0 

Interfacial film 
curved towards 

oil balanced state water 

Microemulsion 
type 

O/W (L1) Bicontinuous (L3) W/O (L2) 

Multiphase equi-
libria 

Winsor I ( 2 Φ) Winsor III (3Φ) Winsor II ( 2 Φ) 

Figure II-18 : Curved surfactant monolayers at the water/oil interface, with the correspond-
ing values for the spontaneous curvature H0  and the type of microemulsion formed in the 
single phase and in the multiphase. Represented from Ref. [49]. 

For a given surfactant, 0H  can be adjusted by the common formulation variables 

(T , additives). In the case of non-ionic surfactants, e.g. CiEj, the temperature has a ma-

jor influence on 0H . With increasing temperature the hydrogen bonds between the hy-

drating water and the ether groups of the ethylene oxide part Ej break and therefore the 

surfactant becomes less soluble in the aqueous phase. Consequently, 0H  is tuned via its 
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Water Water 

Oil 

Water 
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balanced state ( 0H  = 0) toward negative values and thus the curvature turns from oil 

toward water. For ionic surfactants, the strongest influence is the salt concentration. 

Trough salt addition to an ionic microemulsion the effective charge of the head group is 

screened resulting in lower repulsion energy between the heads. This can lead to a 0H  

change in the following order: 0H  > 0 → 0H  < 0. The temperature dependence of 0H  

for an ionic surfactant film is opposite ( 0H  < 0 → 0H  > 0) to the salt dependence and 

also opposite to the temperature dependence in the case of non-ionic microemulsions, 

since the Debye length screening length includes the ratio of T  and the salt concentra-

tion I  (ionic strength of the aqueous phase) (Eq. (II-58)). The addition of alcohol has 

the same effect for non-ionic as for ionic microemulsions. It stabilizes structures, which 

are curved toward water 49, 54. The bending rigidity constant bκ  describes how easily an 

interfacial film can be bent and therefore influences the static and dynamic properties of 

microemulsions. This parameter is given in a unit of energy and values typically be-

tween 1-20 Bk T  are obtained. The rigid constant gκ  associated with the Gaussian cur-

vature, in contrast, is connected with the topology of the surface, whereas bκ  is not af-

fected in this way. Typically, gκ  is negative and its magnitude is usually lower than 

that of bκ . In ionic surfactant films, both parameters depend strongly on the salt concen-

tration of the aqueous phase. Generally, the surfactant films are stiffer when no screen-

ing occurs 49. 

2.5.3 Electrical conductivity of microemulsions: The Microstructure 

An easy way to obtain fundamental insights into the microstructure change of 

isotropic microemulsions, depending of composition or temperature respectively, can be 

achieved by conductivity measurements. Unfortunately, this technique is limited to 

ionic microemulsions (or non-ionic with added salt) as charged species have to be pre-

sent to get reliable results. Nevertheless, this is of special interest, especially when the 

phase transitions cannot be obtained visually, i.e. if W/O → bicontinuous → O/W phase 

evolution has to be expected 56, 57. Considering an ionic microemulsion (ionic surfac-

tant/co-surfactant/water/oil) with a constant surfactant/co-surfactant mass ratio sw  

( sw = surf. co-surf.m /m ), the electrical conductivity κ  changes characteristically depending 
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on the followed experimental path P . Figure II-19 shows the variation of the electrical 

conductivity with wΦ , the volume fraction of water, of three different experimental 

paths 1P , 2P , and 3P . At this, wΦ  is defined as 

 w
w

total

V
V

Φ =  (II-67) 

where wV  is the present volume of water and totalV  is the total volume of the microemul-

sion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II-19 : Schematic phase diagram and the corresponding κ-Φw-
plots obtained from different experimental paths (P1, P2, P3). The sur-
factant/co-surfactant mass ratio is constant. 

In the case of 1P  and 2P , the molar ratio of surfactant/co-surfactant sw  remains 

constant and the water/oil mass ratio w / ow  ( w / ow = w om /m ) varies through a stepwise 

addition of water (alpha-path), whereas the surfactant/co-surfactant to oil mass ratio 
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surf.co-surf. / ow  ( surf.co-surf. / ow = surf.co-surf. om /m ) remains constant by following 3P  (beta-

path). The conductivity behaviour described in Figure II-19 (left, 1P ) represents a perco-

lation phenomenon which results from a progressive droplet interlinking and clustering 

process, as the water content is raised 58. At certain water content, p
wΦ , κ  increases 

drastically indicating the interlinking of the droplets. Below p
wΦ , non-aggregated water 

droplets dominate which do not contribute to the conductivity as they are isolated by a 

non-conducting medium (oil). The same phenomenon is monitored for the second al-

pha-path but with a marked curvature in the upper part of the κ - wΦ -plot (Figure II-19, 

right, 2P ). This observation cannot be described by the percolation theory, as we will 

see later, but can be attributed to a new conduction mechanism reflecting structural al-

terations undergone by the microemulsion system at higher water content. Therefore, 

Tw/o→b marks an internal phase boundary of the mono-phasic region. The conductivity 

evolution along the beta-path (Figure II-19, middle, 3P ), in contrast, comprises two dis-

tinctive features associated with two internal phase boundaries. The features of the con-

ductivity plot are similar to those of 1P  and 2P , the toe at the bottom and the medium 

linear part, which is again characteristic for a percolation phenomenon. In the upper 

region of the κ -plot, when the water content is further increased, the conductivity devi-

ates, as in 2P , from a straight line, reaches a maximum and then decreases down to the 

value of bulk water conductivity. It has been shown by Clausse et al. that the descend-

ing branch of κ  is typical for O/W microemulsions whose global conductivity de-

creases because of the progressive dilution of their continuous aqueous phase with wa-

ter. Consequently, the κ - wΦ -plot indicates the presence of a special conduction 

mechanism reflecting an intermediary physical state of the system between the points 

T’w/o→b and Tb→o/w. With these results, it is possible to divide the phase diagram in 

Figure II-19 into three sub-regions: W/O, bicont. (b ), and O/W, whereby the topology 

of the mono-phase is completely described 59-61.  

2.5.3.1 The dynamic percolation model 

The model of dynamic percolation can describe the phenomenon of percolation 

in reverse water droplet microemulsions occurring at higher water content. This model 
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assumes spherical independently moving droplets, which is the case in dilute W/O mi-

croemulsions. At low concentrations of the dispersed water phase, the electrical conduc-

tivity is very low and approximately constant as long as the water volume fraction is 

smaller than a critical value p
wΦ  called the percolation threshold. When wΦ  is increased 

beyond p
wΦ , the conductivity suddenly changes toward higher values of κ . The dy-

namic percolation model can give an explanation of this observation: At low concentra-

tions below the percolation threshold conductivity is given by the Brownian motion of 

charged droplets or by charge hopping from one micelle to another. Near the percola-

tion threshold, the droplets grow together and finally, at p
wΦ , the first charge conducting 

cluster stretches from one electrode to the other forming a more bicontinuous-like me-

dium.  

For a three-dimensional system composed of identical droplets in a continuum 

(acting as isolator), which is a good approximation for a microemulsion, the theoretical 

percolation threshold pΦ  expressed in droplet volume fraction Φ  is around 0.31 ( pΦ  ≈ 

0.29) 58. Here, Φ  denotes the volume fraction of all components, which form the drop-

let phase (droplet volume fraction), i.e. in the case of microemulsions formed by ionic 

surfactant, co-surfactant, oil, and water (surfactant/co-surfactant mass ratio is constant), 

Φ  is calculated by: 

 w surf.co-surf.

total

V V
V

Φ
+

=  (II-68)

where wV  is the present volume of water, surf .co surf .V −  is the volume of the droplet form-

ing phase, and totalV  is the total volume of the microemulsion. 

For spheres with an infinitely conductivity dispersed in an isolator the conduc-

tivity, for Φ  < pΦ , is related to 

 ( )p sκ −Φ − Φ~  (II-69)

whereas for not to high Φ  > pΦ  
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 ( )p tκ Φ − Φ~  (II-70)

is valid. The parameters s  and t  are called the critical exponents and they define the 

modality of the present percolation (static or dynamic). Because of the appearing drop-

let Brownian motion and the attractive droplet-droplet interactions, microemulsions 

normally show dynamic percolation. Theoretical values of s  and t  in the case of dy-

namic percolation were calculated from Monte-Carlo-simulations by Grest et al. 62, who 

found: t  = 1.9 and s  = 1.2. In contrast, the experimental values are in the range of 1.1 ≤ 

s  ≤ 1.6 and 1.6 ≤ t  ≤ 2.2 63. 

Above the percolation threshold, as already pointed out, the droplets are highly 

connected and form clusters, which get more and more branched. In this region, the 

conductivity is mostly related to the cluster volume fraction. A theoretical approach for 

the description of this is the “Theory of the effective medium” which is given as 

 ( )cκ Φ − Φ~  (II-71)

The critical volume fraction cΦ , at which this model is valid, is cΦ  ≥ 1/3 64-66. 

2.5.3.2 Charge fluctuation model 

Beside the model of dynamic percolation, there exist further models that de-

scribe the κ -Φ -plot of microemulsions, but they are only valid at very low Φ -values. 

The charge fluctuation model of Eicke et al. also bases on the assumption of spherical 

microemulsion droplets with a defined identical radius dr , which move independently 

through Brownian motion. In thermal equilibrium, they possess no net charge, but they 

show a mean charge fluctuation <z2> due to instantaneous charge transfer between the 

droplets 67, 68. The mean charge fluctuation can be described in two ways: By (i) the 

correlation with the electrical conductivity κ  via Ohm´s and Stoke´s law, and by (ii) the 

consideration of only electrostatic interactions for the excess term of the chemical po-

tential. The two expressions for <z2> are: 
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where ρ  is the particle density of the droplets, η  the viscosity of the medium, 0ε  the 

electric field constant, rε  the relative permittivity of the continuous phase, and 0e  the 

elementary charge. By using Eq. (II-72) and Eq. (II-73) and after conversion of ρ  to the 

volume fraction Φ , the conductivity is finally given by 

 0
32

r B

d

k T
r

ε εκ
πη

Φ
=  (II-74)

At constant temperature T  and pressure p , the parameters rε  and η  are constant and 

therefore, the charge fluctuation model is limited to the range of linear dependence of κ  

on Φ . 

The droplet radii obtained by the model of Eicke et al. tend to be too large, 

which results from the assumption of purely electrostatic interactions, which is only 

valid for highly charged droplets and hence for droplet radii larger than 7 nm 67, 69, 70. 

The model of Kallay et al. fixes this problem by the introduction of two different 

radii dr  and cr . These are radii are defined as the droplet radius and the effective radius 

of charge separation within the droplet 69, 70. They are related by the thickness l  of the 

surfactant layer according to 

 d cr r l= +  (II-75)

Insertion of the respective radii yields: 

 0
42

r B d

d

k T r l
r

ε εκ
πη

−
= Φ  (II-76)
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This equation provides generally better results than that of Eicke et. al, but the value of 

l  has to be known. 

Hall and Halle & Boerling introduced other improved charge fluctuation models 

that are more complex. Hall assumes an equilibrium charge separation between two 

droplets and arbitrary charge z  given by a Poisson-Boltzmann distribution with electro-

static energy 71. Halle & Bjoerling describe the microemulsion media as polyelectro-

lytes with permanent or also fluctuating charges with the help of the MSA theory 72. 
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III. Synthesis 

The following chapters present the syntheses of the applied 1-alkyl-3-

methylimidazolium chloride ionic liquids (C12mimCl, C14mimCl, C16mimCl) as well as 

of the used room-temperature molten salts, ethylammonium nitrate (EAN) and 1-butyl-

3-methyl-imidazolium tetrafluoroborate (bmimBF4), respectively. It should be noted, 

that in order to obtain reliable results, chemicals of high purity are crucial for the fun-

damental investigation of surfactant systems. Any impurities (especially when they are 

surface active) remaining from the synthesis can drastically alter the aggregation/phase 

behaviour of colloidal systems 1. For this purpose, analyses were carefully performed 

including for example NMR, mass analysis, and water determination of the achieved 

SLILs and RTMS, respectively, in order to exclude the presence of unintentional impu-

rities. In general, the purities of the synthesized salts were always ≥ 99% as determined 

from NMR. In the case of the used surfactant-like ionic liquids, the high purity was fur-

ther confirmed from the surface tension measurements of these ILs in water (cp. Chap-

ter V.2.2) 

1 Chemicals 

1-chlorohexadecane (Merck, for synthesis), 1-chlorotetradecane (Fluka, for syn-

thesis), 1-chlorododecane (Fluka, for synthesis), 1-chlorobutane (Merck, for synthesis), 

1-methylimidazole (Merck, for synthesis), ethylamine (Fluka, 70% (w/w) in water, for 

synthesis), KOH (Merck, p.a.), NaBF4 (Fluka, p.a.), conc. HNO3 (Merck, 65% (w/w), 

p.a.), MgSO4 (Riedel-de Haën, p.a.), ethyl acetate (Merck, p.a.), dichloromethane 

(Acros, p.a.) as well as acetonitrile (Baker, analyzed) and tetrahydrofurane (Baker, ana-

lyzed) used in this study were purchased from the companies given in brackets. Water 

was taken from a Millipore-Q-installation (Millipore Corporation, conductivity < 10-7 S 

cm-1). For the formulation of the SLIL/RTMS microemulsions, additionally, dodecane 

(Aldrich, ReagentPlus) and 1-decanol (Merck, for synthesis) were used. The purifica-

tion of 1-methylimidazole was accomplished by fractionated distillation from KOH un-
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der reduced pressure, followed by drying above a molecular sieve (Roth, 3 Å) for 1 

week in N2-atmosphere. Then, it was distilled again under reduced pressure and stored 

in dry nitrogen. Acetonitrile was dried by refluxing it over CaH2 for 1 h followed by 

distillation into a nitrogen flushed solvent-Schlenk flask in which it was stored until use. 

All other products were used as received. 

2 Analytics 

1H- and 13C-NMR spectra were recorded on a Bruker Avance 300 spectrometer 

operating at 300.13 MHz. The 11B- and 19F-NMR were obtained on a Bruker Avance 

400 spectrometer working at 400.13 MHz. The preparation of the NMR-samples was 

carried out in a glovebox to avoid moisture contamination. As solvent d-chloroform 

(99.8%, deutero, Germany) and d3-acetonitrile (99.8%, deutero, Germany) was used, 

respectively. (+/-)-ESI-MS were recorded on a Varian Mat 311A. All presented melting 

points were determined via differential scanning calorimetry (DSC). The measurements 

were performed on a Perkin Elmer DSC 7 in a nitrogen flow with hermetically sealed 

Al pans, which were prepared before the measurement in the glovebox. The measure-

ments were recorded at a heating rate of 10°C/min. All melting points mT  were received 

from the DSC thermograms during the heating steps via onset analysis by determining 

the intersection point between the baseline and the tangent defined by the reflection 

point of the peak onset (cp. Chapter IV.8) 2, 3. The decomposition temperature decT  of 

each synthesized ionic liquid was determined via TGA measurements. Like in the case 

of the DSC measurements, the data evaluation was achieved by onset analysis (cp. 

Chapter IV.9) 2. The water content was determined on a Mitsubishi Moisturemeter CA-

20. 
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3 Synthesis of the used ionic liquids 

3.1 1-alkyl-3-methylimidazolium chlorides 

The surface-active 1-alkyl-3-methylimidazolium chlorides were obtained by the 

reaction of 1-methylimidazole with the appropriate 1-chloroalkane giving the desired 

chloride salt 4. The representative reaction scheme is given in Figure III-1. 

Figure III-1 : Representative reaction scheme for the synthesis of the 1-alkyl-3-methyl-
imidazolium chlorides. n denotes 10, 12, and 14, respectively. 

3.1.1 1-dodecyl-3-methylimidazolium chloride (C12mimCl) 

1-dodedecyl-3-methylimidazolium chloride was obtained from the reaction of 1-

methylimidazole with an equimolar amount of 1-chlorododedecane in acetonitrile at 

80°C in nitrogen atmosphere. The reaction progress was monitored via NMR and after 

5-7 days, nearly no remaining reactants were found. After slow cooling to room-

temperature, the C12mimCl salt crystallizes as long white needles. After decanting the 

organic layer and removing the remaining AN in vacuo (≈ 1 × 10-3 mbar), purification 

was further conducted by recrystallization of the salt three times using tetrahydrofurane 

(THF). Between each recrystallization step, the salt solution was placed in a cool box 

overnight at -30°C in order to assist crystallization. Each time when crystallization was 

completely finished, the organic phase was decanted from the remaining crystal prod-

uct. The crystals were washed three times with cooled THF. At the end, the salt was 

dried in vacuo (≤ 1 × 10-5 mbar) at RT for one week yielding small white crystalline 

solids, which were stored in a nitrogen flushed glovebox. 
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Analytics: 

δH (300MHz; d-chloroform): 10.54 (1 H, s), 7.59 (1 H, t, J 1.78 Hz), 7.38 (1 H, t, J 1.78 

Hz), 4.25 (2 H, t, J 7.55 Hz), 4.07 (3 H, s), 1.84 (2 H, quint, J 7.32 Hz), 1.32 (18 H, m), 

0.81 (3 H, t, J 7.14); δC (300MHz; d-chloroform): 137.95, 123.64, 121.77, 50.05, 36.54, 

31.84, 29.33, 28.97, 26.23, 22.63, 14.09; m/z (+ESI): 251.2 (100%, C+), 537.6 (9%, 

2CA+-Cluster); water content: < 100 ppm; melting point: Tm = 41.1°C (DSC-onset); 

decomposition temperature: Tdec = 273°C; 

3.1.2 1-tetradecyl-3-methylimidazolium chloride (C14mimCl) 

1-tetradecyl-3-methylimidazolium chloride was obtained by refluxing of 1-

methylimidazole with an equimolar amount of 1-chlorotetradecane in acetonitrile at 

80°C under a nitrogen atmosphere. The reaction progress was monitored via NMR and 

after 5-7 days, nearly no remaining reactants were found. Purification was conducted by 

addition of AN to the reaction mixture from which the first recrystallization was per-

formed. The AN diluted reaction mixture was placed in a cool box overnight at -30°C to 

assist crystallization of the C14mimCl. The organic phase was decanted from the re-

maining crystal product. After drying in vacuo (≈ 1 × 10-3 mbar), the salt was further 

recrystallized three times in tetrahydrofurane in order to obtain high purity of the ionic 

liquid. Crystallization was assisted by cooling the salt solution in a cool box at -30°C 

overnight. After filtering off the THF, the remaining solid was washed with fresh cooled 

THF. At the end, the IL was dried in vacuo (≤ 1 × 10-5 mbar) at RT for one week yield-

ing small white crystalline solids, which were stored under nitrogen. 

Analytics: 

δH (300MHz; d-chloroform): 10.50 (1 H, s), 7.61 (1 H, t, J 1.78 Hz), 7.39 (1 H, t, J 1.78 

Hz), 4.23 (2 H, t, J 7.41 Hz), 4.05 (3 H, s), 1.82 (2 H, quint, J 7.14 Hz), 1.16 (22 H, m), 

0.79 (3 H, t, J 7.00); δC (300MHz; d-chloroform): 137.85, 123.70, 121.81, 50.02, 36.52, 

31.85, 29.61, 26.21, 22.62, 14.07; m/z (+ESI): 279.2 (100%, C+), 593.5 (2%, 2CA+-

Cluster); water content: < 100 ppm; melting point: Tm = 53.1°C (DSC-onset); decom-

position temperature: Tdec = 280°C; 
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3.1.3 1-hexadecyl-3-methylimidazolium chloride (C16mimCl) 

1-hexadecyl-3-methylimidazolium chloride was obtained from the reaction of 1-

methylimidazole with an equimolar amount of 1-chlorohexadecane in acetonitrile at 

80°C under a dry nitrogen atmosphere. The reaction progress was monitored via NMR 

and after 5-7 days, nearly no remaining reactants were found. After cooling to room-

temperature a paste-like often amorphous material was obtained. After removing the 

remaining AN in vacuo (≈ 1 × 10-3 mbar), the first purification was conducted recrystal-

lization of the raw C16mimCl in ethyl acetate assisted by storage of the salt solution in a 

cool box at -30°C overnight. Then, the organic phase was decanted from the remaining 

crystal product followed by washing the crystals with fresh cooled ethyl acetate. After 

drying in vacuo (≈ 1 × 10-3 mbar), the product was further recrystallized three times in 

tetrahydrofurane in order to obtain high purity of the ionic liquid. During each purifica-

tion step, crystallization was assisted by cooling the salt solution in a cool box at -30°C 

overnight. After filtering off the THF, the remaining solid was always washed with 

fresh cooled THF. At the end, the C16mimCl was dried at RT in high vacuo (≤ 1 × 10-5 

mbar) for one week yielding small white crystalline solids, which were stored under 

nitrogen. 

Analytics: 

δH (300MHz; d-chloroform): 10.79 (1 H, s), 7.43 (1 H, t, J 1.78 Hz), 7.28 (1 H, t, J 1.78 

Hz), 4.29 (2 H, t, J 7.25 Hz), 4.11 (3 H, s), 1.88 (2 H, quint., J 6.68 Hz), 1.23 (26 H, m), 

0.86 (3 H, t, J 6.45); δC (300MHz; d-chloroform): 137.82, 123.22, 121.47, 50.18, 36.64, 

31.92, 29.69, 26.28, 22.69, 14.13; m/z (+ESI): 307.2 (100%, C+), 649.6 (0.19%, 2CA+-

Cluster); water content: < 100 ppm; melting point: Tm = 63.8°C (DSC-onset); decom-

position temperature: Tdec = 274°C; 
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3.2 1-butyl-3-methylimidazolium tetrafluoroborate (bmimBF4) 

3.2.1 1-butyl-3-methylimidazolium chloride (bmimCl) 

1-butyl-3-methylimidazolium chloride was synthesized according to standard reaction 

given in Figure III-2 4. 

Figure III-2 : Reaction scheme of the synthesis of bmimCl. 

1-butyl-3-methylimidazolium chloride was synthesized by the reaction of equi-

molar amounts of 1-methylimidazole and 1-chlorobutane in acetonitrile under N2-

atmosphere. The reaction, which was monitored via NMR, was normally completed 

after 4 days. At this time, nearly no remaining reactants were observed within the 

NMR-spectrum. After further addition of a small amount of AN to the reaction mixture, 

crystallization of the bmimCl was obtained by cooling the reaction mixture to about 0°C 

followed by the addition of a seed crystal. Then, the crystallization process was com-

pleted in a cool box at -30°C overnight. After entire crystallization, the supernatant ace-

tonitrile was decanted and fresh solvent was added. Because of the hygroscopicity, all 

work was performed in a N2-atmosphere using Schlenk-technique. This procedure was 

repeated at least three times until a colourless crystalline product of high purity was 

obtained. The latter was dried in vacuo (≈ 1 × 10-3 mbar) for 2 days at RT. It was stored 

within a glove box. 

Analytics: 

δH (300MHz; d3-acetonitrile): 10.09 (1 H, s), 7.70 (1 H, t, J = 1.78 Hz), 7.65 (1 H, t, J = 

1.65 Hz), 4.23 (2 H, t, J = 7.27 Hz), 3.90 (3 H, s), 1.79 (2 H, quint., J = 7.34 Hz), 1.31 

(2 H, sext., J = 7.41), 0.87 (3 H, t, J = 7.27); δC (300MHz; d3-acetonitrile): 136.96, 

122.99, 121.73, 48.40, 35.17, 31.20, 18.45, 12.26; m/z (+ESI): 138.9 (100%, C+), 313.0 
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(1.14%, 2CA+-Cluster), (0.04%, 3C2A+-Cluster); water content: < 100 ppm; melting 

point: Tm = 63.8°C (DSC-onset); 

3.2.2 1-butyl-3-methylimidazolium tetrafluoroborate (bmimBF4) 

The 1-butyl-3-methylimidazolium tetrafluoroborate salt was synthesized follow-

ing the general procedure of Holbrey et al. 5. The reaction scheme is presented in Figure 

III-3. 

Figure III-3 : Reaction scheme of the synthesis of bmimBF4. 

An equimolar amount of NaBF4 was added slowly to an ice cooled, rapidly 

stirred aqueous solution of 1-butyl-3-methylimidazolium chloride. The product was 

extracted from the aqueous phase by dichloromethane and washed three times with Mil-

lipore-Q water. The organic layer was dried over MgSO4, filtered and then the solvent 

was removed in vacuo (≈ 1 × 10-3 mbar) to yield the tetrafluoroborate RTMS. The ob-

tained colourless liquid was dried in high vacuo (< 1 × 10-5 mbar) for 4 days at elevated 

temperature (about 60°C) and stored in a nitrogen glovebox.  

Analytics: 

δH (300MHz; d3-acetonitrile): 8.48 (1 H, s), 7.39 (2 H, t, J = 1.78 Hz), 7.36 (2 H, t, J = 

1.78 Hz), 4.13 (2 H, t, J = 7.27 Hz), 3.82 (3 H, s), 1.80 (2 H, quint., J = 7.48 Hz), 1.31 

(2 H, sext., J = 7.55), 0.92 (3 H, t, J = 7.27); δC (300MHz; d3-acetonitrile): 135.77, 

123.36, 121.98, 48.94, 35.47, 31.28, 18.65, 12.38; δB (400 MHz; d3-acetonitrile): -0.96 

(quint., J 1.15 Hz); δF (400 MHz; d3-acetonitrile): -147.89 (quart., J 1.15), -147.84 

(quart., J 1.15 Hz); m/z (+ESI): 138.9 (100.00%, C+), 365.1 (1.02%, 2CA+-Cluster); 

(0.02%, 3C2A+-Cluster); m/z (-ESI): 86.9 (100.00%, A-), 312.9 (0.19%, C2A--Cluster), 

539.2 (4.00%, 2C3A--Cluster); water content: < 100 ppm; decomposition temperature: 

Tdec = 393°C; 
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3.3 Ethylammonium nitrate (EAN) 

Ethylammonium nitrate was prepared according to a modified procedure origi-

nally reported by Evans et al. 6. The reaction scheme is given in Figure III-4. 

 

 

 

Figure III-4 : Reaction scheme for the synthesis of EAN. 

To an ice-cooled stirred solution of 70% (w/w) ethylamine in water a concen-

trated nitric acid was slowly added so that a slight excess of amine remained. The solu-

tion was stirred over night at RT and then concentrated with a rotary evaporator (55°C, 

≈ 10 mbar). The residual amounts of water were removed with a lyophilizer. The ob-

tained liquid ethylammonium nitrate was recrystallized three times from acetonitrile. 

After the removal of the solvent using vacuo (≈ 1 × 10-3 mbar), the ethylammonium 

nitrate was dried in high vacuo (< 1 × 10-5 mbar) at RT for 4 days. The molten salt was 

stored under nitrogen in a glovebox. 

Analytics: 

δH (400MHz; d3-acetonitrile): 7.37 (3 H, s), 3.03 (2 H, quart., J 7.32 Hz), 1.23 (3 H, t, J 

7.00 Hz); δC (400MHz; d3-AN): 35.28, 11.59; water content: < 100 ppm; melting 

point: Tm = 12.2°C (DSC-onset); decomposition temperature: Tdec = 260°C; 
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IV. Experimental 

1 Density 

1.1 General aspects 

During this work density measurements of the investigated systems were carried 

out in order enable the conversion of different concentration dimensions between each 

other, e.g. mass ratio into molarity. Additionally, it is possible to extract the molar vol-

ume mV  of a component in solution from density measurements, which is a crucial fac-

tor in surfactant science, since it can be used to estimate the volume of a monomer 

molecule in a solvent or the volume of a surfactant aggregated in a micelle, respec-

tively. This has an important meaning, especially for the analysis of scattering data, 

since it enables the assessment of the particle volume fraction in solution. Densities 

were determined for all investigated systems presented in this work (SLIL/water-, 

SILS/IL-, and SLIL/IL/microemulsion-systems) at the interesting temperatures. 

1.2 Principle 

A very precise method for the evaluation of solution densities is the U-tube 

method. The oscillating U-tube density meter is based on the principle of a U-tube 

which has a resonant frequency that is inversely proportional to the square root of its 

mass. The volume of the tube is given and the density of the liquid sample filled into the 

U-tube is calculated from its resonant frequency. The relation between periodic time 

perT  and density ρ  is given by 

 ( )2
perAT Bρ = −  (IV-1)
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where A  and B  are instrument constants. Generally, they are determined from two 

calibration measurements of two substances with exactly known densities, e.g. water 

and nitrogen 1.  

1.2.1 Apparent Molar Volumes of Surfactants 

The apparent molar volumes of an amphiphile can be calculated from density 

data by the equation 

 
3

0

0

10 ( )MV
mΦ

ρ ρ
ρ ρρ

−
= +  (IV-2)

where M and m  are the molar mass of the amphiphile and the molality of the surfactant 

solution. ρ  and 0ρ  are the densities of the solutions and pure solvent, respectively 2, 3. 

In general, the plot of the apparent molar volume against the molality (or the re-

ciprocal of molality) of a surfactant in aqueous solution shows two linear portions. The 

intercept of the line at concentrations above the cac with the y-axis gives the value of 
micVΦ , and that at concentrations below the cac represents the value of 0VΦ . The concen-

tration and the apparent molar volume at which the two linear portions intersect corre-

spond to the cac of the surfactant and to the corresponding apparent molar volume of 

the surfactant at the cac cacVΦ  4. 

1.3 Instrumentation 

All solution densities were determined by an Anton Paar DMA60/601 HT vi-

brating-tube density meter connected to a PC with a resolution of 1×10-5 g cm-1. The 

temperature around the density meter cell was controlled by circulating oil from a con-

stant-temperature bath (Thermostat: M. Braun, Thermomix 1400; Cooling source: 

MGW Lauda RK 20). The temperature was monitored by an ASL F-250 high-precision 

thermometer connected to a Pt100 probe. The sensor/instrument combination was pre-

viously calibrated against a triple point water cell. The temperature uncertainty in all 

experiments was ± 0.005 K. In order to enable density measurements in nitrogen atmos-
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phere, the inlet of the density meter was connected with the gas-tight sample syringe 

and the nitrogen feed line via a two-way stopcock. The outlet was connected to the 

wastage reservoir, which acted also as a back-diffusion barrier of air moisture. All con-

nections were made of PTFE-tubes (Figure IV-1). 

 

 

 

 

 

 

Figure IV-1 : Schematic representation of the instrument setup 
for the density measurements; indicating the connections of 
inlet and outlet for measurements in nitrogen atmosphere. 

1.4 Sample preparation & measurement procedure 

The sample preparation of all solutions was performed one day before the den-

sity determination in order to ensure the equilibration of the samples. In the case of the 

hygroscopic SLIL/RTMS-mixtures and SLIL/RTMS-microemulsion, all samples were 

prepared in a glovebox filled with dry nitrogen. The investigated aqueous samples were 

prepared in ambient atmosphere. The sample preparation was performed by weighting 

the appropriate amount of the components into a glass vessel, which was sealed imme-

diately. For the hygroscopic samples, special glass vessels were used which could be 

tightly closed in the glovebox by a septum and used at ambient conditions.  

Before each measurement series, the instrument constants were estimated with 

the known densities of pure freshly degassed Millipore-water and dry nitrogen before 

each measurement series. The literature values of water and nitrogen used for the cali-

bration were taken from Ref. [5]. 
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Every solution was injected slowly to the density meter inlet with a syringe, 

avoiding bubbles, which would drastically fudge the density result. The density value 

was taken after 10 minutes of thermal equilibration. Between each measurement, the 

instrument was comprehensively cleaned with pure Millipore-Q-water, ethanol (techni-

cal grade), and finally with acetone (Merck, p.a.) in order to avoid the diversion of im-

purities from the previous sample solution. After that, the U-tube was dried completely 

in a flush of dry nitrogen for 15 minutes. The Data evaluation was done with a home-

made software package, which directly transferred the obtained periodic time into abso-

lute density values. The uncertainty of the density was estimated to be ± 5×10-5 g cm-1 

for all performed measurements. 

2 Surface tension 

2.1 General aspects 

Beside conductivity measurements, surface tension measurements as a function 

of amphiphile concentration are probably the most popular technique to investigate sur-

face-active substances in solution. Consequently, this technique was used to estimate 

the critical aggregation concentrations (cac) and the free energy of adsorption 0
adsGΔ of 

different long-chain ionic liquids at the liquid-gas interface in aqueous and non-aqueous 

media. As already pointed out, the non-aqueous media in this context, means RTMS.  

2.2 Principle 

The cohesive forces between molecules down into a liquid are shared with all 

neighboring atoms. Those on the surface have no neighboring atoms above and exhibit 

stronger attractive forces upon their nearest neighbors on the surface (Figure IV-2). This 

enhancement of the intermolecular attractive forces at the surface is called surface ten-

sion.  
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Figure IV-2 : Cohesive forces in liquids. 

The enhancement of the intermolecular attractive forces at the surface is called surface 

tension. It is defined as 

 
dW
dA

σ =  (IV-3)

where σ  is the surface tension, dW  is the work of extension which is required to in-

crease the surface A  about dA . 

 

 

 

 

 

 

 

Figure IV-3 : Surface tension evolution as 
a function of amphiphile concentration. 

The presence of amphiphilic molecules at the (l/g)-interface results in a reduc-

tion of the surface tension σ  as the surface concentration of the surface-active com-

pound increases. At a certain concentration, the solvent surface is densely packed with 

surfactant monomers. Therefore, σ  reaches a constant value and simultaneously mi-
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celles are formed and the critical aggregate concentration can be directly determined by 

the measurement of σ  as a function of surfactant concentration. Additionally, informa-

tion about the surface excess concentration, the area per molecule at surface saturation, 

and the free energy of adsorption is obtained by analysing the decreasing part σ -

log( c ) -plot, which is related to surfactant adsorption at the interface (cp. Chapter 

II.2.2). Figure IV-3 illustrates the surface tension evolution as a function of amphiphile 

concentration.  

2.2.1 Surface tension determination: The Du-Noüy-Ring method 

The surface tension determination according to Du Noüy utilizes an optimally 

wettable platinum-iridium ring suspended from a precision balance. A height-adjustable 

sample carrier is used to bring the liquid to be measured into contact with the probe. 

The sample is then lowered again so that the liquid film produced beneath the ring is 

stretched. As the film is stretched a maximum force is experienced; this is recorded by 

the measurement. 

The force F  and the resulting work dW , which is required to pull out the wet-

ted platinum-iridium ring by a certain distance is related to the surface tension. The 

work, which is accomplished during the measurement, is given by 

 dW F dx= ⋅  (IV-4)

where F  is the force needed to pull out the ring from the solution by the distance dx . 

Hence, this results in an infinitesimal increase of the surface dA : 

 ringdA U dx= ⋅  (IV-5)

where ringU  is defined as the circumference of the platinum ring ( 4ring ringU Rπ= ). By 

using Eq. (IV-4) and Eq. (IV-5) 
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ring

dW F
dA U

=  (IV-6)

and with Eq. (IV-3) σ  can be finally expressed as 

 
ring

F
U

σ =  (IV-7)

It is recommended to correct the surface tension values obtained by the weight of the 

solvent volume below the platinum ring in order to get absolute quantities of σ  6. 

2.3 Instrumentation 

The surface tension measurements were carried out on a Krüss processor ten-

siometer K100MK2 connected to a PC. The big advantage of this tensiometer is its abil-

ity to measure surface tensions of small volume samples, down to about 1 mL. The in-

strument setup included a double dosing system (Methrom Liquino 711) with which an 

automated surface tension determination as a function of amphiphile concentration was 

possible. In order to achieve an optimal sample thermostatisation, the gadget was con-

nected to circulating oil from a constant-temperature bath (thermostat: Lauda C 6; cool-

ing source: Lauda RC 6 CP). Figure IV-4 illustrates the instrument setup of the 

K100MK2 used in this work.  

 

 

 

 

 

Figure IV-4 : Krüss K100MK2 instrument setup. (a) buffered 
table, (b) thermostatisation block, (c) PTFE dosing tubes, 
(d) temperature sensor, (e) ring, (f) double dosing sytem. 
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The uncertainty of the temperature within the sample was monitored online dur-

ing each measurement using an external temperature sensor connected to the K100MK2 

tensiometer. In each measurement, the temperature was kept constant with an uncer-

tainty lower than ± 0.1 °C. All functions of the Krüss tensiometer was controlled by the 

Laboratory Desktop Software shipped with the instrument. 

2.3.1 Measurement modes 

As already mentioned above, the K100MK2 measures a series of different am-

phiphile concentrations automatically using a double dosing system, which persists of 

two automatic dispensers. The latter are fully controlled by the tensiometer software. 

When using the automated measurement feature two procedures can be chosen: (i) di-

rect concentration measurement or (ii) reversed concentration measurement. In the case 

of a direct measurement, the sample vessel is filled with pure solvent and a stock solu-

tion is dosed to the sample, whereas in the case of a reversed measurement the parent 

solution is first put into the sample vessel and then gradually diluted with the solvent. 

In addition to the automated procedures, manual measurements, as in common 

tensiometer systems, are possible, and sometimes preferable, especially if measure-

ments in nitrogen atmosphere have to be carried out, since measurements in inert-gas 

are not possible when the automated configuration is used. 

2.3.2 Wettable probe: The ring 

Although the plate method is also available for the Krüss tensiometer, the ring 

method based on Du-Noüy was used for all investigated methods because of the follow-

ing reasons 7: 

(i) Many values found in the literature were obtained using the ring method. There-

fore, the ring method should be preferred for comparison purposes. 

(ii) The wetting length of the ring exceeds that of the plate by a factor of three. This 

fact leads to a higher force on the balance and accordingly to a better accuracy. 
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(iii) Some substances, i.e. cationic surfactants, show poor wetting properties on 

platinum. In such cases, the line between ring and the solution is more even in 

the case of the ring than in the case of the plate. 

The K100MK2 tensiometer measure samples with a volume down to 1 mL with 

high accuracy. Depending on the sample volume two different platinum-iridium rings 

had to be used. For volumes greater or equal than 50 mL a “big ring” (Figure IV-5, 

right) had to be used, whereas for volumes lower than 50 mL a “small ring” (Figure 

IV-5, left) had to be applied. 

 

 

 

 

Figure IV-5 : Two different platinum-
iridium-rings for big (left) and small 
sample volumes (right). 

2.3.3 Sample cells 

As in the case of the wettable probes, two different sample cells, for large and 

small sample volumes, were supplied with the tensiometer. For volumes ≥ 50 mL a 

standard glass vessel with a maximum volume of 120 mL is recommended by the sup-

plier, whereas in the case of smaller volumes, i.e. 1.5 mL, Krüss delivers two special 

small volume sample cells, one made of Teflon and one made of metal. Interestingly, 

both standard small volume sample cells showed no good accuracy during test meas-

urements of pure water. The tensiometer generally measured too high surface tension 

values for water (1.5 mL) when the metal cell was used and too low surface tensions 

when the Teflon cell acted as solvent vessel. Further, a good thermostatisation of the 

two cells was not possible, since the contact between the gadget and the cell was not 

factory-provided. Therefore, a homemade sample cell construction was applied utilizing 
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a copper block, which fits into the tensiometer cell holder for thermostatisation purposes 

and a watchglass used as sample cell. Extensive test measurements of water at 25 °C 

showed very good accuracy using the new cell design. The optimal sample volume was 

determined to be between 1.5 and 2 mL. The time to reach the thermal equilibrium 

within the samples was 1 h for the large volume and 15 minutes for the small volume 

cells. An overview of the sample cells used in this work is given in Figure IV-6.  

 

 

 

 

 

 

Figure IV-6 : Homemade sample cell construc-
tion for small sample volumes (right) utilizing 
a copper block, which fits into the tensiome-
ter cell holder for thermostatisation purposes, 
and a watchglass acted as sample vessel. 
Standard sample container for big sample 
volumes (left). 

Principally, investigations of surface tensions in inert atmosphere are possible 

with the K100MK2 tensiometer, but only in the manual measurement mode. Therefore, 

all measured hygroscopic solutions (SLIL/RTMS-mixtures) had to be prepared and 

measured separately. When measurements were performed in inert atmosphere, the 

sample cell was enhanced by a top cover (Figure IV-7), which separates it from air 

moisture. The closed assembly was purged with the inert gas for 20 minutes until all air 

was exchanged by it. Then, the sample was filled into the cell during gas flow. As inert 

atmosphere, argon from a pressure bottle was chosen, because of its high molecular 

weight, supporting the cell filling. 
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Figure IV-7: Top cover used for surface 
tension measurements in argon atmos-
phere. 

2.3.4 Calibration & corrections 

The Krüss K100MK2 tensiometer measures the surface tension on absolute 

scale; no specific calibrations had to be taken into account. However, the high precision 

balance, which measures the force, necessary for the σ calculation, had to be calibrated. 

This procedure was done automatically by the tensiometer using an internal weight 

standard, as in common modern balances. Calibration of the balance was performed 

before each measurement series 8. Additionally, the surface tension had to be corrected 

by the weight of the solvent volume below the platinum ring. Three different correction 

methods were available and recommended by the supplier: 

(i) Corrections of Harkins & Jordan 

(ii) Corrections of Zuidema & Waters 

(iii) Corrections of Huh & Mason 

The most popular method to correct surface tensions is that of Harkins and Jordan, 

therefore, this method is the most suitable for comparison purposes. The other two 

methods are not well established in the literature, thus they are of low interest in scien-

tific investigations. For all investigations, the correction of Harkins & Jordan was ap-

plied 9. The Krüss software calculated the corrected surface tension values automati-

cally. 
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2.4 Cleaning, sample preparation & measurement procedure 

Estimating surface tension data with high accuracy, all measurements were car-

ried out carefully including extensively cleaning of the used glassware and the wettable 

probe. Additionally, many test measurements were performed in order to determine the 

optimal sample preparation and the optimal input parameters for the control software, 

especially in the case of the investigated SLIL/IL-mixtures measured in inert atmos-

phere. At the end, a reliable procedure was obtained resulting in surface tension data 

with high accuracy and reproducibility. 

2.4.1 Cleaning 

Surface tension measurements require a large operating expense by the scientist, 

because every impurity influences the value of σ  drastically 10, 11. Contaminant pollutes 

normally result from impure substances, cruddy sample cells, and dirty wettable probes. 

Therefore, great efforts have been made during this thesis to avoid this problem by us-

ing only compounds with very high purity and by cleaning all needed glassware (sample 

cells, ect.) extensively before use. 

The general procedure of cleaning was carried out as follows: First, the glass-

ware was rinsed with Millipore-Q-water. Then, it was stored over night in a special 

cleaning bath, a mixture of KOH (technical grade), isopropanol (technical grade), and 

water (bi.dest). After that, the glassware was washed with Millipore-Q-water and aque-

ous HCl (Merck, p.a.). Finally, it was rinsed with Millipore-Q-water and then with ace-

tone (Merck, p.a.). Drying was performed over night in a drying oven working at 

100°C. The wettable probes were cleaned between each measurement as it is recom-

mended by Krüss 12: First, the ring was carefully burned out using a gas torch and af-

terwards, it was rinsed with ethanol p.a (Baker, analyzed) and acetone (Merck, p.a.), 

respectively. 

2.4.2 Sample preparation 

The aqueous long-chain ionic liquid systems were measured using the automated 

reverse measurement feature of the K100MK2. Therefore, a stock solution of each sur-
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factant ionic liquid in water with a concentration of 0.1 mol/L was prepared one day 

before the investigation. On the next day, 100 mL of the parent solution was carefully 

transferred into the sample cell for large volumes. After 1 h of thermostatisation at 

25°C, the measurement was started. Then, the tensiometer began to record the surface 

tension as a function of surfactant-IL concentration by diluting the stock solution gradu-

ally with pure Millipore-Q-water. After each dilution, the solution was stirred automati-

cally by the tensiometer for 3 minutes, establishing temperature and concentration equi-

librium. 

The hygroscopic SLIL/IL-mixtures were prepared one day before the measure-

ment in a glovebox filled with dry nitrogen. The sample preparation was done by 

weighting the appropriate amount of components into special glass vessels, which could 

be tightly closed with a septum. Each compounded concentration was measured con-

secutively in the manual mode of the tensiometer in argon atmosphere. A sample vol-

ume of 1.7 mL and the small ring as wettable probe was used. As sample cell, the 

homemade construction was applied and filled with a syringe in a flow of argon. Be-

tween each sample, the watchglass was displaced by a clean one. The SLIL/EAN-

systems were investigated at 25°C, whereas the SLIL/BmimBF4-systems were meas-

ured at 40°C. The thermal equilibrium was reached within 15 minutes in all cases. 

2.4.3 Input parameters 

The supplied Laboratory Desktop Software tensiometer software package controls the 

whole measurement and it calculates the absolute surface tensions. For this purpose, the 

program needs several input parameters. Table IV-1 summarizes the basic input pa-

rameters for large and small sample volumes used in this work. For the automatic dos-

ing measurements additional input parameters had to be given, which are mainly used to 

calculate the current solution concentrations and to define the covered concentration 

range. The additional parameters used for the three aqueous SILS-systems are summa-

rized in Table IV-2. 



IV Experimental – Surface tension 130 

Parameters 
Inputs: Large volume  

measurements (100 mL) 

Inputs: Small volume  

measurements (1.7 mL) 

Wettable probe Large ring Small ring 

   Radius / mm 9.545 4.85 

   Wire diameter / mm 0.37 0.3 

Liquid phase Water EAN bmimBF4 

   Density / g cm-3 0.9970 (25°C)a 1.2110 (25°C)b 1.1960 (40°C)b 

Gas Air Argon 

   Density / g cm-3 1.2929 1.7837 

Procedure control automatic manual 

   Detection / mm min-1 6 6 

   Measuring / mm min-1 4 3 

   Immersion depth / mm 3 2.5 

Table IV-1 : Parameters used for the Krüss K100MK2. aFrom Ref. [5]. bObtained from density meas-
urement. 

 

 
Parameters Inputs 

Solvent Water 

   Molarity / mol L-1 55.409 

Surfactant C12mimCl C14mimCl C16mimCl 

   Molar mass / g mol-1 286.88 314.94 342.99 

Base solution SLIL / water 

   Concentration / mg L-1 28688 31494 34299 

   Density / g cm-3 0.996 0.996 0.996 

Add solution Water 

   Concentrationa / mg L-1 0 

   Density / g cm-3 0.9970 

Dosing control Automatic 

   Stirring time / s 300 

   Stirring speed / % 50 

   Dosing volume / mL 10 

   Dosing steps 60 

Table IV-2 : Additional parameters used for automated measure-
ments of the CnmimCl amphiphiles in water. aConcentration of the 
respective amphiphile in the stock solution. bFrom Ref. [5]. 
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3 Conductivity 

3.1 General aspects 

With electrical conductivity investigations, it is possible to further characterize 

colloidal systems. Today, conductivity measurements of aqueous surfactant solutions 

are conducted by default in order to obtain the critical micellar concentration and the 

degree of counterion dissociation (or ionization degree) micα  of the surfactant mono-

mers within the micelle 13-15. Additionally, conductivity measurements can be used for 

the determination of the degree of counterion binding and the determination of the ag-

gregation number by applying the mixed electrolyte mass action model of 1:1 electro-

lytes 16-19. 

In the case of microemulsion science, conductance measurements are also a very 

convenient technique to obtain information about these interesting systems. The con-

ductivity data of microemulsions can be discussed by applying different theories, which 

were already pointed out in Chapter II.2.5.3, because of their importance in understand-

ing microemulsion evolution. 

3.2 Principle 

In this work, conductivity measurements were carried out for the aqueous SLIL-

systems as well as for the SLIL/RTMS-microemulsions. Conductance data can be ex-

pressed in two ways, (i) as specific conductance, κ , 

 
C
R

κ =  (IV-8)

where C  is the cell constant and R  the measured resistance; or as (ii) equivalent con-

ductance, Λ , 

 
310
c

κΛ =  (IV-9)
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which gives the conductance per mole electrolyte 20. 

3.2.1 Determination of cmc & micα  in aqueous surfactant systems 

Conductivity measurement as a function of surfactant concentration c  is a very 

powerful method to determine the cmc and micα  of aqueous surfactant systems, since 

this method supplies high sensitivity. Figure IV-8 shows a typical κ − c −plot of an 

aqueous amphiphile system. The κ  value increases linearly with increasing surfactant 

concentration and the slope changes suddenly at a certain concentration. This steep 

change of the κ − c −plot indicates the formation of molecular aggregates. The cmc is 

determined from the break point of the κ − c −plot. The ionization degree, in the case of 

ionic surfactants, can be obtained form the plot using the following equation: 

 2
mic

1

S
S

α =  (IV-10)

where 1S  and 2S  denote the pre-micellar slope (below the bend) and the post-micellar 

slope (above the bend) of the conductivity plot, respectively 21.  

 

 

 

 

 

 

Figure IV-8 : κ − c −plot of an 
aqueous surfactant solution 
below and above the cmc. 

However, the above mentioned procedure encloses two problems: (i) At very di-

lute concentrations, the Kohlrausch´s law of the square root of concentration predicts a 

cmc 

S2 

S1 

κ 
/ S

 m
-1

 

c / mol L-1 
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non-linear relation between conductivity and concentration 20 and (ii) at higher concen-

trations (much higher than the cmc), one can observe a lack of linearity in the 

κ − c −plot. An additional problem arises, when the conductivity plot exhibits only a 

weak curvature. In this case, the width of the transition, which indicates how abrupt or 

gradual the micellization process is, complicates the exact determination of the cmc, and 

therefore the determination of micα . Consequently, the value reported as the cmc de-

pends, in some measure, on the good judgement of the researcher, especially, when 

weak amphiphiles are investigated. It has been shown by Carpena et al. that by fitting 

the κ − c −plot of surfactants with Eq. (IV-11), more reliable and more accurate values 

of the cmc as well as of the degree of counterion dissociation can be obtained. 

 ( )

( )

0 1 2 1

c cmc
1 exp

dx
S c dx S S ln

cmc1 exp
dx

κ κ

⎛ ⎞−⎛ ⎞
+⎜ ⎟⎜ ⎟

⎝ ⎠⎜ ⎟= + + − ⎜ ⎟−⎛ ⎞+⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 (IV-11)

where 1S  and 2S  represents the asymptotic value for small and large values of c, re-

spectively. The parameter dx  deals with the width of the transition 22. For the estima-

tion of micα  two different references are given in literature. It is possible to calculate 

micα  by Frahm’s method by dividing the slopes of the straight lines above and below 

the cac (Eq. (IV-10)) 21. This method is simple, but is only a useful approximation when 

the aggregation number of the micelle is not available. The reason is that the conductiv-

ity of the macroion is not taken into account leading to relatively high values for micα . 

Another possibility for the determination of the latter is to use the Evans equation, 

which additionally considers aggN  14: 

 
( )

( )
( )

2

agg coion agg coion
2 1 coion coion4 / 3

aggagg

N m N m
1000S 1000S

NN
Λ Λ

− ⎛ ⎞−
= − + ⎜ ⎟⎜ ⎟

⎝ ⎠
 (IV-12)
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where coionm  is the number of associated counterions, coionΛ  is the equivalent conduc-

tance of the surfactant counterion at infinite dilution, and S2 and S1 are the same slopes 

as defined before. 

3.2.2 The mixed electrolyte mass action model for aqueous surfactant systems 

A further method to analyse conductivity-concentration data of aqueous surfac-

tant solutions was originally developed by Shanks & Franses, and has been frequently 

applied to estimate the micellization parameters, i.e. cmc, the aggregation number aggN , 

and the degree of counterion binding β  16, 18, 19. In contrast to the analysis presented 

previously, the method of Shanks et al. describes the equivalent conductivity-square 

root concentration plot ( Λ − c −plot) of aqueous surfactant solutions. An example of a 

Λ −plot as a function of the square root of surfactant concentration in aqueous solution 

is schematically shown in Figure IV-9. 

 

 

 

 

 

 

Figure IV-9 : Λ − c −plot of an 
aqueous surfactant solution 
below and above the cmc. 

The so-called mixed electrolyte mass action model makes use of an effective 

combination of (i) the monodisperse mass action model and (ii) the Debye-Hückel-

Onsager conductivity equations, to calculate the equivalent conductivities of the mono-

meric surfactant and micelle, respectively. 
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The mass action model, as already explained (cp. Chapter II.2.3.5), describes the 

self-assembly of a cationic surfactant into micelles as follows: 

nS+ + nβX-  SnXnβ
n(1-β) (R.V-1) 

where S +  is the monodispersed surfactant ion, X −  is the counterion, n  the micellar 

aggregation number (also denoted aggN ) and β  the degree of counterion binding on the 

micelle. According to this model, the molar conductance Λ  of micellar solution is ex-

pressed by the sum of the two contributions resulting from the monomeric species and 

the micellar species as 

 ( )1eq meq
c cmccmc 1

c c
Λ Λ Λ β −

= ⋅ + ⋅ − ⋅  (IV-13)

where 1eqΛ  and meqΛ  represent the equivalent conductance of the monomeric surfactant 

and the micelle, respectively. c  is the total surfactant concentration, and the mono-

meric surfactant concentration is approximated by the cmc. 

Using the Onsager theory for the electrical conductance, leqΛ  and meqΛ  are 

given by the following equations 

 0
1eq 1 1

0 1

IA
1 B a

Λ Λ= −
+

 (IV-14)

 

 0
meq m m

0 m

IA
1 B a

Λ Λ= −
+

 (IV-15)

where 0
1Λ  and 0

mΛ  are the equivalent conductance at infinite dilution for monomeric 

surfactant and micelle, respectively. 1A  and mA  are constants expressed by 
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where w
rε  is the dielectric constant of water, z+  and z−  are the valences of the electric 

charge of cationic and anionic species, respectively; for a cationic 1:1 surfactant: z+  = 

+1, and z−  = -1 for the surfactant monomer; z+  = 1n( )β−  and z−  = -1 for the micelle. 

q  in Eq. (IV-16) is a constant presented by 

 
( )

( )( )
0 0

0 0

z z
q

z z z z

λ λ

λ λ
+ − + −

+ − + − − +

+
=

+ +
 (IV-17)

where 0λ+  and 0λ−  are the limiting equivalent ionic conductance of cationic and anionic 

species, respectively; for a cationic 1:1 surfactant: 0λ+  = 0
S

λ +  for the surfactant mono-

mer; 0λ+  = 0
mλ  for the micelle, and 0λ−  = 0

Cl
λ − . In Eq. (IV-14) and in Eq. (IV-15), I  is 

the ionic strength, which is defined as 

 2
i i

i

1I z c
2

= ∑  (IV-18)

and 0B  is a constant given by 

 
2

A 0
0 3

B

8 N eB I
10 k T
π

ε
= ⋅  (IV-19)

where AN  is the Avogadro number, 0e  is the electronic charge and Bk  is the Boltz-

mann constant. The parameters 1a  and ma  in Eq. (IV-14) and Eq. (IV-15), respectively, 

are effective diameters of ions. For the present case (1:1 cationic surfactant) 

 l l Cl
a r r −= +  (IV-20)
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 l m Cl
a r r −= +  (IV-21)

where 1r , mr , 
Cl

r −  are the radius of surfactant monomer, micelle, and chloride ion, re-

spectively. 

If the values of cmc, aggN , and β  are given, Λ  can be calculated from the 

above introduced equations because the values of parameters and constants appearing in 

these formulas can be estimated. In other words, these parameter values can be deter-

mined by comparing the calculated Λ  with experimental Λ . Their true values must 

reproduce the experimental Λ – c –profile. In the three parameters, the cmc can be 

determined from the κ − c −plot, and the other two can be obtained so as to provide the 

best-fit curve to the experimental data. The remaining unknown parameters, which are 

necessary for the calculation of Λ, can be estimated as follows: The value of 0
1Λ  is de-

termined experimentally by extrapolating the linear part of the Λ – c –plot to zero con-

centration. 0
1Λ  is composed of two terms as  

 0 0 0
1 S Cl

Λ λ λ+ −= +  (IV-22)

The value of 0
Cl

λ −  can be taken from literature, and the value of 0
+S

λ  was estimated from 
0
1Λ  and 0

Cl
λ − . The equivalent conductance is expressed by 

 0 0 0
meq m Cl

Λ λ λ −= +  (IV-23)

The value of 0
mλ  was estimated from the Stokes-Einstein relation with the knowledge of 

the radius of the micelle: 

 
m

00

π6 r
Fe

m η
λ =  (IV-24)

where F  is the Faraday constant, η  is the viscosity of the solution, and mr  is the radius 

of the micelle. The value of mr  was estimated by the use of the radius of surfactant 
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monomer, 1r , and the micellar aggregation number, aggN , assuming the following rela-

tion 

 3 3
m agg 1

4 4π r N π r
3 3

= ⋅  (IV-25)

which leads to 

 1 / 3
m agg lr N r= ⋅  (IV-26)

The radius of the surfactant monomer, 1r , is estimated using the Stokes-Einstein rela-

tion, 

 0
l 0

S

e Fr
6πηλ +

=  (IV-27)

where a spherical shape is assumed for the monomeric surfactant molecule in solution. 

Using mr  thus obtained from 1r  according to Eq. (IV-26), the value of 0
mλ  is estimated 

from Eq. (IV-24), and then, 0
meqΛ  from Eq. (IV-23). The value of 

Cl
r −  needed in Eq. 

(IV-20) and in Eq. (IV-21) was estimated from 0
Cl

λ −  using the Stokes-Einstein relation 

again. 

It has been reported that the estimation of ionic strength of micellar solution is a 

major problem in the application of this model to analyze the experimental conductivity 

data 16, 18, 19. Several expressions were proposed for the ionic strength of micellar solu-

tions 16, 18. The results have demonstrated that the contribution of micelles to effective 

ionic strength is negligible in most cases. Therefore, the ionic strength given by I  = tc  

for tc  < cmc and I  = cmc for tc  > cmc is satisfactory for estimation of micellization 

parameters by applying the mixed electrolyte model 18. The latter assumption was also 

applied in the underlying study. 
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3.2.3 Low concentration chemical model: lcCM 

The analysis of conductivity data below the cmc, where ionic surfactants behave as 

classical binary electrolytes, can be carried out in the framework of the low concentra-

tion chemical model (lcCM). This model represents the ions as spherical particles of a 

certain charge in a homogeneous and isotropic solvent of relative permittivity. It further 

considers the possibility of ion pair configurations of oppositely charged ions in solu-

tion. For example, electrically neutral ion pairs of the types z z 0[ C A ]+ − , z z 0[ C SA ]+ − , 

and z z 0[ C SSA ]+ −  are taken into account by the lcCM, where C  denotes the cation, A  

the anion, and S  the solvent molecule. z +  and z −  are the charges of the ions, positive 

and negative, respectively. For a detailed description of the lcCM model and its theory, 

the reader is referred to Ref. [23]. The basic equations of the lcCM are 

 2 / 3
s s s 1 s 2 sS c E c ln( c ) J c J ( c )Λ Λ α α α α

α
∞= − + + +  (IV-28)
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∫  (IV-33)

where Λ  and Λ∞  are the molar conductivities at molarity c  and infinite dilution, 

(1 )α−  is the fraction of oppositely charged ions acting as ion pairs, and AK  is the 

equilibrium constant of the lcCM with an upper association limit R ; 'γ ±  is the corre-

sponding activity coefficient of the free ions ( ' 2 ' '( )γ γ γ± + −= ), k  is the Debye parameter, 

0e  is the proton charge, rε  is the relative permittivity of the solvent, 0ε  is the permittiv-

ity of vacuum and T  the absolute temperature. The other symbols have their usual 
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meaning. *W  is a step function for the potential of mean force between cation and anion 

due to non-Coulombic interactions. 

The coefficients of Eq. (IV-28) are given in Ref. [23]. The limiting slope S  and the 

parameter E  are evaluable when the solvent data is available. The coefficients 1J  and 

2J  are functions of the distance parameter R , representing the distance to which oppo-

sitely charged ions can approach as freely moving particles in solution.  

Analysis of the conductivity data of associated electrolytes are carried out by set-

ting the coefficients S , E  and 1J  of Eq. (IV-28) to their calculated values and then 

usually using three-parameter fits to obtain the limiting values of molar conductivity 

Λ∞ , the association AK  and the coefficient 2J  by non-linear least squares iterations 23. 

The input data for the calculation of the coefficients are the known solvent properties 

given in literature and the distance parameter R (upper limit of the association integral). 

R can be expressed by the following formula: 

 R a n s= + ⋅  (IV-34)

where s is the length of an oriented solvent molecule, n is an integer, n = 0, 1, 2,..., and 

a is the lower limit of the association integral. The lower limit of the association integral 

is the distance of closest approach of cation and anion (contact distance, a a a+ −= + ) 

calculated from the ionic radii of the cations 23, 24. 

3.2.4 Dynamic percolation & charge fluctuation model 

Conductivity investigations are also very useful for the investigation of microe-

mulsions. Several methods like the percolation model or charge fluctuation models have 

been applied by colloid chemists for the characterization of microemulsion systems. 

The information, which can be obtained by these models, was already described in de-

tail in Chapter (II.2.5.3). Therefore, no further information concerning these theories is 

given here. 
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3.3 Instrumentation 

The temperature and concentration dependence of electrolytes and polyelectro-

lytes in solution has been proved as one of the most appropriate methods for studying 

ion-ion interactions. Evaluating the conductivity within the framework of present elec-

trolyte theories mentioned above, requires data with high accuracy, which is difficult to 

achieve over a sufficiently large temperature range. 

For the recent investigations of the aqueous SLIL systems and for the micro-

structure characterization of the SLIL/IL-based microemulsions, a homemade conduc-

tivity equipment, which has been applied by the Institute of Physical and Theoretical 

Chemistry, University of Regensburg, Germany for more than 30 years, was used. The 

evidence of its excellence is represented in more than 100 papers on high precision con-

ductance datab. This equipment has been accomplished by using an electrode assembly 

in the arm of an a.c. bridge built on the classical lines of Jones 25 and Shedlovsky 26, 27. 

Using the precise conductance bridge, the electrolyte conductance at every measured 

temperature could be obtained with accuracy better than 0.01%. 

Detailed information of the equipment including temperature control and meas-

uring method is given in literature 28, 29. Nevertheless, a short overview of the gadget 

will be presented in the following chapters. 

3.3.1 Thermostatisation 

The thermostatisation of the conductivity cells is established with the help of a 

circulating silicon oil bath. The temperature of the oil is controlled by a main- and pre-

thermostat (Figure IV-10). The pre-thermostat has a mean of constant cooling source. 

Thereto, its temperature is adjusted 10°C below the temperature of the main-thermostat. 

The cooling medium is permanently circulated through the main-thermostat. The flow 

rate and the cooing rate, respectively, can be controlled by a needle valve (NV). The 

temperature of the main thermostat is adjusted via a platinum-resistance-thermometer 

(PT) connected to a Wheatstone-bridge. In order to control the temperature, the calibra-

                                                 
b Reference: SciFinder 
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tion value of the platinum-resistance-thermometer for the required temperature has to be 

set at the Wheatstone-bridge. The latter, was calibrated at the beginning of this work 

with an ASL F-250 high precision thermometer utilizing a Pt100 temperature sensor 

calibrated prior with a triple-water-cell. 

The temperature is a linear function of the resistance. It can be described using 

the following formula 

 
°C0.53449 R - 251.25815°Cθ
Ω

= ⋅  (IV-35)

The difference between this set point and the actual value of the platinum-resistance-

thermometer within the thermostat is transferred via a PID-controller into a control sig-

nal which actuates the heater (H). The temperature uncertainty is ± 0.001 K. Addition-

ally, the main-thermostat is equipped with a high-performance heater (AH), which can 

be used for fast heating of the oil bath. The conductivity cells are directly attached into 

the thermostat by mounting the cells into the cell holder (CH). 

 

 

Figure IV-10 : Thermostatisation construction: (CH) cell holder, (PT) plati-
num resistance thermometer, (NV) needle valve, (H) heater, (AH) addi-
tional heater, (ST) stirrer.  
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E1 

E2 

E3 

3.3.2 Conductivity cells 

Two types of conductivity cells were used for the measurements, cells for small 

sample volumes (3 - 10 mL), which had to be readily filled with the sample, and cells 

with a volume of about 400 mL, named mixture cells. The latter were filled with pure 

solvent and a stock solution was dosed step by step to the sample. Between each dosing 

step, the conductivity was measured. Normally, mixture cells are used for very dilute 

concentration ranges, as they are equipped with three electrode cavities with different 

cell constants allowing the selection of the optimal resistance range during the meas-

urement. Figure IV-11 shows a schematic representation of a small sample conductivity 

cell. These types of cells are made up of only one electrode cavity, which is very small. 

The platinum electrodes are based upon the three-electrode-arrangement (E1, E2, E3) 

which eliminates disturbing earth impedances.  

 

 

 

 

 

Figure IV-11 : Small sample conductivity 
cell with a three-electrode-arrangement 
(E1, E2, E3). 

Six different conductivity cells of the above type were used in this work differing by the 

cell constants. 

The mixture cells presented in Figure IV-12 consisted of a big mixing vessel 

(MV) which was stirred by a magnetic stir bar. The stirrer (ST) was placed below. 

Around the mixing vessel, the three different electrode cavities were arranged. The elec-
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trodes provided also a three-electrode arrangement (E1, E2, E3). The electrode cavities 

and the corresponding electrodes are given in more detail in Figure IV-13. 

In the case of the mixture cell, a parent solution was dosed stepwise to the pure 

solvent using a syringe. The actual concentration in the cell was obtained from the 

weight and density of the injected stock solution using Eq. (IV-39) and Eq. (IV-40). An 

additional advantage of the mixture cell was the possibility to completely run measure-

ments in inert gas atmosphere, which resulted in very accurate and reproducible data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-12 : Schematic representation of the mixture cell 
with one electrode cavity, the other two are not given for 
clarity purposes.  
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Figure IV-13 : The three electrode cavities of the mixture conductivity cell. 

In contrast to the mixture cell, the small sample conductivity cells could be used 

only in semi-inert gas atmosphere, i.e. during the filling procedure, no argon or nitrogen 

purge was available, because of the cell layout. In general, the results obtained by the 

small sample cells were excellent at very dilute concentrations, but far from the accu-

racy of the mixture cells. 

3.3.3 Calibration: Cell constants 

The exact determination of the conductivity cell constants is a very crucial factor 

in order to obtain reliable data. All the presented conductivity cells used in this work 

were calibrated by the use of aqueous KCl solutions at different concentrations c . The 

equivalent conductivity of KCl at 25°C is given by  

 3149.873 95.01 c 38.48c log c 183.1c 176.4 cΛ = − + + −  (IV-36)

where Λ  is obtained in cgs-units 30. The conversion in SI-units was performed by the 

following relation: 

 2 1 1 4 2 1 1/ cm mol / 10 m molΛ Ω Λ Ω− − − −=  (IV-37)

The cell constant C  can then be calculated by 
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 (IV-38)

where eR  is the resistance of the electrolyte solution at infinite frequency, whereas solvR  

is the resistance of the pure solvent at 120 Hz.  

The obtained cell constants used for the calculation of the whole conductivities, 

which are presented in this work are summarized in Table IV-3. The calibration meas-

urements were performed with KCl of highest purity available (Merck, selectipur) 

which was dried in high-vacuo (≤ 10-5 Torr) for 5 days. The stock solution for the mix-

ture cells was prepared using Millipore-Q-water ( MilliΛ  = 10-7 S m-1) which was de-

gassed previously in vacuo for 20 minutes. The molonity of the parent solution was 

0.355 mol/kg.  

 

Cell constants 

Small volume cells C / 102 m-1 

   Cell 1 0.020842 

   Cell 2 0.24611 

   Cell 3 0.53638 

   Cell 4 2.2398 

   Cell 5 4.6980 

   Cell 6 11.607 

Mixture cellc C / 102 m-1 

   Cell cavity 1 0.872 

   Cell cavity 2 11.614 

   Cell cavity 3 212.750 

Table IV-3 : Cell constants of the used 
conductivity cells as determined from 
KCl-calibration. 

The density of the stock solution was determined before starting the calibration 

measurement. For calibration, the mixture cell was filled with a weighted amount of 

                                                 
c The mixture cell was calibrated by Dipl.-Chem. Bernhard Ramsauer. 
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degassed water under an atmosphere of nitrogen and thermostated at 25°C for 1 h. After 

measurement of the solvent conductivity, a weighted amount of KCl stock solution was 

added using a gas-tight syringe in nitrogen purge. The temperature equilibrium after 

dosing was reached within 1 minute. Then, the conductance of the solution was meas-

ured for all three electrode cavities at a constant frequency of 10 kHz. This procedure 

was repeated several times in order to ensure good statistics. From the weight and den-

sity of the added stock solutions, the corresponding solution molonities were calculated. 

The conversion into molarities was established using the following formulas 

 c m d= ⋅  (IV-39)

and 

 solvd d Dm= +  (IV-40)

where c  is the concentration of the solution in mol/L, m  is the molonity of the solution, 

d  is the density of the solution, solvd  is the density of the solvent, and D  is the density 

gradient. For aqueous KCl solutions at 25°C, solvd  is 977.0480 kg m-3 and D  is 0.047 

kg2 mol-1 m-3 5, 30. Now, the cell constant C  of the conductance cell is accessible.  

The same stock solution was used for the calibration of the small volume cells 

by directly filling it into them. The same principle as described above yield the corre-

sponding cell constants. 

3.4 Cell preparation, sample preparation & measurement procedure 

In order to obtain conductance data with high accuracy, all measurements were 

carefully performed including extensively cleaning of the cells and a particular sample 

preparation. Another crucial factor was a good thermostatisation of the solution, be-

cause the conductivity is highly influenced by this parameter.  
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3.4.1 Cell preparation 

The conductivity cells were cleaned one day before the measurement with iso-

propanol (Merck, p.a.), Millipore-Q-water and acetone (Merck, p.a). Then, the cell was 

purged with dry nitrogen for 12 h in order to remove residual solvent and to exchange 

the air by nitrogen. This procedure was carried out for the small volume cells as well as 

for the mixture cell.  

3.4.2 Sample preparation 

The aqueous long-chain ionic liquid systems were measured in both types of 

conductivity cells. When the small volume cells were used, a concentration row of the 

investigated SLIL in water was prepared by diluting an appropriate stock solution. Gen-

erally, Millipore-Q-water was used as solvent. This work was done one day before the 

measurement in order to assure equilibrium. For the investigations of the SLIL/water-

systems, which were carried out in the mixture cell, only a stock solution with certain 

molonity was needed. The prepared stock solutions had a molonity of 1.01 mol/kg, 0.63 

mol/kg, and 0.1 mol/kg for C12mimCl, C14mimCl, and C16mimCl, respectively. The 

stock solutions were prepared one day before the measurement by weighting the appro-

priate amount of SLIL and Millipore-Q-water into a glass flask, which was closed sub-

sequently. 

The SLIL/IL-based microemulsions were measured just in the small conductiv-

ity cells, since only small volumes of these mixtures were available for investigation. 

The microemulsions were generally prepared within the glovebox filled with dry nitro-

gen by weighting the appropriate amounts of the components into special glass vessels, 

which were subsequently sealed with a septum. Then, the samples were stirred for one 

night in order to obtain isotropic solutions. 

3.4.3 Measurement procedure 

When the measurements were carried out in the small volume cells, the sample 

solutions were directly filled into the cells, which were then sealed by gas-tight caps. 

Now, the cells were thermostated for 30 minutes to achieve thermal equilibrium. Resis-
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tance measurements were made at constant frequency (10 kHz). No solvent correction 

was applied for the SLIL/water-system, since it was not possible to attain a reasonable 

value of the Millipore-Q-water conductance in the case of the small volume cells. Also, 

no solvent correction was done for the SLIL-microemulsions because there was no ba-

sic necessity to do that for the analysis of the data. 

The preparation of conductivity measurements, which were applied in the mix-

ture cell, is more extensive compared to those performed in the small volume cells. At 

the beginning of every measurement cycle, the cell was filled with a weighted amount 

of water under an atmosphere of nitrogen. Then, the cell was thermostated for 1 h. After 

measurement of the solvent conductivity, a weighted amount of stock solution was 

added using a gas-tight syringe. From the weights and density gradient D , which was 

obtained from density measurements of the different SLIL/water-systems, the molar 

concentrations c  were determined by using Eq. (IV-39) and Eq. (IV-40). The resistance 

of each concentration was measured for the three electrode cavities at a constant fre-

quency of 10 kHz. All conductions were corrected by the water conductivity, which was 

estimated at 120 Hz. 

Taking into account the sources of error (calibration, weighting, measurements, 

impurities, …), the specific conductivity were accurate to within 0.5 % for the small 

volume cells and within 0.1% for the mixture cells. 

4 Rheology 

4.1 General aspects 

The term “Rheology” is defined as the study of deformation and flow of matter. 

Specifically, it is concerned with the description of mechanical properties under various 

deformation conditions. Dilute solutions of surfactant and microemulsion systems usu-

ally behave as Newtonian liquids. The viscosities of these solutions can be based on the 

size and shape of present aggregates, besides on the second binding force such as van-

der- Waals, electrostatic, and hydration forces. At higher concentration, colloidal solu-
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tions can show a complicated rheological behavior. They can come to be elastic and 

their viscosities depend on the shear time or the shear rate. Generally, the viscosity in-

creases with the surfactant (for aqueous systems) or droplet (for microemulsion sys-

tems) concentration, however, there are systems which are of low viscosity even at high 

concentrations and there are other systems which show the opposite behavior 31, 32. 

In the present work, rheological investigations were exclusively performed for 

the characterization of the reversed SLIL/IL/-microemulsions. The rheological behavior 

and the viscosity of these systems were of special interest to achieve fundamental in-

formation about the change of the microstructure within the reverse microemulsions as 

a function of added polar component. In certain cases, also the percolation behavior of 

reversed microemulsions can be monitored by viscosity measurements 33, 34. 

4.2 Principle 

One can consider a coordinate system, with the x  direction perpendicular to the 

shearing planes (Figure IV-14). A shear stress, τ , is applied to an upper plate, forcing it 

to move with a velocity ν  relatively to an infinite distance from the upper plate, 

/dx dtν = . If the displacement of a given element located at arbitrary dy  is dx , the 

shear strain γ  and shear rate γ  are defined as 

 

 

 

 

 

 

 

 

Figure IV-14 : Kinematics of simple shear. 
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dx
dy

γ =  (IV-41)

 

 d d dx
dt dt dy
γγ

⎛ ⎞
= = ⎜ ⎟

⎝ ⎠
 (IV-42)

A Newtonian fluid is defined as the relation that the applied stress is proportional to the 

resulting rate of deformation or simply the resulting velocity of flow. 

 
d dxv
dt dt
γτ ηγ η η η⎛ ⎞ ⎛ ⎞= = = =⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
 (IV-43)

The proportional coefficient is the viscosity η  obtained from a single measurement of 

the shear stress τ  and the shear rate γ  31. 

The value of η depends on the shear stress or shear rate for a non-Newtonian 

liquid. The relationship between shear rate and shear stress is different for different sys-

tems. The flow properties of Newtonian and Non-Newtonian behavior are shown in 

Figure IV-15 35.  

 

 

 

 

 

 

 

 

 

 

Figure IV-15 : Different relationships between 
shear stress and shear rate at constant conditions. 
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Non-Newtonian behavior can arise from many different mechanisms, some of 

them are illustrated in Figure IV-16. For dilute systems, shear-thinning can be due to 

flow orientation of the particles or the change in conformation of the polymer molecules 

or elongated micelles. Thus, when the shear rate is larger than the rate of thermal reori-

entation of the particles, they will be aligned in the flow direction. Shear-thinning ap-

pears for concentrated systems when the shear rate is larger than the rate of build-up of 

the equilibrium supra-particulate structures. For a shear-thinning or pseudo-plastic sys-

tem, η  decreases with increasing shear rate; plastic liquids are characterized by a finite 

yield value, i.e. a minimal yield stress needed before they start to flow 31, 32, 35. 

 

 

 

 

 

 

 

 

Figure IV-16 : Examples of shear-thinning. 

4.3 Instrumentation 

The rheological measurements were performed on a Bohlin Instruments Rheom-

eter, CVO 120 High Resolution, with a cone-plate sensor. The cone-plate geometry is 

described in Table IV-4 and Figure IV-17. The sensor systems could be used properly 

according to the viscosity of ≥ 2 cP, as determined from test measurements. Tempera-

ture in the measuring system could be controlled to an accuracy of ± 0.2 °C by a 

thermo-controller supplied with the rheometer. The measurements were operated by the 

software shipped with the instrument. The data on the measurements were also analyzed 

by the supplier’s software, automatically. 

γ

γ
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Figure IV-17: Sensor system: cone-plate geometry. 

In order to enable measurements in inert gas atmosphere, the rheometer was upgraded 

by a self-made sample cell which insulates the samples from air moisture by purging 

argon through it during the measurement. Figure IV-18 shows the constructed cell and 

the corresponding cell cover. 

 

 

 

 

 

 

Figure IV-18: Homemade sample cell used for the rheologi-
cal measurements in argon atmosphere. 

4.3.1 Cone parameters 

One type of cone was used for all performed measurements. The optimal sample 

volume for the used geometry was estimated to be 2 mL. The parameters of the cone are 

summarized in Table IV-4. 

 

Cone angle 

Radius 

Distance 
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Parameters: CP-40/4 

Radius / mm 20 
Cone angle / deg. 4 
Distance / μm 150 
Range / cP 1.31 - 32700 

Table IV-4: Geometrical information of the cone-plate 
sensor. 

4.4 Sample preparation & measurement procedure 

In order to obtain reliable rheological data, all measurements were carried out 

carefully including good thermostatisation of the solution, since the viscosity is a func-

tion of temperature. Additionally, all measurements of the reverse SLIL/RTMS-based 

microemulsions were carried out in an argon flow minimizing moisture adsorption to 

the samples. 

4.4.1 Sample preparation 

The reversed microemulsion samples were prepared within the nitrogen glove-

box by weighting the appropriate amounts of compounds into glass vessels, which were 

sealed by a septum afterwards. Then, the samples were stirred until use. The preparation 

was performed one day before the measurement in order to equilibrate the samples. 

4.4.2 Measurement procedure 

First, the sample cell was purged with dry argon (Linde, 5.0) for 15 minutes in 

order to exchange the air by argon. Then, 2 mL of sample solution was slowly filled 

into the cell with a gas-tight syringe in a flow of argon. The thermostatisation of the 

samples was established within 5 minutes. Now, the measurement was started. The vis-

cosity was measured in the shear rate mode from 10 to 400 s-1 including an up- and 

down-scan. Between each measurement, cone and plate were extensively cleaned with a 

wipe using ethanol (technical grade), Millipore-Q-water, and acetone (Merck, p.a.). 
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5 Spectrophotometry: UV/Vis & Fluorescence 

5.1 General aspects 

Spectrophotometry is the quantitative study of electromagnetic spectra. The term 

electromagnetic deals, e.g. with visible light, near-ultraviolet, and near-infrared. This 

technique is very useful to investigate colloidal systems, such as aqueous surfactant 

systems or microemulsions 36-50. Therefore, spectrophotometry was used in the present 

work to characterize the aqueous SLIL solutions and the SLIL/RTMS-based microe-

mulsions as well. The SLIL/water-systems were investigated by fluorescence spectros-

copy using the pyrene-quencher technique based on the work of Turro et al in order to 

determine the critical aggregation concentrations and the aggregation numbers of the 

formed aggregates 38. The SLIL/IL-microemulsions were characterized by fluorescence 

spectroscopy in order to obtain information about their microviscosity, and conse-

quently, about their microstructure 49 and, additionally, by UV/Vis-spectroscopy in or-

der to investigate the solubilisation behaviour of different coloured metal salts within 

the reverse microemulsions. 

5.2 Principle 

Many compounds adsorb visible or ultraviolet light leading to an excitation of an 

electron of the outer shell of the molecule and atom, respectively. For instance, all visi-

ble colours are the consequence of electron transfer between different energetic states. 

Observing colours results from the absorption of definite wavelengths by the material, 

whereas our eyes recognize the reflected waves only which means the complementary 

to the absorbed one. Figure IV-19 illustrates the transfer of an electron from the ground 

state to an excited state by the absorption of a photon (1). There are several possible 

pathways, which are also included in Figure IV-19, for de-excitation. Following radia-

tion less transitions (3), the transfer of the electron back to the ground state is connected 

to heat development, because of the released energy leading to intramolecular vibrations 

(internal conversion). External conversion, in contrast, is a radiation less transition to a 

lower state by collision-deactivation. 
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Figure IV-19 : Energy level diagram: adsorption, fluorescence, 
phosphorescence. 

The transition involving a spin change of the elctrons (S → T) is called intersys-

tem crossing. A further de-excitation of an electron is light emission. Here, a photon is 

generated and radiated. Two types of such deactivations are well-known, (i) the phos-

phorescence (4), which is an emission of photons involving a spin change (T1 → S0), 

and (ii) fluorescence which means an emission of photons not involving spin change 

such as S1 → S0. The lifetime of the excited states S1 is between 10-19 and 10-7 s, 

whereas the lifetime of the excited states T1 lies between 10-5 and 1 s. Therefore, fluo-

rescence is a much faster process than phosphorescence 51. 

5.2.1 Lambert-Beer-Law: Concentration determination 

UV/Vis-spectroscopy is widely used to determine the concentration of an ab-

sorbing solute in solution, using the Lambert-Beer-law: 

 *
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ε
⎛ ⎞

= − = ⋅ ⋅⎜ ⎟
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 (IV-44)
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where A , is the absorbance, 0I  is the intensity of the incident at a given wavelength, I  

is the transmitted intensity, L  is the path length through the sample, and c  is the con-

centration of the absorbing species. For each species and wavelength *ε  is a constant 

known as the molar absorptivity or extinction coefficient 51. 

5.2.2 Fluorescence quenching: Aggregation number determination 

The fluorescence quantum yield fΦ  is the ratio of the fluorescence intensity fI  

to the intensity of adsorption aI  

 f
f

a

Inumber of photons emitted
number of photons absorbed I

Φ = =  (IV-45)

Fluorescence molecules are often cyclic substance with several π-bonds. Suitable mole-

cules possess certain fΦ  with values between 0.2 and 1.0. The difference between 0I  

and the emitted intensity fI  is related to the intensity of adsorption: 

 0a fI I I= −  (IV-46)

with Eq. (IV-46) and the definition of the absorbance A, fI  can be described by 

 ( ) ( )0 0 0
0

1 1 10f A
f f f f f

I
I I I I I

I
−⎛ ⎞

= Φ − = Φ − = Φ −⎜ ⎟
⎝ ⎠

 (IV-47)

Using a series expansion, which is stopped after the second element, fI  is finally writ-

ten as  

 *
0 02.3 2.3f f fI I A I c Lε= ⋅Φ ⋅ ⋅ = ⋅Φ ⋅ ⋅ ⋅ ⋅  (IV-48)

which is the equivalent of the Lambert-Beer-law for fluorescence. 
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The fluorescence quantum yield can be affected by the presence of a quencher 

molecule Q . After the excitation of a fluorescence molecule M  by a photon, the ex-

cited state population *M  decreases more rapidly in the presence of a quencher mole-

cule. This loss of fluorescence intensity is named fluorescence quenching. Different 

pathways for de-excitation of an excited fluorescent molecule *M  52: 

(i) Collision of *M  with a heavy atom or a paramagnetic species. As this pathway 

is a diffusion controlled process, especially species with a long fluorescence life-

time (pyrene, naphthalene) are vulnerable for this deactivation process. 

(ii) Photoinduced electron transfer which is often involved in many organic photo-

chemical reactions. 

(iii) Collision between an excited molecule and an identical unexcited molecule lead-

ing to a so-called excimer formation (diffusion controlled). 

(iv) Collision of an excited molecule (electron donor or acceptor) with an unexcited 

molecule (electron donor or acceptor). The latter is named exciplex formation 

(diffusion controlled). 

(v) Proton transfer results from the fact that the acid or basic properties are not the 

same in the ground state and in the excited state. 

(vi) Excitation energy transfer is observed between an excited molecule (donor) and 

an unexcited molecule. If the donor and the acceptor are identically, it is called 

homotransfer, if the acceptor is structurally different from the donor, it is named 

heterotransfer. 

For the determination of the aggregation number of a surfactant in aqueous solution, 

point (vi) is of special interest. In principle, the micelles of the investigated amphiphile 

are labelled with a fluorescent probe P  and a quencher molecule Q . The relation of the 

steady-state fluorescence before and after the quencher labelling exhibits aggN  38. As 

fluorescence probe often pyrene (Figure IV-20) combined with cetylpyridinium halo-

genide as quencher (Figure IV-21) is used 38. 
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Figure IV-20 : Molecular structure of pyrene 
fluorescence probe. 

 

 

N+
CH3

13  

Figure IV-21 : Molecular structure of the 
quencher: hexadecylpyridinium cation. 

 

Both, the pyrene and the quencher are soluble within the hydrophobic part of the mi-

celles because of the apolar nature of the guest molecules. The probe, pyrene, is deacti-

vated by a transfer of the excited electron to the amino group of the quencher 53. A sin-

gle pyridinium molecule, which is present in a micelle deactivates all probe molecules 

within. This is an important feature in order to get a relation between aggN  and the fluo-

rescence before and after addition of the quencher 38. 

The probe and the quencher are randomly distributed within the micelle which 

can be described by a Poisson statistics. Therefore, the mean number of quencher mole-

cules per micelles Q  is given by 

 
[ ]
[ ]

Q
Q

M
=  (IV-49)

where [ ]M  is the concentration of micelles and [ ]Q  is the bulk concentration of 

quencher. The statistical probability nP  of a micelle having n  quencher molecules is 

given by 
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whereas the probability of a micelle having no quencher incorporated is represented by 

 ( )0 expP Q= −  (IV-51)

Therefore, the probability that a probe molecule will be in a micelle allowing fluores-

cence, is the ratio between the number of probe molecules emitting fluorescence and the 

total number of probe molecules. The ratio of luminescence intensities 0/Q QI I , where 
QI  is the intensity of fluorescence in the presence of quencher, and 0

QI  is the intensity 

in absence of quencher is therefore given by 

 ( ) [ ]
[ ]0

exp exp
Q

Q

QI Q
I M

⎛ ⎞
= − = ⎜ ⎟⎜ ⎟

⎝ ⎠
 (IV-52)

The surfactant concentration in solution is expressed by the concentration of the mono-

mers freeS⎡ ⎤⎣ ⎦  and the surfactant molecules within the micelle [ ]micS : 

 [ ] [ ]free micS S S⎡ ⎤= +⎣ ⎦  (IV-53)

With the definition that the surfactant concentration in the micelle is the product of 

aggN  and the micelle concentration, and with the assumption that the free monomer 

concentration is almost equal to the cmc, [ ]M  can be witten as  

 [ ] [ ] [ ]
agg

S cac
M

N
−

=  (IV-54)

Finally, the combination of Eq. (II-48) and Eq. (II-49) leads to 
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 (IV-55)

Two different procedures to determine the aggregation number are possible us-

ing Eq. (IV-55): (i) by working at constant surfactant concentration [ ]S  and constant 

probe concentration, but varying the quencher concentration [ ]Q , or (ii) by varying the 

surfactant concentration [ ]S  and keeping [ ]P  and [ ]Q  constant. If procedure (i) is 

used, the aggregation number can be determined from the slope of the straight line plot-

ting ( )0ln /Q QI I  versus [ ]Q , if the second procedure is used, aggN , and additionally the 

cmc, can be calculated from the slope of the straight line plotting ( )( ) 1

0ln /Q QI I
−

 and 

from the intersection with the y-axis, respectively. In the case (i), the cmc has to be 

known for the analysis. 

It is recommended that the final pyrene concentration within the investigated 

surfactant solutions must be less than 10-6 mol/L in order to avoid excimer formation 

and further, that the cetylpyridinium salt concentration must be below its cmc 53. 

5.2.3 Microviscosity 

Empirical solvent polarity scales mostly based on solvatochromic or fluorescent 

dyes are utilized to classify solvents. Beside these investigations concerning polarity, 

also the spectrophotometric study of the microviscosity of solvents (or solvent-

mixtures) is possible by means of a suitable dye 46. It has been shown by Moore et al. 

that the examination of microviscosity change within aggregates formed in colloidal 

systems yields very useful information about aggregate evolutions, e.g. the transition 

from reverse micelles towards reverse microemulsion droplets with increasing amount 

of polar phase 49. The basic principle of such investigations is based on the complete 

incorporation of a suitable dye within the droplet in the microemulsion. In the case of a 

reverse microemulsion, a polar dye probe has to be used, since it is soluble within the 

polar droplet core of such a system, but not soluble in the continuous oil phase. Addi-

tionally, the used dye must provide spectrophotometric properties manipulable by the 

surrounding environment, fluidity in the present case. The change of the fluorescence 
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behaviour, e.g. red-shift, blue-shift, and intensity change of the emission spectra of such 

dyes, is characteristic for an increase or decrease of microviscosity. Therefore, informa-

tion about the droplet core evolution at different polar-apolar solvent ratios (at constant 

surfactant concentration) can be obtained by analysing the change of the fluorescence 

characteristics. 

In the present work, information about the microenvironment of the reverse mi-

croemulsions was obtained by using a cationic fluorescence dye with a chloride counte-

rion. The reason for this choice was to minimize the interaction, i.e. counterion metathe-

sis, between the present surfactant-like ionic liquid and the fluorescence dye. Figure 

IV-22 shows the chemical structure of the used dye auramine-O (N,N,N',N'-

tetramethyldiaminodiphenylketoimine hydrochloride) (Au.O.). 
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Figure IV-22 : Chemical structure of the Auramine-O 
(N,N,N',N'-tetramethyldiaminodiphenylketoimine hydro-
chloride) fluorescence dye. 

It is well known that the microviscosity of its environment affects this dye. Both, its 

fluorescence intensity as well as the position of the maximum value of its emission 

wavelength em
maxλ  are considerably altered (e.g. em

maxλ  increases as the microviscosity de-

creases). Consequently, it has been used already for the investigation of the polar pool 

of microemulsions 49 and micelles 46. Another reason for the choice of auramine-O in 

the framework of this thesis is the fact that this dye will be localized in the polar pool 

owing to the electrostatic repulsion of the imidazolium cationic head-groups of the sur-

factant-like ionic liquid forming the outer layer of the aggregates and with further addi-

tion of the polar solvent RTMS 49. 
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5.3 Instrumentation 

Two different photometers were used for the spectrophotometric investigations 

presented here. The adsorption measurements (solubilization of metal salts in the 

SLIL/RTMS-microemulsions) were carried out on a Cary 3E UV/Visible spectropho-

tometer connected to a PC. The complete measurement was controlled by the Carey 

software package. The apparatus was located in a thermostated room (about 30°C). Be-

fore a measurement series was carried out, the Cary spectrophotometer was turned on at 

least one hour before in order to ensure constant lamp intensities. 

In the case of the emission measurements, an Aminco Bowman luminescence 

spectrometer of the series 2 was used, which was thermostated by an external thermo-

statd adjusted to 25°C and 30°C for the emission investigations of the aqueous SLIL 

systems and the SLIL/RTMS-microemulsions, respectively. As done for the Cary in-

strument, the Aminco Bowman spectrophotometer was turned on at least one hour be-

fore the measurements in order to provide for constant lamp intensities. The lumines-

cence spectrometer was controlled by the standard software package of the supplier.  

5.4 Sample preparation & measurement procedure 

The solubilization behaviour of transition metal salts within the droplets of the 

SLIL/RTMS/decanol/dodecane-systems was investigated by UV/Vis-spectroscopy. 

Therefore, two different metal salts with intensive colours were used as probe. The blue 

cobalt dichloride (Merck, p.a.) and the green nickel dinitrate (Merck, p.a.) were used as 

received, but dried in vacuo for 2 days at 100°C prior use in order to remove residual 

crystal water. Two saturated stock solutions of the transition metal salts in EAN and 

bmimBF4 were prepared, respectively. The solutions were filtered through a 0.2 μm 

syringe filter removing residual salt crystals. Then, using the metal-RTMS stock solu-

tions and the other components, the reversed microemulsions were weighted into glass 

vessels, which were sealed by a septum afterwards. All these work was performed in the 

                                                 
d This equipment was gratefully provided by the Institute of Analytical Chemistry, Chemo- and Biosen-

sors, University of Regensburg, Germany. 
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glovebox. The spectra were recorded between 400 and 800 nm using 1 cm quartz cu-

vette (Hellma QS). Before the measurement, the each sample was thermostated for 5 

minutes. 

The aggregation numbers and the cacs were determined by the steady-state fluo-

rescence quenching technique 38. A combination of pyrene (Aldrich, for synthesis) and 

cetylpyridinium chloride (Aldrich, for Synthesis) as fluorescence probe and quencher, 

respectively, was utilized for these measurements. Prior use, the pyrene was excused 

from fluorescence active impurities disturbing the measurements by repeated recrystal-

lization from ethanol (Baker analyzed) followed by column chromatography. For the 

latter, eluent ethyl acetate (Merck, p. a.) as eluent was used. The adsorption material 

was silica (Merck, 60). After chromatography, the eluent was removed using a rotary 

evaporator. Then, the pyrene was dried in vacuo for one night removing residual sol-

vent. The quencher was recrystallized from ethanol (Baker, analyzed) three times and 

dried in vacuo for one night. Two solutions, a 4 × 10-4 M pyrene- and a 1.95 × 10-2 M 

quencher-stock solution in methanol (Merck, p.a.), were prepared for the measurements. 

From an aqueous stock solution of the SLIL (0.1 M), a concentration line was prepared 

by dilution. In each case, 5 mL of the made SLIL-solutions were added to 3.2 μg of 

pyrene. The latter results from 40 μL of pyrene-stock solution, whereof the methanol 

was evaporated in a flow of nitrogen. After 24 h of agitation at 25°C, the samples were 

taped, temperature controlled, and measured using 1 cm plastic cells (VWR Collection). 

The probes were excited at 337 nm and the fluorescence spectra were recorded between 

350 and 400 nm. Both bandwidths, excitation and emission, were adjusted to 4 nm. Af-

ter that, 8 μL of the quencher-stock solution was filled in a vessel and 2.5 mL of the 

already measured, pyrene containing, solution was added, agitated for 1 h, temperature 

controlled and measured again with the same instrument parameters.  

First, a stock solution of Au.O. in methanol (Merck, p.a.) with a concentration of 

2.65 × 10-3 M was prepared for the microenvironment investigations. The reverse 

SLIL/RTMS-microemulsions were prepared by weighing the needed compounds into 

glass vessels, which were sealed by a septum afterwards. This was performed in the 
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glovebox one day before the measurement. Then, 2.5 mL of the particular sample were 

added to 8.05 μg Au.O., which came from 10 μL of the stock solution, whereof the sol-

vent was evaporated using a flow of nitrogen. The excitation wavelength was adjusted 

to 440 nm, the bandwidth to 3 nm, and a range between 450 and 550 nm was recorded. 

The excitation and emission bandwidths were 3 nm and 5 nm, respectively. Each sam-

ple was measured three times in a 1 cm quartz cell (Hellma QS) sealed with a Teflon 

stopper. A minimal interval of 0.2 nm and a scan rate of 3 nm per second were used for 

the measurements. 

6 Dynamic light scattering (DLS) 

6.1 General aspects 

Dynamic light scattering (DLS) measurements were exclusively performed with 

the C16mimCl/EAN-based microemulsion systems, because the scattering contrast was 

found to be good enough to obtain analyzable autocorrelation functions resulting in reli-

able information. Contrary, all other systems (SLIL/RTMS- as well as the C16mimCl/1-

decanol/dodecane/bmimBF4-mixtures) presented in this work showed a too weak scat-

tering intensity that made a reliable analysis impossible. With DLS, it was possible to 

investigate the diffusional characteristics of the superstructures within the SLIL/EAN-

microemulsions and the corresponding hydrodynamic radii (when meaningful), using 

the Stokes-Einstein expression. 

6.2 Principle 

By using dynamic light scattering, it is possible to determine diffusion coeffi-

cients on the basis of the Doppler-effect. The latter causes a frequency shift fΔ  be-

tween a source of radiation and an observer located at a scattering angle q  (Eq. 

(IV-56)), if the distance between the two changes temporally. Here, q  is defined as 

 
4

2Dq n sinπ ϕ
λ

⎛ ⎞= ⋅ ⋅ ⎜ ⎟
⎝ ⎠

 (IV-56)
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where Dn  is the refractive index of the medium, ϕ  is the scattering angle (in degrees), 

and λ  is the wavelength of the radiation in vacuo (cp. also Chapter IV.7.2.1). 

The resulting frequency increases compared to the irradiation frequency, if the 

radiator moves towards the observer, and it decreases, if the radiator departs from the 

observer, respectively. The frequency displacement depends on the ratio between the 

relative speed and the propagation of the wave. Therefore, a change of photon energy is 

observed, although the thrusts are elastic 54. 

Particles dispersed in a continuous phase are moving non-directionally because 

of molecular Brownian motion relative to an observer and detector, respectively. If light 

is scattered by such particles, this results in a frequency shift of the scattered light. The 

detection of the scattered light in comparison to the radiated one provides the Doppler-

shift spectrum, scattering intensity ( )I t  as a function of time t  (Figure IV-23), which 

includes the basic information about the particle movement in solution 54-56. 

 

Figure IV-23 : Doppler-shift spectrum (power spectrum). Represented 
from Ref. [35]. 

The fluctuations of the stray field at a given scattering angle (vector) shown in the Dop-

pler-shift-spectrum ( , )J q ω  is transformed into a normalized time-correlation function 

1( )G t  using the Wiener-Khintschin-theorem, which is defined as 57, 58 

 1
0

J( q, ) G ( t )exp( i t )dtω ω
∞

= −∫  (IV-57)

where and ω  denotes the angular frequency. 1( )G t  at constant q  is further defined by  

I(t) 

t 
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where (0)SE  is the electric field of the scattered light at zero time ( t  = 0), ( )SE t  is the 

electric field at time t , and SE  is the overall scattered electric field. 

In praxis, the temporal fluctuating intensity is detected during the DLS-

experiment, which is converted into the normalized intensity time-correlation function 

by correlation. The intensity normalized intensity time-correlation function 2 ( )G t  is 

accessible at a given scattering vector q  by 

 2 2

I( 0 ) I( t )
G ( t )

I

⋅
=  (IV-59)

where (0)I  is the intensity at t  = 0, ( )I t  is the intensity at t , and I  is the overall in-

tensity. The normalized intensity time-correlation function 2 ( )G t  and the normalized 

electric time-correlation function 1( )G t  transformed to the amplitude time-correlation 

function 1( )G t , via the following equation are related by the Siegert-relation: 

 2
2 1G ( t ) 1 G ( t )= +  (IV-60)

For non-interacting monodisperse particles in Brownian motion 1( )G t  decays 

like a single exponential curve to zero 

 ( )1G ( t ) B exp tΓ= −  (IV-61)

Where Γ  is the average reciprocal relaxation time of the exponential function. Con-

trary, the intensity 2 ( )G t  decays exponentially in time towards a baseline A . Therefore, 

by combination of Eq. (IV-60) and Eq. (IV-61), 2 ( )G t can be expressed as 
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 ( ) 2
2G ( t ) 1 A B exp tΓ− = + −⎡ ⎤⎣ ⎦  (IV-62)

appD , the apparent diffusion coefficient of the scattering particles, is related to Γ  by 

 2
appD qΓ = ⋅  (IV-63)

As described previously, 1( )G t  is a single decaying exponential function for 

monodisperse and interaction free systems consisting of spherical particles. If polydis-

perse, interacting or non-spherical particles are present, the exponential function does 

not single-decay anymore. Actually, 1( )G t  must be modified to a distribution of several 

exponential functions and Eq. (IV-61) becomes 

 ( )1
0

G ( t ) G( ) exp t dΓ Γ Γ
∞

= ⋅ −∫  (IV-64)

where G( )Γ  is the distribution function of the relaxation rates (
0

G( )d 1Γ Γ
∞

=∫ ) 54, 55, 

59, 60.  

Another possibility to characterize 1G ( t )  is the so-called cumulant-analysis 

originally introduced by Koppel, which works very well for systems with low or mod-

erate polydispersities 61. For monodisperse non-interacting particles in solution 1lnG ( t )  

is a straight line, which drops down with a slope equal to Γ− . In the case of polydis-

persity or the occurrence of interactions, 1lnG ( t )  deviates from linearity, but the initial 

slope is still given by Eq. (IV-63). This deviation can be considered by a series expan-

sion of the exponential function 1G ( t )  54, 59, 60: 

 
32

32
1 0 1

ttlnG ( t ) t ...
2! 3!

ΓΓΓ Γ= − + − +  (IV-65)
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where 0Γ  is the amplitude. The first cumulant 1Γ  is related to the averaged diffusion 

coefficient by Eq. (IV-63), whereas the ratio between the second, 2Γ , and the first cu-

mulant is related to the degree of deviation of 1G ( t )  from linearity: 

 2
2

1

PDI . Γ
Γ

=  (IV-66)

where PDI. is the polydispersity index. Consequently, a high value of the PD.I. denotes 

a strong departure of 1G ( t )  from linearity and therefore a high polydispersity or sig-

nificant interactions within the investigated system. A fit of Eq. (IV-65) to the plot of 

2ln G ( t ) 1−  vs. t  obtained from the measurement, gives appD  as well as the PDI. by 

using Eq. (IV-63) and Eq. (IV-66). 

The dimension of the aggregates in solution is calculated from the Stokes-

Einstein-relation, which relates the hydrodynamic radius app
hR  of spherical aggregates to 

the achieved appD . The Stokes-Einstein-relation is  

 app B
h

app

k TR
6 Dπη

=  (IV-67)

where η  is the solvent viscosity, and the other parameters have their usual meaning 59, 

60. 

Beside the above-mentioned cumulant-analysis, the CONTIN-analysis is another 

possibility to analyze DLS data. This method estimates the distribution of relaxation 

rates (Eq. (IV-64)) by means of an inverse Laplace-transformation. In reality, the pro-

gram CONTIN developed by Provencher can be applied to get the distribution function 

G( )Γ  of the relaxation rates and consequently, the size distribution of the present ag-

gregates in solution. Therefore, the evaluation of DLS data using the CONTIN proce-

dure is of special interest for complex colloidal systems, which show multi-

exponentially decaying autocorrelation functions due to high degree of polydispersity or 

other multi-diffusional processes 62, 63. 
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6.3 Instrumentation 

An ALV Goniometer CGS II was employed for the light scattering experiments. 

A 22 mW He-Ne laser working at 632.8 nm stabilized by a voltage regulator served as 

light source. The temperature was kept at the measurement temperature with an 

equipped water-circulator (LAUDA RS 6) resulting in a maximal temperature uncer-

tainty of ± 0.1°C within the sample cell. The data acquisition of the DLS-experiment 

took place with an ALV-5000/E/WIN-correlator card installed in a PC from which the 

instrument was controlled by the ALV software. The correlator simultaneously calcu-

lates the temporal averaged intensities and the intensity time-correlation function from 

the input signals of the detector. 

6.3.1 Test measurements 

Since the goniometer is a very complex machine including very sensitive optics, 

a lot of standard measurements were performed using a different Latex standards (vary-

ing in size) suspended in Millipore-Q-water in order to guarantee a trustworthy working 

of the CGS II. The obtained Rh of the Latex particles always reproduced the specifica-

tions of the supplier with an error of about 5%. 

6.4 Cell cleaning, sample preparation & measurement procedure 

In order to obtain reliable DLS-data, which is not influenced by residual dust 

within the samples, all measurements were carried out carefully including extensively 

cleaning of the used cells and filtering of the samples. Additionally, the optimal meas-

urement procedure, i.e. measurement time and sample preparation, had to be optimized. 

6.4.1 Cell cleaning 

Reliable DLS-experiments require laborious preparatory work, as residual con-

taminants, especially dust, strongly affect the DLS results. Therefore, the used cylindri-

cal quartz cells (Hellma, Suprasil) were extensively cleaned by the following procedure: 

First, the cells were rinsed with Millipore-water. Then, they were consecutively depos-

ited in a KOH (technical grade)/Isopropanol (technical grade)/water-bath and afterwards 
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in a HCl-bath. The exposure time was at least 1 h for each bath. After that, the cells 

were rinsed with filtered Millipore-water (pore size 0.2 μm). The last cleaning step was 

performed within a vapour cleaning instrument, where the inside and the outside of the 

cells were wept with freshly distilled acetone (Merck, p.a.). This was done at least for 

one hour. Now, the quartz cylinders were lightly closed with Teflon caps, transferred to 

a desiccator, and completely dried in vacuo. Until use, the cells were stored in the 

closed desiccator avoiding dust contamination. 

6.4.2 Sample preparation 

The SLIL/IL-microemulsions were prepared in the glovebox by weighting the 

components into glass vessels equipped with a magnetic stir bar. Then, the vessels were 

sealed with a septum and the samples were stirred for one night to assure equilibrium. 

The sample solutions were directly filtered through a syringe filter (Nagelene, SFCA) 

with a pore size of 0.2 μm into the cleaned quartz cells, which were immediately sealed 

with the Teflon caps, afterwards. As this procedure caused many bubbles within the 

sample, they were equilibrated again for at least 24 h. 

6.4.3 Measurement procedure 

In order to assure a constant laser power of the goniometer, the latter was 

switched on at least 24 h before the measurements. The sample cell was transferred to 

the cell holder of the instrument, where it was thermostated for at least 30 minutes in 

order to obtain thermal equilibrium within the sample. Ten measurements was carried 

out and then averaged. The duration of each measurement was set to 45 s using a laser 

power of 100%. The detector angle was always set to 90°. 

7 Small angle scattering: SAXS, SANS 

7.1 General aspects 

Neutron small angle scattering (SANS) experiments were carried out at room-

temperature (RT) for the structure analysis of the formed aggregates within SLIL/water- 
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and within SLIL/RTMS-systems, respectively. In the case of the SLIL/RTMS-based 

microemulsions, neutron as well as x-ray small angle scattering (SAXS) was also per-

formed at RT to get an insight into the formed superstructures. Further, the 

C16mimCl/RTMS-systems were measured at high-temperature (up to 150°C) using 

SANS and SAXS. In addition, the SLIL/RTMS-based microemulsions were examined 

as a function of temperature up to 150°C. 

7.2 Principle 

Small angle scattering experiments, with neutrons (SANS) as well as with x-rays 

(SAXS), are very powerful techniques to reveal the size, shape and internal structure of 

colloidal particles in homogeneous solution. The investigated particles can be colloids 

or macromolecules like polymers or micelles with size ranges from one nanometer to 

several micrometers. In order to get information about the structure and size distribution 

of such particles, the wave length of the radiation, λ , used in the scattering experiment 

should match the size range of interest 64-66. 

In principal, all small angle scattering methods bear on the interference phe-

nomenon. In the case of X-ray scattering, the X-ray radiation excites all electrons pre-

sent within the trans-illuminated volume. This results in an emission of scattered radia-

tion, which can be described as waves. These waves interfere with each other causing 

different intensities of the scattered radiation at different locations in space, depending 

on constructive and destructive interference. The interference contains structural infor-

mation, as, if two centres of distance d  scattering the waves, one of the two scattered 

waves has to run a little bit further until it is parallel to the second wave again. This re-

sults in a way difference λ  at different scattering angles ϕ  which depends on the dis-

tance between the scatterers (Figure IV-24, left). If λ  is the wavelength of the used ra-

diation, the angle at which constructive interference is obtained depends on d  between 

the scatterers. This means that the pattern of constructive and destructive interference 

can be observed at different angles depending on the distance between the scattering 

centres. In this connection, the reciprocal principle applies: Information of larger dis-

tances can be obtained at small scattering angles. Therefore, each scattering experiment 
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can be described by a Fourier-transformation relating the real space information of the 

scattering object to the q -space (reciprocal space) scattering intensity (cp. Figure 

IV-24) 65, 66. 

 

 

 

 

 

 

 

 

 

Figure IV-24 : Constructive interference between two scattering centers with 
different distances. 

So far, the discussion was only related to X-rays, however neutrons can also be 

described as waves because of the wave-particle-dualism, and therefore the same prin-

ciples as for X-rays apply 58. Usually, the chosen wavelengths of neutrons are situated 

in the same range as those of the x-ray radiation. 

7.2.1 Scattering wave vector 

The scattering angle is defined by the used radiation wavelength. In order to 

compare scattering for different wavelength, the fundamental variable in a scattering 

experiment is the Bragg wave vector q . The incident and the scattered wave vectors of 

the radiation in the medium, ik  and sk  respectively, define the latter. Figure IV-25 illus-

trates the geometrical situation of the wave vectors, when a neutron or X-ray beam 

passes through the sample that contains particles or aggregates in solution 64-66. 
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Figure IV-25 : Schematic representation of the small angle scattering geometry. 

In a small angle scattering experiment from an isotropic medium containing par-

ticles, one measures predominately the elastic and quasi-elastic scatterings for which the 

two wave vectors can be defined as 

 
2

i s Dk k nπ
λ

= = ⋅  (IV-68)

Consequently, the q  vector has the magnitude 

 
4 sin

2Dq nπ ϕ
λ
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⎝ ⎠

 (IV-69)

where ϕ  is the scattering angle, λ  is the wavelength of the incident radiation, and Dn  is 

the refraction of the medium. Dn  is close to 1 for neutrons and X-ray. Typical q -values 

in small angle experiments are between 0.06 and 5 nm-1. 

7.2.2 Contrast - Scattering length density 

A very important aspect of scattering measurements is that of the scattering con-

trast between the particles and the environment. As already pointed out, X-rays interact 

with electrons of a scatterer (electromagnetic interaction) leading to scattering. This 

interaction is strong, and the beam penetrates through matter not very deeply. Contrary, 

neutrons interact with the atomic nuclei (nuclear interaction) via the very short-range 

strong nuclear force and thus penetrate matter much more deeply than X-rays. If there 
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are unpaired electrons in the material, neutrons may also interact by a second mecha-

nism: a dipole-dipole interaction between the magnetic moment of the neutron and the 

magnetic moment of the unpaired electron 67. 

The scattering contrast of a particle in solution is defined as 

 p solvρ ρ ρΔ = −  (IV-70)

where pρ  and solvρ  are the contrast contributions of the particle and the solvent, respec-

tively 64, 65, 68. As the nature of used radiation (X-rays or neutrons) results in different 

interaction mechanisms, the two contrast contributions have different meanings. In the 

case of SAXS, the important quantity is the X-ray scattering amplitude in the forward 

direction (0)xf  (also known as the electron density xρ ), whereas for neutron scattering, 

the scattering length density nρ  (sld) is the corresponding quantity. The two quantities, 

(0)xf  and nρ , are defined as: 

 1(0)
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V
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⋅
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(IV-71)

where iZ  are the electrons of the thi  atom in the volume V , Tf  is the Thomson-factor, 

and V  is the volume containing n  atoms. 
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(IV-72)

where ib  is the scattering length of the thi  atom in the volume V , and V  is the volume 

containing n  atoms. Table IV-5 summarizes scattering properties of some elements 65. 

As one can see from Table IV-5, ib  is more or less in the same order for all nuclei ex-

cept for deuterium, which has a negative ib . However, (0)xf  is always positive, and its 

magnitude increases linearly with the atomic number of the element. 
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Element ib  (10-12 cm) (0)xf  (10-12 cm) 

Hydrogen -0.3742 0.28 

Deuterium 0.6674 0.28 

Carbon 0.6648 1.69 

Nitrogen 0.9360 1.97 

Oxygen 0.5805 2.25 

Fluorine 0.5654 2.67 

Chlorine 0.9579 4.80 

Table IV-5: Scattering properties of some elements. Represented from Ref. [65]. 

Consequently, the scattering powers of hydrocarbons and water are not signifi-

cantly different for X-rays, but for neutrons, the scattering power of the hydrogen con-

taining molecules can be made to vary greatly by substitution of the protons by deuter-

ons. This aspect is very useful to study the structure of surfactant aggregation as the 

contrast can be fine tuned. 

 

Figure IV-26 : Schematic illustration of the isotopic effect in SANS 
study. 

The scattering length densities of light water (H2O) and heavy water (D2O) are -0.56 × 

1010 cm-2 and 6.38 × 1010 
cm-2, respectively. For the sample and the solvent of the same 

atoms, for example H rich atoms in surfactant and the H2O as solvent there is no differ-

ence in scattering length densities and therefore no or less structural information, as 

shown in Figure IV-26 (left). Figure IV-26 also illustrates the situations where only the 

head group of the surfactant is deuterated and H2O is the solvent (middle) and a non-

deuterated surfactant in solution of D2O (right), respectively 65, 68. 

In general, SAXS is rather difficult to apply to the determination of the structure 

of association colloids, e.g. micelles in water, because there is only little contrast be-
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tween the solvent and the hydrocarbon part of the aggregates. In aqueous medium X-

rays are primarily scattered by the polar part of the aggregated amphiphilic molecule. 

Therefore, SAXS provide mainly information about the structure of the head-group re-

gion and of the counterion distribution and hydration 65. 

From a scattering experiment, no information about the present contrast between 

the particle and the solvent can be obtained, since only an intensity detection of the scat-

tered radiation is possible, but no estimation of the amplitude. From this fact, the so 

called phase problem arises: From the scattering pattern it is not possible to distinguish 

whether the electron density (or scattering length density of the dispersed objects) is 

above or below the electron density (or scattering length density) of the surrounding 

medium. However, the absolute value of the electron density difference (or the scatter-

ing length density difference) can be obtained 69. 

7.2.3 Scattering cross section 

The scattering cross section of a scattering experiment, which is also called the 

differential scattering cross section, is given by 

 1( )d dq
d V d

σΣ
=

Ω Ω
 (IV-73)

where /d dσ Ω  is the scattering cross section of one electron (SAXS) and of one nuclei 

(SANS), respectively. V is the probe volume. The scattering cross section /d dΣ Ω  is 

also denoted as the normalized scattering intensity ( )I q . 

The following relation describes the normalized scattering intensity, for an iso-

tropic monodisperse micellar solution: 

 ( ) ( ) ( )PI Q n P Q S Q= ⋅ ⋅  (IV-74)

where np is the particle density, ( )P q  is the contribution of particle form factor, and 

( )S q  is the contribution of interparticle structure factor of the particles in solution 65, 68. 
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7.2.4 Form factor 

The particle form factor depends on the size, form, electron density difference 

(or scattering length density difference), and orientation of the particles in solution. For 

easy geometries and constant contrast between particle and solvent, the form factor can 

be calculated 57: 

(i) Spheres 

For spherical particles with a radius R  the form factor is defined as 

 
( )

( )sph 3

3 sin X X cos( X )
F( q ) V

X
Δρ

− ⋅
= ⋅ ⋅  (IV-75

)

where sphV  is the volume of the sphere and X  = q R⋅ . ( )F q  is related to ( )P q  

by: 

 2P( q ) F( q )=  (IV-76
)

(ii) Ellipsoid (prolate or oblate) 
For an ellipsoid with two axis ( a b c= ≠ ), the form factor is defined with the 

help of an orientation angle ω  between the scattering vector q  and the ellipsoid 

axis as 

 
( )

( )3

3 sin cos( )
( , ) elli

X X X
F q V

X
ω ρ

− ⋅
= Δ ⋅ ⋅  (IV-77

)

where elliV  is the volume of the ellipsoid, and 

 2 2 2 2sin cosX q a cω ω= ⋅ ⋅ + ⋅  
(IV-78

)
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(iii) Cylinder 
A cylindrical form factor with the radius R , the length L  and the volume cylV  is 

expressed by 

 ( )1
sin cos( ) 2 sin( )2( , )

sin( )cos( )
2

cyl

Lq J q R
F q V L q Rq

ω ω
ω ρ

ωω

⎛ ⎞⋅ ⋅⎜ ⎟ ⋅ ⋅ ⋅⎝ ⎠= Δ ⋅ ⋅ ⋅
⋅ ⋅⋅

 (IV-79
)

Where ω  is the orientation angle between the scattering vector q  and the cylin-

der axis. The first ratio describes the length of the cylinder, whereas the second 

ratio defines the spherical cross section of the cylinder. 1J  is the Bessel function 

of the first order. 

Figure IV-27 shows the different scattering patters of a sphere, an ellipsoid, and 

a cylinder. The particle dimensions are defined so that the smallest extent of the differ-

ent geometries is always the same.  

 

 

 

 

 

 

 

Figure IV-27 : Scattering pattern of different particle shapes 
using the presented form factors: Sphere, ellipsoid (prolate 
and oblate), and cylinder (calculated with SASFit). 
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7.2.5 Core-shell model 

Until now, the scattering contrast, which mainly defines ( )P q , was considered 

for homogeneous particles surrounded by a homogenous medium (solvent). For the in-

terpretation of micelle (and microemulsion) scattering patterns, a more convenient 

model has to be used. The core-shell model defines a micelle as an object consisting of 

two different electron densities (or scattering length densities), which are associated to 

the micelle hydrocarbon core and to a shell where the head-group, the counterions, and 

H2O molecules (or D2O molecules) are located (Figure IV-28).  

 

 

 

 

 

 

Figure IV-28 : Core-shell model for a sphere and an ellip-
soid. The scattering contributions of core and shell are in-
dicated by the different scattering densities ρ. 

7.2.6 Structure factor 

The structure factor describes the interparticle interactions of particles or aggre-

gates in solution. It is based on the Ornstein-Zernike equation  

 ( ) ( ) ( ') ( ') 'h r c r n c r r h r dr= + − ⋅∫  (IV-80) 

and a radial interparticle distribution function ( )g r  

 ( ) ( ) 1g r h r= −  (IV-81) 

where the total correlation ( )h r  is related to the direct correlation function between the 

particles ( )c r  and the indirect contributions, which are represented by the integral 70. 
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The ( )g r  function gives the probability for a particle to find another particle in the vol-

ume dV  at a distance r . For distances smaller than the particle diameter D  ( r D< ), 

the probability is equal to zero ( ( )g r = 0), because of the impenetrability of the parti-

cles, whereas at long distances ( r D> ) the ( )g r  function has the value one ( ( )g r = 1). 

However, the direct correlation function is unknown and therefore an easy ana-

lytical expression for the structure factor does not exist. Most of the available expres-

sions have been obtained from liquid state theory for particles with spherical symmetry 

interacting with a spherically symmetric potential. By combination of the Ornstein-

Zernike-equation with approximate relations, denoted as closure relations, it is possible 

to obtain reasonable expressions for the structure factor. Many different models for the 

structure factor are known including different appendages and relations 57, 68: 

(i) Mean spherical approximation (MSA) & rescaled mean spherical approxima-

tion (RMSA) 

Hayter and Penfold have developed an analytical method to determine 

the structure factor of charged monodisperse macroions in solution (MSA) 71, 72. 

It takes into account the mutual (screened) Coulomb interactions (repulsion) be-

tween the particles in solution and assumes that the particles are monodisperse 

impenetrable spheres (hard spheres). The closure-relations are given by 71 

c( r ) U( r )         for        r dβ= − ⋅ >  (IV-82)

and 

1h( r )                     for        r d= − <  (IV-83)

where β  is an energy term ( 1/ Bk Tβ = ), ( )U r  is the introduced potential, and 

d  is the diameter of the hard sphere. The MSA combined with a Coulomb poten-

tial, leads to good results for medium and high particle concentrations, but the 

results become unphysical for low concentrations 57. This problem was solved 
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by an iterative rescaling procedure of the MSA, which increases the apparent ra-

dius of the particles until a reasonable solution is obtained. The rescaled mean 

spherical approximation (RMSA) is an enhancement of the MSA model 73. For 

not too high concentrations and not too big axis ratios, this model is also useful 

for ellipsoidal objects, as the potentials of ellipsoids, which are far away from 

each other, are similar to those of spheres.  

Based on this closure relation the hard-sphere structure factor as well as 

the attractive sticky-hard-sphere structure factor was calculated 57. 

(ii) Hypernetted-chain approximation (HNC) 

The closure relation of the hypernetted-chain approximation (HNC) is 

given by 74 

 ( )( ) exp ( ) ( ) ( )g r U r h r c rβ= − ⋅ + −  (IV-84)

The HNC approximation is less accurate for hard-sphere repulsions, but it is very 

well applicable for Coulombic systems with long-range interactions. Strong at-

tractions and repulsions are correctly represented 68. 

(iii) Percus-Yevick approximation (PY) 

The Percus-Yevick (PY) equation gives good results in cases where 

short-range potentials are present. However, this approximation fails for long 

range Coulombic potentials. The closure relation is obtained by a linear evolu-

tion of the HNC-relation. Therefore, it is given by 

 ( ) ( )( ) exp ( ) 1 ( ) ( )g r U r h r c rβ= − ⋅ ⋅ + −  (IV-85)

with the pair distribution function ( )g r = ( )h r + 1 60, 75.  
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(iv) Rogers-Young approximation (RY) 

By mixing the HNC and the PY approximations, the Rogers-Young (RY) equa-

tion is related to the following closure relation 

 ( ) ( )1( ) exp ( ) 1 exp ( ) ( ) ( ) 1
( )

g r U r f r h r c r
f r

β
⎧ ⎫⎛ ⎞

= − ⋅ ⋅ + − −⎡ ⎤⎨ ⎬⎜ ⎟⎣ ⎦
⎝ ⎠⎩ ⎭

 (IV-86
)

which depends on the mixing function 

( )( ) 1 expf r rς= − −  (IV-87)

The mixing parameter ς  has to be adjusted by checking the obtained thermody-

namic parameters, which result from the structure factor 60. 

The contribution of the structure factor ( )S q  (green) to the form factor ( )P q  

(red) and the resulting scattering pattern ( )I q  (black) are presented in Figure IV-29. 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-29 : The scattering function I(q) (black) as a product of 
the form factor P(q) (red) and the structure factor S(q) (green) for 
a charged sphere. Calculated by the program SASFit. 
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7.2.7 Scaling laws 

Since data on scattering measurements is dealt within the reciprocal space, the 

structural information is reflected in the opposite q -range. The scattering at large q 

value gives information in terms of the relatively microscopic structure, and small q 

refers to the large structure. For small-angle scattering, three regions can be classified 

ordinarily into, as shown in Figure IV-30. In the small q -range, the dimension of an 

aggregate or a particle can be evaluated by the Guinier law, if particle interactions are 

negligible and the scattering experiment was performed on absolute scale 76. The size of 

a particle, irrespective of whether it is geometrically well defined or irregular in shape, 

can be conveniently characterized by its radius of gyration gR  according to the Guinier 

law. For spherical particles, the Guinier law is given by 

 
2 2

0
3

gq R
I( q ) I( )exp

⎛ ⎞
⎜ ⎟=
⎜ ⎟
⎝ ⎠

 (IV-88)

where (0)I  is the scattering intensity at zero scattering angle. Therefore, a plot of 

ln ( )I q  vs. 2q  (Guinier plot) shows a negative slope within the Guinier-regime ( gqR << 

1). From the slope, gR  can be calculated according to Eq. (IV-88) 64, 76. For spherical 

particles, the radius of the sphere can be estimated from gR  by 

 2 23
5gR R=  (IV-89)

Following Hayter and Penfold, the Guinier law is still valid for higher particle concen-

trations, where interactions have to be considered, but it is no longer possible to extract 

the exact gR  from the slope due to the influence of ( )S q  at low q 77. 

For many of the particles having well-defined, simple geometric shapes, it is 

possible to calculate the intensity curve without any approximation. Simply the power 

law of intensity decay in the intermediate q-range can identify these different shapes  

 ( ) sI q q−~  (IV-90)
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The exponent s is equal to 4 for spheres (three dimensional), 2 for thin disks (two di-

mensional), and 1 for thin rods (one dimensional), and is thus seen to reflect the dimen-

sionality of the object 68. 

 

 

 

 

Figure IV-30 : Different scattering ranges and the 
corresponding structural information, which can 
be obtained by power laws. 

At further large q , the scattering intensity is reflected by a surface fractal of ag-

gregates. Porod et al. proposed for the ideal two-phase model that the scattering inten-

sity should decrease as 4q−∼  in the large q  range, and moreover, that the proportional-

ity constant should be related to the total area S  of the boundaries between two phases 

in the scattering volume 78. This means, as q → ∞, 

 ( )2

4

2
( )

S
I q

q
π ρΔ

→  (IV-91)

and therefore, 

 4 2lim ( ) 2 ( ) /q I q S Vπ ρ= Δ  (IV-92)

where ρΔ  is the electron density difference (or scattering length density difference). 

With other words, it is possible to measure the quantity of particle/solvent interfaces per 
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unit volume of solution ( /S V ) by SAS experiments, if the two media have different 

scattering densities, the intensity scale is in absolute units, and the background is sub-

tracted 64, 68. Consequently, a plot of 4( )I q q  vs. q  will level off at a constant value in 

the region where the Porod limit is applicable. If there is a constant background attached 

to the scattering data, then this curve does not reach a constant value, but will rapidly 

increase at high q-values due to the 4q  dependence. This is a very sensitive way to de-

termine if there is even a small background superimposed on the scattering data. In ad-

dition, this power law indicates that the surface of aggregate is smooth, and if the decay 

is more than -4, it is likely that the boundaries between the two phases would be indis-

tinct 79. Further, an estimate of the aggregate size is accessible from the quantity of 

/S V  by 

 4( / ) (1 )pl V S= Φ − Φ  (IV-93)

where lp is the Porod length and Φ is the volume fraction of the scattering particles. If 

the aggregates are spheres of equal radius Rp (Porod radius) 80, 

 
3
4p pR l=  (IV-94)

7.2.8 Model-dependent analysis 

There are essentially two different approaches to analyse small angle scattering 

data. In free form method, also denoted as model-independent analysis, assumptions are 

made about the structure of the present particles, which are the basis for a geometrical 

model. The scattering pattern, which is related to the form factor of the particle, is then 

calculated and the remaining unknown parameters are fitted using the least-square tech-

nique. A powerful software package for such an analysis is SASFit, which also takes 

many different structure factors into account 81. If the so defined model of a form factor 

and a structure factor is not able to fit the data appropriately, it is further modified and 

this trial-and-error procedure continuous until a satisfactory interpretation of the scatter-

ing pattern is obtained. However, this technique needs reasonable form- and structure 
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factor models and parameters, respectively, as the scattering data is often accurately 

represented by several different models, which can lead to a false data interpretation 82. 

7.2.9 Model-independent analysis 

The second possibility of small angle data evaluation is the free-form model ap-

proach, which is based on the model-free transformation of the measured scattering pat-

tern (reciprocal space) to real space by the indirect Fourier transformation (IFT). This 

technique was introduced by Glatter in 1977 69, 69, 83. The conventional Fourier trans-

formation of I( q )  involves the integral 

 2
0

1( ) ( )( )sin( )
2

p r I q qr qr dq
π

∞

= ∫  (IV-95)

which provides the pair distance distribution function p( r )  (PDDF). The usage of Eq. 

(IV-95) requires scattering data in the full q -range, 0 q≤ ≤ ∞ , and a desmearing (cp. 

Chapter IV.7.3.3) of the data. The limited q -range available from the experimental 

setup would lead to strong oscillations (termination effects) in such a direct Fourier 

transformation. This disadvantage is minimized in the ITF. The latter can simultane-

ously perform the three steps of least-squares fitting (smoothing), desmearing, and at 

the end the Fourier transformation assuming a limitation in the PDDF, i.e. 0p( r ) =  for 

maxr D> , where maxD  is the maximum dimension of the particle. 

The PDDF contains the same information as the original scattering pattern, 

however it is more useful as it is easier to interpret the scattering pattern in real space, 

where real distances within the particles are presented. Therefore, it is often possible to 

make a qualitative statement about the particle shape directly. Additionally, the PDDF 

provides information of the electron density (or scattering length density) distribution of 

the particles and also about their maximal dimensions 83-85. For homogeneous particles 

with constant electron density (or scattering length density), this function has an exact 

geometrical definition. Such a particle consists of a very large number of identical small 

volume elements. Considering this fact, the PDDF function is proportional to the num-
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ber of lines with a length between r  and r dr+  which are found in the combination of 

any volume element i with any other volume element k of the particle (Figure IV-31).  

 

 

 

 

 

 

 

 

 
Figure IV-31 : The PDDF can be understood as a distance histo-
gram for homogeneous particle. The height of the p( r ) -function is 
proportional to the number of all lines, with a length within the in-
terval r  and r dr+ . Represented from [86]. 

For r  = 0, there is no other volume element, so p( r )  must be zero. For r  > 0, 

p( r )  increases initially with 2r  as the number of possible neighbouring volume ele-

ments is proportional to the surface of a sphere with radius r . Starting from an arbitrary 

point in the particle, there is a certain probability to reach the surface within the distance 

r . The latter forces the p( r )  function to drop below the 2r  parabola and finally it be-

comes zero for all r  > maxD . Consequently, the PDDF is a distance histogram of the 

particle. However, there is no information about the orientation of these lines in p(r) 

because of the spatial averaging. If inhomogeneous particles, such as micelles or mi-

croemulsions, are investigated, the lines have to be weighted by the scattering contrast 

of the volume elements. For this reason, also negative contributions to the PDDF can 

arise. 

In the context of the model-independent analysis, the phrase “free form” means 

that a large set of basis functions are used to describe p( r ) , so that no specific form 

factor (form and shape) is assumed. Figure IV-32 shows the PDDF’s of different parti-

cle shapes for comparison. From the pair distribution functions the geometric properties 
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of the particle can be easily obtained, whether it is globular, elongated, flat or rod-like 
84. The occurrence of a minimum in the PDDF can be caused by a small number of dis-

tances, or by the addition of positive and negative contributions, as the p( r )  function is 

weighted by the electron density (or scattering length density) distribution of the parti-

cles. Further information about the features of the p( r )  function and its interpretation 

is given in literature 66, 84, 86, 87. 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-32 : p(r) functions of a (i) homogeneous sphere, (ii) a core-shell 
sphere, (iii) a homogeneous cylinder, and a (iv) core-shell cylinder. Rep-
resented from Refs. [66, 84, 86, 87]. 

The p( r )  function is directly related to the contrast of the particle (excess elec-

tron or scattering length density) by the square-root deconvolution 69, 85: 

 
22( ) ( )p r r rρ= Δ  (IV-96)

where 
2
( )rρΔ  is the convolution square (spatial correlation function) of ( )rρΔ . 

One limitation of the IFT method is that it is based on the assumption that no 

correlations of the particles occur, which is not valid especially for charged micelles 

where strong interactions take place and for systems where high volume fractions of 
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dispersed phase have to be taken into account. This problem was solved by Glatter who 

improved the IFT-technique to the generalized form (GIFT-technique) in which also 

interparticle correlations are taken into account by using a structure factor model 88-90.  

In a concentrated system containing a monodisperse, homogeneous, and iso-

tropic dispersion of interacting particles, the scattering intensity is no longer propor-

tional only to the form factor and therefore ( )I q  has to be expressed by 

 ( ) ( ) ( )I q nP q S q=  (IV-97)

where n  is the particle number density, ( )P q  is the form factor, and ( )S q  is the struc-

ture factor which takes particle interaction into account. In this case, the GIFT method 

is able to extract the form factor, represented by the p( r ) -function in a model free way, 

and simultaneously the parameters of the structure factor model. 

Eq. (IV-97) is correct only for the monodisperse case of interacting particles, but 

it is also possible to factorise ( )I q  similar to the previous equation, as 

 ( ) ( ) ( )effI q nP q S q=  (IV-98)

with  

 
2 2( ) ( )k k k

k

P q x f B q= ∑  (IV-99)

the mean form factor, averaged over all of the particle dimensions, and 

 
,

1( ) ( ) ( ) ( )
( )eff k l k l kl

k l

S q f f B q B q S q
P q

= ∑  (IV-100)

the effective structure factor of interacting spheres 88-91. kx  is the mole fraction of spe-

cies k . kf  denotes the form amplitude at 0q =  of species k , ( )kB q  is the normalised 

form amplitude of species k , and the cross term ( )klS q  the partial structure factor, 
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which takes the hard-sphere interaction between species k  and l  into account. It is clear 

from Eq. (IV-100) that ( )effS q  is not longer independent of the form factor, i.e. ( )effS q  

also includes particle properties. Often, the different sizes of particles in Eq. (IV-99) 

and (IV-100) are assumed as Schulz distributed 90, 91.  

Therefore, within the GIFT-technique, ( )P q  of a model system of Schulz-

distributed homogeneous spheres is calculated for the evaluation of ( )effS q . Based on 

Eq. (IV-98) the form factor respectively the corresponding p( r ) -function, is again ex-

tracted in a model free way, and simultaneously the parameters of the effective structure 

factor ( )effS q  concerning hard-sphere interaction, namely the effective interaction ra-

dius effR , the volume fraction of the particles Φ  and the polydispersity PDI., respec-

tively the width of the Schulz distribution. 

For practical use, Glatter et al. developed a software bundle for the scattering 

data analysis based on the former presented model-free analysis. They use a robust 

Boltzmann simplex simulated annealing algorithm to solve the highly non-linear system 

of equations resulting from the product of form and structure factor 92. For a further de-

tailed description of the GIFT-method, the reader is referred to the literature 88-95. 

7.2.10 Small angle scattering of microemulsions 

During the last decades, a number of scattering experiments were also performed 

on ternary (or pseudo-ternary) aqueous microemulsion systems. It was shown that small 

angle scattering spectra of such systems exhibit a single broad peak. The position of this 

peak varies systematically with the amphiphile concentration and the water to oil ratio, 

respectively. The scattering amplitude is highest at comparable amounts of oil and water 
96-100. Additionally, a characteristic 4q−  dependence of the intensity distribution at large 

wave vectors, q , is observed that is attributed to the existence of a well-defined internal 

interface formed by a monolayer of amphiphile molecules 64, 78, 96, 97. 

7.2.10.1 Teubner-Strey-model 

The simplest model is to describe microemulsions as a collection of droplets 

consisting either of water and surfactant or of oil and surfactant defined as water in oil 
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(W/O) and oil in water (O/W) microemulsions, respectively. Here, the scattering peak is 

attributed to the first maximum of the structure factor 
64, 66

. For some scattering experi-

ments on microemulsions, this description is sufficient to explain the scattering behav-

iour. However, there are cases where another explanation is needed, especially when 

comparable amounts of oil and polar component are present and the structure is known 

to be bicontinuous 
97

. 

A widely used model to analyze scattering patterns of droplet microemulsions as 

well as of bicontinuous microemulsions is the parametric Teubner-Strey-model (TS-

model) which bases on Debye´s prediction of the scattering spectrum of a two compo-

nent porous media 
101, 102

. Their system consists of a continuous matrix with embedded 

“particles”. The fundamental point of their theory is that these scattering regimes are 

completely independent in their position and shape. The correlation function of this 

model is 

 ( ) exp
r

r
a

γ
 

= − 
 

 (IV-101) 

with a  is the typical length of the system. The corresponding scattering intensity func-

tion ( )I q  obtained from Fourier transformation of Eq. (IV-101) shows no correlation 

peak, rather, a monotonous decay. Teubner and Strey supposed a fluid multi-component 

system in which a flexible film consisting of surfactant microscopically separates two 

phases, i.e. water and oil, from each other 
97, 98, 103

, which finally results in a similar 

situation as for porous materials. In their model, however, the structures of the oil and 

water regimes are not independent anymore; they are connected via the film. This cou-

pling results in a single broad peak in terms of scattering. Contrary to Debye et al., the 

correlation function of Teubner and Strey 

 2
( ) exp sin

2
TS

r r d
r

d r

π
γ

ξ π

   
= − −   

  
 (IV-102) 
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introduces two length scales, (i) the typical size of the system 
TS

d  (periodicity), and (ii) 

a persistence length 
TS

ξ  (correlation length) 
97, 98, 103, 104

. Following the T-S-model, the 

scattering pattern of a microemulsion can be fitted by 

 2 2 4

1 2

1
( )I q BG

a c q c q
= +

− +
 (IV-103) 

where the parameters 2a , 1c , 2c  (with 2a , 1c < 0, and 2c > 0) stem from the coefficients 

of an order parameter expansion of the free energy density and BG  is an incoherent 

background 
97, 98, 103-106

. The periodicity and the correlation length expressed in terms of 

the order parameter coefficients are of the following form 

 

1 1
1 12 2

2 2

2 1 2 1

2 2 2 2

1 1 1 1
2     and    

2 4 2 4
TS TS

a c a c
d

c c c c
π ξ

− −
      
   = − = +   
         

 (IV-104) 

The length scale 
TS

d  represents a quasi-periodic repeat distance between polar solvent-

polar solvent and oil-oil regions within the solution, respectively, whereas the correla-

tion length 
TS

ξ  corresponds to a characteristic length for positional correlation (decay of 

the order by the amphiphilic layers). While there is no clear physical interpretation of 

TS
ξ  in the open literature, the half of 

TS
d  is often connected to the average diameter, ξ , 

of a water or oil domain 
96, 99, 107, 108

: 

 
2

TS
d

ξ =  (IV-105) 

The maximum of the scattering peak, 
max

q ,is related to the correlation length and the 

periodicity by 
97, 98, 105

 

 

1
2 2

2

2 1
max

TS TS

q
d

π

ξ

  
 = − 
   

 (IV-106) 
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Another possibility to obtain 
max

q  and additionally the corresponding intensity 
max

I( q )  

can be also estimated by 
97

 

 
2

2

2

max max max

I(0 )
I( q ) BG

I(0 ) q I(0 )
1 1

I( q ) q I( q )

= −
  

− − +  
  

 
(IV-107) 

where (0)I  is the scattering intensity at 0q =  and 
max

I( q )  is the scattering intensity at 

max
q q= , respectively. 

The ratio /
TS TS

d ξ  can be interpreted as a measure of the polydispersity of the 

disordered water and oil domains. The smaller this ratio, the more ordered the system. 

An argument has been given for aqueous microemulsions setting limits on the ratio 

/
TS TS

d ξ  in the bicontinuous microemulsion regime. In this regime, the characteristic 

average size of water and oil domains is / 2
TS

d  (Equ. (IV-105)). The exponential damp-

ing of the T-S correlation function means that the domain fluctuations are correlated 

over distances of the order of 
TS

ζ . Therefore /
TS TS

d ξ  is a measure of the dispersion in 

the domain sizes. The region that can be identified as a bicontinuous microemulsion is 

confined by the critical end points where the microemulsion breaks up and the lamellar 

phase, which sets bounds on /
TS TS

d ξ . If the dispersion in the domain sizes is too small, 

/
TS TS

d ξ < 2, the entropy of folding the amphiphilic film is no longer sufficiently large to 

stabilize a disordered phase and a first order transition to a lamellar phase, with zero 

/
TS TS

d ξ , occurs. Larger values of /
TS TS

d ξ  imply a large dispersion and more fluctuat-

ing amphiphilic film. Again there is a natural limit to this dispersion corresponding to 

/
TS TS

d ξ ≈ 2π , for then the fluctuations of the amphiphilic film are so large that the bi-

continuous microemulsion breaks up 
106

. 

The fact that the ratio /
TS TS

d ξ  of bicontinuous aqueous microemulsions is lim-

ited to a narrow range is also reflected by the amphiphilicity factor 
a

f  that is a measure 

of the surfactant strength within the mixture of microemulsions. It is defined in terms of 

the expansion coefficients as 
106, 109
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1

2 24
a

c
f

a c
=  (IV-108) 

Thereby, the amphiphilicity factor amounts to −1 for the liquid crystalline lamellar 

phase. 
a

f  amounts to 1 for the disorder line where the solution loses its quasiperiodical 

order. For well-structured bicontinuous microemulsions, 
a

f  ranges between −0.9 and 

−0.7 
108, 109

. 

One problem, which arises from the fact that the TS-model is able to describe 

both, droplet microemulsions as well as bicontinuous microemulsions, is to distinguish 

between these two types of microstructures. Beside 
a

f , which takes a value near -1 (la-

mellar phase) in the highly structured bicontinuous regime and higher values in the case 

of droplet microemulsions, another dimensionless quantity, in the original paper de-

noted as 3C , was introduced by Chen et al. 
104

. It is related to the internal interfacial 

behaviour and is seen at the high q-limit. The 3C -parameter is defined as 

 
( )

3
2 2 2

3 2 2

1
2

TS

TS

k
C

k

ξ
π

ξ

−
=  (IV-109) 

where k  is  

 
2

TS

k
d

π
=  (IV-110) 

Chen et al. recommended 3C  in order to judge, whether the microemulsion is bicon-

tinuous or not. The interesting phenomenological observation made for aqueous mi-

croemulsions using 3C  is that when the peak width is large and there is strong scattering 

at high q , then 3C  becomes less than 10 (“rule of ten”). It is asserted that this is a con-

dition for bicontinuity, which is independent of such measurements as conductivity for 

example. 
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7.2.10.2 Model-independent analysis: GIFT-evaluation, Percus-Yevick- ( )effS q  

Beside the parametric TS-model, the small-angle scattering data of microemul-

sion is often evaluated in the open literature by the application of a model-dependent 

analysis. However, the interpretation of microemulsion scattering patterns is difficult, 

since they form concentrated colloidal dispersions in which there can be a simultaneous 

variation, with the volume fraction of the microemulsion-droplet cores, of both particle 

size and the strength of the interaction between the particles. The fact that the interac-

tions are important in this type of system is immediately clear from the small-angle 

scattering data. At the high volume fractions, marked peaks are often observed indicat-

ing that, because of the interactions, considerable short-range order exists in the spatial 

arrangements of the droplets. For the detailed analysis of such scattering data, often a 

core-shell form factor in combination with a hard-sphere interaction model based on the 

Perkus-Yevick structure factor, which is very suitable for the interpretation of short-

range interactions, is used (cp. also Chapter IV.7.2.6) 
60, 75, 110

. It is clear that the suc-

cessful application of a model requires the knowledge of the compositions of the polar 

and organic phases within the microemulsion, which are required to calculate scattering 

contrast used in the core-shell form factor. However, the exact compositions are often 

unknown. This is a recurrent problem for the modelling of microemulsion systems. One 

possibility to solve this problem in spite of the unknown scattering contrast is the 

model-independent interpretation of the microemulsion scattering data by applying the 

GIFT method. The latter enables the extraction of ( )P q  from the scattering data in a 

model free way with a minimum of a priori information, and simultaneously the deter-

mination of the effective structure factor ( )
eff

S q  (cp. Chapter IV.7.2.9) 
90, 91, 111-113

. The 

( )
eff

S q  in terms of hard-sphere interaction and Percus–Yevick closure relation, gives a 

correlation peak similar to that of the TS-model (Eq. (IV-103)). However, contrary to 

the TS-model, which features both characteristics, droplets and bicontinuous micro-

emulsions, the GIFT-technique bases on the particle picture of microemulsions. Inter-

estingly, it was shown recently by Glatter et al. that the GIFT-method is also applicable 

to the bicontinuous phase 
113

. Indeed, good fits were obtained and the extracted ( )p r -

functions as well as the parameters observed from ( )
eff

S q  were physically meaningful, 
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but no clear indication was achieved to judge whether a microemulsion is a particulate 

system or a bicontinuous microemulsion. Nevertheless, the work of Glatter et al. clearly 

demonstrates that the fact that the scattering pattern of a microemulsion can be inter-

preted in terms of a particulate model does not necessarily proof that the microstructure 

is really particulate. Therefore, a successful application of the GIFT-evaluation to a 

droplet microemulsion phase seems more obvious. 

7.3 Instrumentation 

In the underlying work, small angle scattering experiments with both radiation 

types, X-rays and neutrons, were carried out to investigate the formed colloidal aggre-

gates. The aqueous SLIL-systems were investigated only at room-temperature, whereas 

the other systems (the SLIL/RTMS-systems and the SLIL/RTMS-based microemul-

sions) were also investigated at higher temperatures (up to 150°C) in order to proof the 

high-temperature stability of these systems. The SAXS experiments were obtained at 

the Max-Planck Institute of Colloids and Interfaces (Golm, Germany) and at the Labo-

ratoire Léon Brillouin (LLB, CEA Saclay, France)e. The performed SANS experiments 

were carried out at the Berlin Neutron Scattering Center (Hahn-Meitner-Institute Berlin, 

HMI, Germany) and at the Institute Laue-Langevin (ILL, Grenoble, France). 

7.3.1 Small-angle X-ray scattering 

The small angle X-ray scattering data, which will be presented in this work, was 

obtained at two different instruments: 

(i) Kratky apparatus (MPI, Golm) 

By using a classical Kratky compact small-angle camera (Figure IV-33), the 

spectra of the SLIL/RTMS-systems were measured 64. 

                                                 
e Dr. Pierre Bauduin (LSRM Bat 391, CEA de Saclay) carried out these scattering experiments. 
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Figure IV-33 : The Kratky instrument (Anton Paar KG, Graz, 
Austria) used for the measurements of the C16mimCl/ 
RTMS-systems at the MPI Golm. 

The instrument is composed of an X-ray generator containing a copper anode 

(Bruker AXS, Karlsruhe, Germany) that mainly produces a radiation with a 

wavelength of λ = 0.154 nm (CuK α). The disturbing CuKβ radiation was re-

duced by a Ni-monochromator (Ni-foil). During running time, the generator is 

cooled by circulating water of constant temperature. The latter worked at 40 kV 

and 20 mA. The 1D-detector was a gas detector (M. Braun, Garching, Ger-

many). The sample holder is temperature-controlled within a range of 25°C to 

300°C. In order to provide a high flux at the sample resulting in a higher scatter-

ing intensity, the instrument principle of the Kratky-camera is based on the long-

slit geometry. For a detailed description of this collimation system, the reader is 

referred to Ref. [64]. The main part of the instrument (collimation system, sam-

ple cell, flight path after the sample) can be evacuated or purged with helium, 

which minimizes air adsorption and air scattering. The covered q-range of this 

apparatus was 0.20 nm to 5.39 nm-1. 

Detector: 
Proportional 
counter 

Sample 
holder 

Ni-foil 

Beam stop 

X-ray 
tube 
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(ii) Rotating anode (CEA, Saclay) 

SAXS experiments at 30°C were performed in flat cells of 0.1 and 0.2 mm 

thicknesses with Kapton windows on the Huxley-Holms High-Flux camera 114, 

115. The X-ray source is a copper rotating anode operating at 15 kW with a pin-

hole collimation system. The CuKα radiation ( λ = 0.154 nm) is selected by a 

Xenocs monochromator mirror. Spectra are recorded with a two-dimensional gas 

detector of 0.3 m in diameter giving an effective q -range of 0.2 to 3.5 nm-1. 

7.3.2 Small-angle neutron scattering 

Small-angle neutron scattering of the SLIL/water-systems, the SLIL/RTMS-

systems, and the SLIL/IL-based microemulsions was measured at two different spec-

trometers localized at the HMI and the ILL, respectively: 

(i) Instrument V4 (HMI, Berlin) 

The pin-hole small-angle scattering instrument V4 is installed at the BER II re-

actor of the Hahn-Meitner-Institute with a power of 10 MW. A mechanical ve-

locity selector (Dornier Deutsche Aerospace GmbH, Germany) monochromes 

incoming cold neutrons resulting in a variable wavelength range of 0.38 to 3 nm. 

The wavelength resolution lies between 8 and 18 %.  

 

 

 

 

 

Figure IV-34 : The V4 small-angle neutron scattering spectro-
meter localized at the 10 MW BER II reactor, HMI Berlin. Rep-
resented from Ref. [117]. 
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The two-dimensional position sensitive detector can be positioned at any dis-

tance between 1 to 16 m. Therefore, a q-range 0.01 ≤ q ≤ 8.5 nm-1 can be cov-

ered. The 3He-detector of 64 × 64 cm2 has a pixel size of 5 × 5 mm2 and is 

equipped with readout electronics for 128 × 128 cells. A sample holder with a 

working temperature between -20 ≤ ϑ ≤ 80°C and 16 sample slots allows operat-

ing the instrument in an automatic measurement mode. Figure IV-34 shows the 

technical layout of the V4 device 116. 

(ii) Instrument D22 (ILL, Grenoble) 

Amongst all classical pin-hole small-angle neutron scattering instrument, the 

D22 (Figure IV-35) is the one with the highest flux at the sample. A 58.3 MW 

high–flux reactor supplies it. The wavelength of the cold neutrons is chosen by a 

Dornier (Deutsche Aerospace GmbH, Germany) velocity selector in the range 

0.45 ≤ λ ≤ 4 nm. The wavelength band is relatively narrow for each λ (normally 

10 %). D22 possesses a large 3He area multidetector (active area 1 m2), with a 

pixel size of 8 × 8 mm2. The sample-to-detector distance can be varied between 

1.1 to 17.6 m. Thus, the instrument covers a total q-range of 4 × 10-4 to 4.4 nm-1 

(with detector offset 8.5 nm-1). The apparatus provides a temperature-controlled 

(-20 ≤ ϑ ≤ 80°C) sample changer with 20 slots. Additionally, a furnace with 4 

sample slots is available for high-temperature measurements (up to 300°C) 118. 

 

 

 

 

 

 

Figure IV-35 : The schematic instrument layout of the D22 local-
ized at the 58.3 MW reactor, ILL Grenoble. Represented from Ref. 
[119]. 
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7.3.3 Instrument broadening: Smearing effects of small-angle scattering instruments 

Traditionally, many small-angle scattering experiments have been performed on 

instruments using the Kratky-camera system with long-slit geometry 64. In contrast, 

SANS instruments and actual SAXS devices are usually carried out using pinhole ge-

ometry and area sensitive detectors. Depending on the geometry, the instrument layout 

has an influence on the recorded scattering data leading to the so-called smearing ef-

fects. In general, the smearing effects are much smaller for pinhole geometry than for 

long-slit geometry as long as the wavelength spread of the incident beam is small. 

Figure IV-36 illustrates the resulting q-distributions for two different values of the scat-

tering vector q of a long-slit geometry and of pinhole geometry. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-36 : Representation of the q-distribution for two 
different values of the scattering vector q of (i) long-slit 
geometry and (ii) pinhole geometry. The origin of the q-
scale is located at the centre of the concentric shells.  

The q-distributions of the long-slit geometry have a sharp maximum that is close to the 

centre at low q and a broad tail towards high q. By contrast, the distributions of the pin-

hole geometry are nearly identical sharp peaks. 

The present smearing effects of the long-slit geometry can be divided into three 

components, a wavelength effect and two geometrical contributions. The latter consists 
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of two one-dimensional, effects, one parallel to q and one perpendicular to q, which are 

called the slit-length smearing effect (║ to q) and the slit-width smearing effect (┴ to q). 

Figure IV-37 shows the resulting q-distributions resulting from the three different 

smearing effects in the case of a Kratky-apparatus. 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-37 : Smearing effects of a slit-length Kratky camera with their 
corresponding distributions, (i) slit-length smearing, (ii) slit-width 
smearing, and (iii) wavelength distribution. 

For SAXS-instruments with a copper anode, the wavelength distribution can be ne-

glected, as the CuKα radiation is normally very well monochromed by an appropriate 

monochromator (e.g. Ni-foil) installed in the device. Therefore, only the geometrical 

smearing effects must be taken into account during the data analysis. The two-

dimensional intensity of the primary beam 0 ( , )I t x  that reaches the sample is described 

by the product 

 0 ( , ) ( ) ( )I t x C t C x⊥= ⋅  (IV-111)

where ( )C t  is the contribution of the slit-length and ( )C x⊥  is the contribution of the 

slit-width. By knowing both contributions, the slit-length profile and the slit-width pro-
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file, the scattering pattern can be desmeared 64. The profiles are usually obtained by the 

so-called moving-slit method, as described by Kratky et al. 120. Generally, the smearing 

effects influence the shape of the scattering curve by means of smoothing out the pro-

nounced maxima and minima of the form factor and the slope of the curve is changed. 

A detailed explanation of the smearing effects occurring in Kratky based small angle 

compact cameras and their considering is available elsewhere 64. 

In the case of pinhole SANS- or SAXS-systems using a 2D area detector, the 

smearing effect is also caused by three different contributions, the finite size of the inci-

dent beam, the wavelength resolution and the pixel size on the detector. For pinhole 

SAXS devices, the corresponding scattering patterns are less smeared compared to the 

scattering patterns of SANS-experiments since there is nearly no wavelength distribu-

tion of the radiation and also the influence of the pixel size has a negligible effect. 

Therefore, such scattering data is often treated without considering any smearing ef-

fects. However, the wavelength distribution Δλ/λ and the shape of the direct beam have 

a major effect on scattering patterns derived from SANS measurements. Δλ/λ is related 

to the FWHM (full width at half maximum) value of a triangular function describing the 

wavelength distribution by FWHM = λ0(Δλ/λ) 121-123.  

 

 

 

 

 

 

 

 

 

 

 

Figure IV-38 : A typical triangular wavelength distribution (Δλ/λ = 
10 %) resulting from a mechanical wavelength selector of a 
SANS-spectrometer. Represented from Ref. [122]. 
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An example of the triangular wavelength distribution (Δλ/λ = 10 %) of a SANS spec-

trometer resulting from a mechanical velocity selector shows Figure IV-38.  

Additionally, the beam size and its shape on the detector influence the obtained 

neutron scattering curve. The latter depends on the configuration of the spectrometer, 

i.e. collimation distance C, detector distance D, and size of the collimation guide 122. 

As already mentioned above, smearing effects lower the resolution of a SAS-

spectrometer, mainly by smoothing of the form factor oscillations and by broadening of 

Bragg peaks (Figure IV-39) 121-123. 

 

 

 

 

 

 

 

 

 

Figure IV-39 : Simulation of a scattering curve of a homo-
geneous sphere (red) and the corresponding real smeared 
scattering pattern (circle) that was fitted with a resolution 
term in addition to the spherical form factor (black). Repre-
sented from Ref. [123]. 

Especially for investigations of polydisperse samples, the resolution effects of the SAS-

instruments must be considered carefully, since polydispersity and smearing on the ex-

perimental scattering curve are very similar 121, 122. 

7.4 Sample preparation, measurement setup & data reduction 

In the following chapter, the preparation of the investigated samples will be pre-

sented. Additionally, the measurement conditions as well as the instrument configura-
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tions of the used SANS-devices will be given, which were applied for considering the 

resolution effects. Finally, the data reduction of the raw data will be described for each 

performed SAXS- and SANS-measurement. 

7.4.1 Sample preparation 

For the SAXS measurements, the samples of the SLIL/RTMS-systems and of 

the SLIL/RTMS-based microemulsions were completely prepared within the glovebox 

by weighting the appropriate amount of components into glass tubes equipped with a 

magnetic stir bar. The vessels were sealed with a septum afterwards. Then, the samples 

were homogenized over night by stirring at 40°C. 

For the SANS investigations of the aqueous SLIL-systems, the water was re-

placed by D2O (99.8 %, deutero, Germany) in order to improve the scattering contrast. 

In the case of the SLIL/RTMS-based microemulsions, the dodecane was also substi-

tuted by its deuterated analogon (d26-dodecane, 99.8 %, euro-isotope, France) for the 

SANS investigations, because of the same reason. The preparation of the microemul-

sions was completely performed within the glovebox by weighting the exact amount of 

the components into sealable septum vessels equipped with a magnetic stir bar. After 

stirring over night at 40°C, isotropic solutions were obtained. Unfortunately, no substi-

tution of one species for the binary SLIL/RTMS-systems was possible, since the SLILs 

as well as the RTMS were synthesized in the laboratory using non-deuterated reactants. 

Nevertheless, the contrast was good enough to achieve analysable scattering patterns for 

these systems. The samples were prepared according to the preparation route of the 

SLIL/RTMS-based microemulsions. 

7.4.2 Measurement setup 

The SAXS investigations on the Kratky-camera were performed using glass cap-

illaries with a diameter of 1 mm (distributed by W. Müller, Berlin). Each measured 

sample was filled into a capillary with a syringe. Afterwards, the capillary was tipped-

off by a Bunsen burner. The measurement time was set to 90 minutes. Before starting 

the measurement, the sample was thermostated for 15 minutes in order to reach thermal 
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equilibrium. The complete q-range was measured without changing the instrument con-

figuration. 

For the SANS, in contrast, two instrument setups had to be programmed in order 

to obtain the desired q-ranges. Table IV-1 summarizes the measurement conditions of 

the spectrometers used at the HMI and the ILL, respectively. 

Configuration 
HMI Berlin 

1 2 

q-range 0.1428 ≤ q / nm-1 ≤ 0.9447 0.6912 ≤ q / nm-1 ≤ 3.7000 

Neutron guide width / mm 30 30 

Sample aperture / mm 1 1 

Collimation length / m 4.000 2.000 

Sample det. distance / m 4.000 0.975 

λ0 / nm 0.605 0.605 

∆λ/λ (FWHM) / % 10 10 

Detector pixel size / mm 5 5 

Measurement time / s 600 120 

Configuration 
ILL Grenoble 

1 2 

q-range 0.0168 ≤ q / nm-1 ≤ 1.510 0.0524 ≤ q / nm-1 ≤ 4.400 

Neutron guide width / mm 40 40 

Sample aperture / mm 1 1 

Collimation length / m 8 8 

Sample det. distance / m 5.000 1.600 

λ0 / nm 0.600 0.600 

∆λ/λ (FWHM) / % 10 10 

Detector pixel size / mm 8 8 

Measurement time / sa 300 or 800 120 or 300 

Table IV-6: SANS instrument configurations at the V4 and the D22, respectively. aLow measurement 
time for the SLIL/IL-based microemulsions, high measurement time for the binary SLIL/IL-systems. 
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At both instruments, the samples were measured using 1 mm quartz cuvettes (Hellma, 

suprasil). Each sample was thermostated for 15 minutes in order to reach thermal equi-

librium conditions. 

7.4.3 Data processing 

Normally, the raw data obtained by the scattering experiment has to be corrected 

and then converted to absolute intensities by the usage of a standard, i.e. water. Unfor-

tunately, no correction of the SAXS data that was achieved at the MPI was possible, as 

this institute usually work without absolute intensities and therefore the instruments 

were not equipped for the standard measurements (sample transmission, primary beam 

profile, primary beam intensity, …) needed for the conversion procedure. In addition, 

no high-precise quartz sample cuvettes were available which also made quantitative 

measurements impossible, as the sample thickness varied from measurement to meas-

urement due to changing capillary quality. Consequently, the SAXS data obtained at the 

MPI will be presented on relative intensity scale and it will be analyzed qualitatively. 

The raw data of the Kratky-camera with the 1D gas detector was converted to the corre-

sponding scattering pattern by an in-house computer program of the MPI. The SAXS 

data obtained from Dr. Pierre Bauduin (CEA, Saclay) were available on absolute scale. 

For this purpose, the raw data was treated using routine procedures including data cor-

rection, radial averaging, and absolute scaling 124.  

The raw SANS scattering data obtained from the experiment at the HMI and at 

the ILL was converted to absolute scale by the following steps (primary data handling): 

(i) Correction of the detector inhomogeneity 

The inhomogeneous detection probability of the detector was corrected 

by a standardization file that contained the different sensibilities of each detector 

elements. 



IV Experimental – Small angle scattering: SAXS, SANS 208 

(ii) Masking of the data files 

In order to remove artefacts of the detector, which fudge the scattering 

pattern, a masking file was multiplied with the raw data. Additionally, the beam 

stop in the middle of the two-dimensional scattering pattern was removed by the 

masking procedure. 

(iii) Radial averaging & normalization 

By radial averaging, the three-dimensional scattering patterns gained 

from the 2D detectors were reduced into two dimensions giving a higher statisti-

cal accuracy. Therefore, the scattering intensities have to be isotropic which 

means that they only depend on the absolute value of the scattering vector 

(Figure IV-40). 

 

 

 

 

 

Figure IV-40 : Three-dimensional scattering intensity (left) and the corre-
sponding two-dimensional scattering curve (right) after the radial aver-
aging and normalization shown for an aqueous C16mimCl sample (4.7 
wt.%). The rectangle in the middle of the three-dimensional pattern 
represents the beam stop that is removed by the masking procedure. 

In order to obtain normalized (absolute) scattering intensities, the raw data 

has to be corrected for a constant background scattering backI  resulting from the 

geometry of the SAS-spectrometer, and for the scattering of the quartz cuvette 

cuvI . Consequently, an empty cell was measured and the corresponding scatter-

ing intensity was subtracted from each sample scattering intensity sampleI . Addi-

tionally, the transmission of each sample, sampleT , and the empty cell, cuvT , has to 

be taken into account: 
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− −

= −  (IV-112)

where x
sampleI  is the corrected sample intensity. The normalization to absolute in-

tensity was performed using water as external standard: 

2

x
samplenor

sample x
H O

I
I

I
=  (IV-113)

where nor
sampleI  is the absolute intensity (noted as ( )I q ). 

The primary data handling including the steps presented previously was performed at 

the respective institutes by applying their own data reduction software packages 125-127.  

8 Differential scanning calorimetry (DSC) 

8.1 General aspects 

The different scanning calorimetry (DSC) is often used to determine phase tran-

sitions, i.e. melting, and freezing of substances. However, Krafft-temperatures of sur-

factant solutions and stability temperatures can be also obtained by this technique, if the 

corresponding transition energies have a magnitude within the sensitivity of the used 

instrument 128. 

In the framework of this thesis, DSC measurements of the pure synthesized ionic 

liquids were carried out in order to obtain their melting points, which indicate their pu-

rity by comparing their phase transition temperatures with the literature. In addition, the 

Krafft-temperature of the C16mimCl/bmimBF4-systems was achieved via DSC. Further, 

the high-temperature stability of the SLIL/RTMS-based microemulsions was checked. 
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8.2 Principle 

The differential scanning calorimeter measures the amount of energy (heat) ab-

sorbed or released by a sample as it is heated, cooled, or held at a constant temperature. 

Typical applications include determination of the melting point, the corresponding heat 

of melting; measurement of the glass transition temperature, curing examinations, crys-

tallization studies, and identification of phase transformations. The measurement of 

thermal effects in a Tian-Calvet type microcalorimeter is done by two fluxmeters (one 

on the measurement side and one on the reference side), each of them measures the 

thermal power exchanged constantly between the experimental vessels (probe vessel 

and reference vessel) and the calorimetric unit. The main difference, in comparison to 

the DSC technique with a flat plate probe, is that the Tian-Calvet type fluxmetric probe 

envelopes the sample and is therefore capable of measuring almost all the exchanges 

between the vessel and the unit, a characteristic that gives this device a clear advantage 

in terms of both, the quantity of the measured sample and the sensitivity (capacity to 

measure very weak effects) 128. When two fluxmeters start to be heated, a computer 

plots the difference in heat flow against temperature. That is to say, the heat absorbed 

by the object is plotted against temperature. The heat flow (HF) at a given temperature 

is shown in units of heat, h , supplied per unit time, t . The heating rate (sweep rate) is 

the temperature increase TΔ  per unit time, t .  

 
heat h heat flow
time t

= =  (IV-114)

 

 
temperatur increase T sweep rate

time t
Δ

= =  (IV-115)

For many systems, the phase transition would be of the first-order. This means that 

when it reaches a specific transition temperature, the temperature would not rise until all 

the material have been transformed. This also means that the furnace is going to have to 

put additional heat into the object in order to transform into another structure and keep 

the temperature rising at the same rate as that of the reference probe 128. This extra heat 
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flow during transformation shows up as a more or less dip in the DSC plot as the mate-

rial absorbs heat. The heat required during transition can be calculated by integrating 

the area of this dip (Figure IV-42). Consequently, the transition enthalpy, HΔ , is given 

by 

 
t t

t

hH dt
t

+Δ

Δ = ∫  (IV-116)

 

 

 

 

 

 

 

 

Figure IV-41 : Schematic DSC-plot against temperature. 

 

 

 

 

 

 

 

 

Figure IV-42 : Endothermic peak of DSC curve. 

The melting point mT  can be received from the DSC thermograms via onset analysis by 

determining the intersection point between the baseline and the tangent defined by the 

reflection point of the peak onset (Figure IV-42). The heating mode is more recom-

mendable for the determination of mT  than the cooling mode, because many organic 
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substances have a tendency to supercool considerably (especially ionic liquids, cp. 

Chapter II.1.4.1) 128. 

8.3 Instrumentation 

The DSC measurements of the SLIL/IL-systems were carried out on a micro-

DSC III+ (SETARAM, France), a Tian-Calvet microcalorimeter, because of the ex-

pected low transition energies of Krafft-phase-transitions. The instrument was con-

nected to a cooling thermostat working at 5°C. To avoid steam condensation in the calo-

rimetric wall, especially at low temperatures, a constant purge of dry nitrogen was cir-

culated through the sample holders during the measurements. The available temperature 

range is -20 to approximately 90 °C. A standard batch vessel, made of Hastelloy C276 

steel, was used throughout the present experiments. The vessel is composed of a cylin-

der of 8 mm of internal diameter and useful height equivalent to 19.5 mm for the sam-

ple. The useful volume for the sample is equal to about 1 cm3. The sample is filled in 

the vessel and closed with a stopper and a rubber o-ring (Kalrez). The reference depends 

on the aim of the measurement. It can be a blank cell or a cell filled with an appropriate 

solvent. The temperature sweep rate can be fixed between 0.1 and 1 °C/min. Before 

each measurement, the starting temperature has to be kept for more than 30 minutes in 

order to stabilize the temperature of the cells. The results were monitored and analyzed 

on the connected computer using the supplied SETARAM software package. 

In the case of the pure synthesized ionic liquids, a Perkin-Elmer DSC 7 was used 

for all measurements. This machine is a flat plate probe differential scanning calorime-

ter, which is not as sensitive as the micro-DSC and provides only a sample volume of 

about 50 μL. Nevertheless, the accuracy of this machine was by far enough for the de-

termination of mT , because of the high energy changes normally occurring during melt-

ing. The DSC was connected to a cryostat (Lauda RL 6) operating as cooling source (-

70°C). The operating temperature of the cryostate defined the low temperature limit of 

the DSC to approximately -35°C. The sample cells were made of aluminium consisting 

of a bottom part and an applicable cover part. The application of aluminium cells lim-

ited the upper temperature boundary of the instrument to 400°C. A molding press sealed 
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the two cell parts before the calorimeter was loaded. The volume of the cell was always 

50 μL. The reference can be a blank cell or a cell filled with an appropriate solvent. The 

cell holders were purged by a flow of dry nitrogen avoiding moisture condensation. Dif-

ferent scan rates can be chosen between 0.1 to 10 °C/min. The measurement was con-

trolled and monitored by the Pyris software package. 

The thermal stability of two SLIL/RTMS-microemulsion compositions were in-

vestigated externally by Dr. Didier Dalmazzone (ENSTA/UCPf) using a DSC111 (SE-

TARAM) differential scanning calorimeter with tight high-pressure resistant security 

vessels.  

8.3.1 Calibration 

During this work, the two differential scanning calorimeters, the DSCIII+ as 

well as the DSC 7, were calibrated several times. For this purpose, the standard proce-

dures described in the manuals of each DSC were applied 129, 130. The SETARAM DSC 

III+ was calibrated with gallium ( mT = 32.79 °C) performing a one point calibration, 

whereas in the case of the Perkin Elmer DSC 7 a three point calibration was accom-

plished using gallium ( mT = 32.79 °C), indium ( mT = 160.27 °C), and tin ( mT = 236.04 

°C).  

8.4 Sample preparation & measurement procedure 

The SLIL/RTMS-systems were prepared in the glovebox stirred over night at 

40°C to reach equilibrium. The SETARAM cells were filled and sealed in the glovebox, 

too. After transfer of the cells into the calorimeter, the probes were equilibrated at the 

starting temperature for more than 30 minutes. Then, the measurement was performed 

using a temperature sweep rate of 1 °C/min including an up- and down-scan. 

Using the Perkin Elmer DSC 7, the melting points of EAN, C12mimCl, 

C14mimCl and C16mimCl were investigated. The aluminium pan was filled with the IL 

in the glovebox, and sealed. After the cell assembly, the cells were equilibrated for 30 

                                                 
f Ecole Nationale Supérieure de Techniques Avancées 
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minutes at the starting temperature. The measurements were carried out performing an 

up- and down-scan with a temperature sweep rate of 10°C/min. 

For the external measurements performed at the Ecole Nationale Supérieure de 

Techniques Avancées, the microemulsions were prepared by weighting the appropriate 

amounts of the components into glass vessels, which were sealed with a septum. Then, 

the samples were equilibrated one night. After that, the samples were provided to Dr. 

Didier Dalmazzone (ENSTA/UCP). The measurements were carried out as follows: 30 

to 60 mg samples were precisely weighted into the DSC111 sample cells before tighten-

ing the vessels. For each sample, two runs were performed, the first one using alumin-

ium seals to tighten the vessel, with a temperature limits of 400 °C and the second one 

using nickel seals, up to 500 °C. A heating rate of 4 °C/min was used in each experi-

ment. 

9 Thermal gravimetric analysis (TGA) 

9.1 General aspects 

The thermal stability of the used pure ionic liquids as well as of the formulated 

SLIL/RTMS-systems was determined within this work by thermalgravimetric analysis. 

This was an important measurement, since the new formulated systems should provide 

high-thermal stability. 

9.2 Principle 

Thermal gravimetric analysis (TGA) is performed on samples to determine 

changes in weight in relation to change in temperature. This needs a high degree of pre-

cision in three measurements: weight, temperature, and temperature change 130. The 

TGA is a common technique to obtain characteristics of materials, i.e. the degradation 

and decomposition temperature ( decT ) or adsorbed moisture content. A typical weight 

temperature curve is given in Figure IV-43. 
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Figure IV-43 : Typical TGA curve. 

9.3 Instrumentation 

In this thesis, a Perkin Elmer TGA-analyzer TGA 7 connected to a PC was used. 

It consisted of a high-precision balance with a pan loaded with the sample. The pan, 

which was made of platinum, was placed in a small electrically heated oven with a 

thermocouple to accurately measure the temperature. The atmosphere was purged with 

an inert gas to prevent oxidation or other undesired reactions. The analysis was carried 

out by raising the temperature linearly and measuring the associated weight. 

9.3.1 Calibration 

During this work, the thermal gravimetric analyzer was calibrated using the 

standard procedures described in the manual. The procedure included a weight calibra-

tion of the balance, a furnace calibration, and the calibration of the thermocouple. For 

the thermocouple, a four point calibration was performed with calibration standards 

(Perkin Elmer) based on their curie temperatures cT  (alumel, cT = 163°C; nickel, cT = 

354°C; perkalloy, cT = 596°C; iron, cT = 596°C;) covering a temperature range between 

room-temperature and 770°C. The calibration procedure was done according to the de-

scription given in the instrument manual 131. 
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9.4 Sample preparation & measurement procedure 

The SLIL/IL-systems were prepared in the glovebox by weighting into a septum 

vessel and stirred over night at 40°C to reach equilibrium. Then, about 15 mg sample 

were filled into the platinum pan of the analyzer. After the sample cavity was closed, 

the furnace was purged with nitrogen for 15 minutes in order to reach thermal equilib-

rium. Now, the measurement was started with a heating rate of 10°C/min. 

The thermal stability of the pure ionic liquids was measured in the same way. 
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V. Results & Discussion 

1 Aggregation of surfactant-like ionic liquids in aqueous solu-
tion 

The investigation of new amphiphiles concerning their properties in solution is 

always a very important topic in colloid science, both scientifically, and from the appli-

cation point of view. Especially, the understanding of surfactant structure, i.e. the head 

group nature and the head group-counterion interactions, respectively, in relation to the 

out coming phase behaviour of the amphiphile in solution is essential for the product 

design of new innovative formulations 1-6. 

Interestingly, beside the studies concerning ILs in traditional applications such 

as solvents in organic reactions or catalysis, as medium in extraction processes, and as 

electrolytes in electrochemical devices (batteries, double layer capacitors, solar cells) 

(cp. Chapter II.1.6), recent investigations deal also with the phase behaviour of ionic 

liquids, mainly based on the 1-alkyl-3-methylimidazolim cation (Cnmim+) with different 

anions, in aqueous solution. It was found that ILs of the imidazolium type with short 

and medium-length alkyl-chains aggregate, as cationic surfactants do, in polar solvents, 

which is not surprising due to their structure 7. During the last years, critical aggregation 

concentrations (cacs) of ionic liquids like bmimBF4, bmimC8SO4, C8,10mimCl and 

C2,6,8,10mimBr in aqueous media determined via standard techniques were reported by 

different workgroups 8-16. Further, the micellar aggregates of bmimBF4, C8mimCl, 

C8mimBr, C10mimBr, and C8mimI formed above the cac were characterized with regard 

to the mean radius, aggregation number and polydispersity by small angle neutron scat-

tering (SANS) 8, 15. The obtained values were in the same order of magnitude as for ag-

gregates formed by common short-chain ionic surfactants.  

By contrast, the self-assembly of long-chain imidazolium ILs chlorides and 

bromides (CnmimCl, Br; n ≥ 12) in aqueous solution was proofed just recently by our 
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workgroup and others 12-19. These studies demonstrate the structural resemblance of 

imidazolium ILs in relation to the corresponding conventional well-known alkyl-

trimethylammonium surfactant analogues (CnTACl, Br; n ≥ 12). Consequently, funda-

mental surfactant parameters of these two surfactant types like the critical aggregation 

concentration, the adsorption behaviour of the amphiphile at the liquid/gas interface, the 

thermodynamic parameters of micelle formation, the counterion binding at the micelle 

surface, and the aggregation number of the formed aggregates were compared and in-

terpreted. In the public literature, most studies concern surfactant-like ionic liquids 

(SLILs) incorporating the bromide anion, whereas the self-assembly of the chloride 

salts in water is only poorly investigated, although the CnmimCl/water systems already 

play an outstanding role in material science as surfactant templates for the synthesis of 

various types of mesoporous metal oxides via nanocasting sol-gel (liquid crystalline 

templating) and hydrothermal approach, respectively (cp. Chapter I) 20-26. 

Very recently, different templating features of C16mimCl have been obtained in 

comparison to the well-known C16TACl by the workgroup of Smarsly et al. In the 

framework of their study, the following conclusions were drawn 19: 

(i) C16mimCl/water mixtures can be used for the preparation of ordered silica with 

an unusually high degree of order and very low defects compared to C16TACl. 

(ii) Additionally, C16mimCl enables the reproducible preparation of mesoporous 

hexagonal and cubic silica (which is not possible with C16TACl). 

(iii) Hierarchical mesoporous systems using C16mimCl and block copolymer as tem-

plate can be achieved. This is not possible with the respective conventional al-

kyltrimethylammonium chloride surfactant. 

The exceptional templating properties of SLIL must be attributed to the molecular 

structure of the imidazolium head group, which affects the formed superstructures of 

this SLIL in solution and therefore, the templated metal oxides. Kaper et al. showed the 

different phase behaviour of C16mimCl in water determined via SAXS measurements 

compared to C16TACl. The C16mimCl/water mixtures show a large micellar L1 region 

extending up to 55 wt.%, whereas the phase diagram of C16TACl/water shows a much 
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smaller micellar region. Here already at ca. 32 wt.% a hexagonal H1-phase is formed. 

For C16mimCl the H1-phase appears at about 55 wt.%, followed by a hexagonal-

lamellar and a pure lamellar phase region at ca. 80 wt.%. A gel phase that is found in 

the phase diagram of C16TACl is absent in the C16mimCl system. From the analysis of 

the SAXS data of the lyotropic phases with 60 wt.%, 67wt.% and 70 wt.%, radii of the 

elongated micelles Rfit were obtained. Interestingly, the theoretical radii, Rcalc, of the 

hexagonal phase which could be calculated from the volume fraction based on the 

weight percentage is much smaller than the fitted radius, and also its change with in-

creasing C16mimCl concentration, is much smaller compared to the SAXS results 

(Table V-1). 

C16mimCl  

wt. % 
Rfit / nm d10 / nm N a Rcalc / nm 

60 2.1 ± 0.03 4.4 ± 0.05 8 ± 4 3.8 1.55 

67 2.5 ± 0.03 4.4 ± 0.05 8 ± 1 3.9 1.65 

70 3.3 ± 0.03 4.4 ± 0.05 8 ± 2 3.8 1.66 

Table V-1: Parameters obtained from SAXS fitting. Rfit radius, d10 d-spacing, N stack height, 
a lattice parameter, Rcalc calculated radius from the volume fraction. Represented from Ref. 
[19]. 

Kaper et al. supposed that this pronounced increase of the micellar radius with concen-

tration is unusual for common cationic surfactants and can be attributed to strong inter-

actions of the imidazolium head groups between each other that leads to a high ten-

dency to reduce the curvature of the formed micelles at higher concentrations in water 
19. 

Based on this fact that the surfactant properties of the surfactant-like imidazolium 

chlorides (resulting in considerable differences of phase behaviour compared to the 

CnTACl/water mixtures) are nearly unknown, the following chapters will deal with the 

study of the formed superstructures of the CnmimCl (n = 12, 14, 16) surfactants in 

aqueous solution. Thus, more information about the amphiphilic character of the imida-

zolium based SLILs should be achieved. The obtained results will be compared to the 
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conventional 1-alkyltrimethylammonium halogenides, to the 1-alkylpyridinium halo-

genides, and, when meaningful, to the 1-alkyl-3-methylimidazolium bromide analogues 

in order to get a basic understanding of the influence of the imidazolium head group in 

aqueous media. These fundamental investigations can be the initial basis for the usage 

of SLILs in more complex formulations. The achieved surfactant parameters will be 

related to the recently published values of El Seoud et al., who investigated the same 

systems, but in less detail 16. 

Many different techniques were used to characterize the binary SLIL/water sys-

tems including (i) solubility measurements of the SLILs, (ii) surface tension, (iii) con-

ductivity, (iv) fluorescence quenching, and finally (v) small-angle neutron scattering 

experiments. The data thus obtained were employed in order to obtain the Krafft-

temperature, maximal areas/surfactants at the liquid/gas interface, the critical aggrega-

tion concentrations, the degrees of counterion dissociation (and therefore the degree of 

counterion binding), aggregation numbers, and finally micellar properties, e.g. aggre-

gate size and shape. In addition, thermodynamic parameters including the Gibbs free 

energies of adsorption and micellization, were calculated for C12mimCl, C14mimCl, and 

C16mimCl, respectively. From Gibbs free energies of micellization, the contributions of 

enthalpies and entropies of micellization were extracted. 

1.1 Krafft temperature 

The Krafft temperature mT  (and solubility behaviour) of surfactants is a crucial 

property. It limits the temperature range, in which these substances can be successfully 

utilized in formulation technology, since Krafft temperature is the lowest temperature 

where the solution is fully transparent. Further, the solubility behaviour allows an esti-

mation of the free energy of the crystal state present in the surfactant crystal and further 

on the hydration of the head group (cp. Chapter II.2.3.3). 

In the framework of this study, the solubility behaviour of the respective 

CnmimCl salts was investigated by visual determination of the clarification of the 

SLIL/water mixtures during heating. For this purpose, several aqueous solutions of the 
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SLILs were prepared, homogenized at elevated temperature (40°C), and then cooled to 

0°C using a KCl/water/ice mixture. During cooling, the turbidity was visually moni-

tored. For the C12mimCl and the C14mimCl, all prepared solutions remained clear down 

to 0°C, but the C16mimCl samples became turbid at 0°C. The exact solubility tempera-

ture of each aqueous C16mimCl solution was obtained by heating the turbid samples 

using a constant heating rate and notation of the clarification temperature (reproducibil-

ity with the used thermometer was about 0.2°C). The whole solubility curve of the 

C16mimCl, also denoted as Krafft boundary, is shown in Figure V-1. At a concentration 

of 1 wt.% (w/w), the Krafft temperature was obtained giving a value of 13.1°C (± 

0.2°C) for C16mimCl. 

 

 

 

 

 

 

 

 

 

Figure V-1: Solubility curve (Krafft boundary) of the 
C16mimCl ionic liquid in water observed visually by heating 
of the respective solutions. The location of the Krafft tem-
perature estimated for the 1 wt.% (w/w) solution is indicated 
by the arrow. 

Since the Krafft phenomenon is a consequence of the interplay of the hydro-

philicity, which tends to favour hydrated phases (isotropic solutions), and of the free 

energy of the crystal phase, which defines the thermodynamic tendency of crystal for-

mation, the low Krafft temperatures of the CnmimCl salts are generally attributed to the 

high free energies of their crystal states caused by an unfavourable packing of the 
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asymmetric ionic liquid molecules in the solid state 27. However, the higher Krafft tem-

perature of the C16mimCl indicates a lower free energy of its crystal state opposing the 

formation of an isotropic phase. Considering the long alkyl-chain with 16 carbon atoms, 

the main contribution of hydrated crystal formation below the Krafft temperature are the 

van-der-Waal interactions between the hydrophobic chains, which become fairly strong 

and oppose the solubilization of C16mimCl at low temperature. 

The Krafft temperature of a surfactant is often related to its melting point 27. The 

difference between melting point mT  and Krafft temperature KrafftT  has been recognized 

as a phase parameter whose magnitude reflects the intrinsic hydrophilicity of the hydro-

philic head group: The higher the difference between the observed Krafft temperature 

and the measured melting point, the higher is the hydrophilicity of the present head 

group 28. Therefore, the Krafft temperatures of the CnmimCl ionic liquids as well as 

their melting points are compared in Table V-2. Additionally, available values of the 

respective CnTACl analogues obtained from literature are presented. 

Surfactant KrafftT  / °C mT  / °C TΔ  / °C Ref. KrafftT  Ref. mT  

C12mimCl < 0 41.1 - This work This workb 

C14mimCl < 0 53.1 - This work This workb 

C16mimCl 13.1a 63.8 50.7 This work This workb 

C12TACl < 0 70.5 - [29] This workb 

C14TACl < 0 81.2 - [28] This workb 

C16TACl 8 92.3 84.3 [28] This workb 

Table V-2: Summary of the Krafft temperatures and melting points of the Cnmim+ and the 
CnTA+ chlorides. aObtained visually. bVia DSC. 

None of the presented chloride surfactants with dodecyl- and tetradecyl-chain 

showed Krafft temperatures down to 0°C, but the Krafft temperatures for all substances 

with a carbon chain of 16 atoms are generally above 0°C reflecting lower free energies 

in their crystal states. Since the imidazolium salts possess a lower symmetry of the 

cation scaffold, they show lower melting points than the CnTACl surfactants. According 
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to the theory, a lower melting point reflects a lower stability of the solid state, which 

should lead to a lower Krafft temperature in aqueous solution. Interestingly, KrafftT  re-

ported for 1-hexadecyl-3-methyl-imidazolium chloride is higher compared to the value 

observed for 1-hexadecyl-trimethylammonium chloride. Since the length of the carbon 

chain is equal for C16mimCl and C16TACl resulting in equal or at least comparable van-

der-Waal interactions, the gap between the Krafft temperatures must be attributed to the 

different head groups. Consequently, it seems that surfactants with a delocalized charge 

within the head group show slightly higher Krafft temperatures as comparable amphi-

philes with a fixed charge. This is not astonishing, because the charge density of a delo-

calized head group is generally lower resulting in a lower hydrophilicity of the latter. In 

other words, it seems that the alkyltrimethylammonium head group is better solubilised 

by water molecules than that of its delocalized counterpart. This observation is also 

manifested in the larger difference of KrafftT  and mT  in the case of the alkyltrimethylam-

monium surfactants. Consequently, the effect of hydrophilicity contribution of the head 

groups seems to be superior to the crystal state stability for the appointment of KrafftT  (in 

the present case). 

1.2 Surface tension: cac, 20pC , Γ max , minA , Δ 0
adsG  

The surface tension isotherms at 25°C were measured in order to get an impres-

sion about the surface activity of the SLIL chlorides and to determine their critical ag-

gregation concentrations in water. Figure V-2 shows the surface tension σ  versus the 

logarithm of concentration log( c )  for the three systems studied. There are several fea-

tures to note. First, all three systems display a pronounced decrease of the surface ten-

sion to a plateau region with increasing SLIL concentration. The sharp break-points in 

the log( c )σ − -plots indicate the SLIL aggregation concentrations. The absence of min-

ima, which are often caused by the presence of highly surface-active impurities altering 

the surface tension data near the inflection points, confirms the high purity of the syn-

thesized SLILs 30. cac values were estimated at the intersection of the two almost linear 

portions of the surface isotherms. 
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Figure V-2 : Surface tensions isotherms of the three SLILs 
measured at 25°C. The cacs are indicated by two red lines. The 
C16mimCl system shows a further inflection point, which is also 
marked. 
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The red lines in Figure V-3 are guides for locating the cacs, which are presented in 

Table V-3. They decrease by a factor of about 4 with increasing chain-length (from 12 

to 16 carbons), since the hydrophobicity raises due to elongation of the hydrocarbon 

chain. This observation is in line with a factor of 2 per methylene group usually ex-

pected for an ionic surfactant 
31

. Interestingly, the C16mimCl plot shows another pro-

nounced reproducible break-point at about 2.3 × 10
-2

 mol/L. This second minimum may 

arise from a further reorientation process of the surfactant monomers at the surface. No 

additional inflection points were found in the case of the other two SLILs within the 

investigated concentration range (up to 0.1 mol L
-1

). The cacs are in the same order of 

magnitude as for common ionic surfactants with comparable carbon chains (cp. Table 

V-3). However, they are slightly smaller as the critical aggregation concentrations of the 

corresponding alkyltrimethylammonium and 1-alkylpyridinium chloride surfactants 

indicating a slightly higher aggregation tendency of the imidazolium surfactants in wa-

ter. Normally, this reflects a smaller repulsion of the head groups compared to the ana-

logues with ammonium and pyridinium head groups, which makes self-aggregation 

more favourable for the CnmimCl salts 
5
.  

 

 

 

 

 

 

 

 

Figure V-3 : Logarithmic plot of the cacs obtained from surface 

tension measurements at 25°C as a function of the carbon 

number n in the CnmimCl series. 

As already pointed out, the experimentally achieved cacs decrease with increas-

ing number of carbon atoms n in the hydrophobic alkyl-chain of the SLILs. This obser-
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vation is illustrated in Figure V-3, in which the logarithm of the cacs is presented as a 

function of the carbon number in the alkyl-chain. The linear dependence (R = -0.999) 

can be described by the Klevens-equation giving two parameters, A and B, respectively 
32. For the present CnmimCl homologous series, the parameters equal 1.49 (A) and 0.28 

(B). These values are consistent with those of cationic surfactants, for which the 

Klevens constants are normally found to be 1.2 ≤ A ≤ 2.0 and B ≈ 0.3 (for a given head 

group and thermodynamic conditions) 5, 33. 

For comparison, Table V-3 summarizes the critical aggregation concentrations 

for the 1-alkyl-3-methylimidazolium chloride series recently published by El Seoud et 

al. Their cacs are in good agreement with the values obtained in the framework of these 

investigations 16. For the sake of completeness, it should be mentioned that the cac 

value for C12mimBr was reported by Dong et al. and estimated to 1.09 × 10-2 mol L-1 by 

surface tension measurement 13. The latter is similar, but a little smaller than the value 

of 1.21 × 10-2 mol L-1 for C12mimCl reported here. This is reasonable, because the coun-

terion influences the aggregation tendency of the surfactant cation. In fact, cationic am-

phiphiles containing Br- show higher aggregation power, and therefore a lower cac, than 

their chloride analogues, since the bromide more effectively screens the electrostatic 

repulsion among the polar head groups resulting from its smaller degree of hydration 1, 5, 

31, 34, 35.  

The effectiveness and efficiency of surfactant adsorption at the liquid/gas inter-

face are given by the surface pressure at the cac ( cacΠ ) and by the surfactant concentra-

tion required for the reduction of the solvent surface tension, in this case water, by 20 

mN/m ( 20pC ). Normally, both parameters increase with lengthening the carbon-chain 

and by increasing the binding ability of the counterion 5, 36. Table V-3 lists the obtained 

quantities of cacΠ , 20pC , and additionally, the 20cac / C  ratio that is a measure of the 

tendency of the amphiphile to adsorb at the liquid/gas interface relative to its tendency 

to form aggregates. The surface tensions at the cac for the imidazolium homologues 

become slightly higher as the chain-length increases. At first, this tendency is unex-

pected, since a surfactant with a longer carbon-chain should decrease the surface tension 
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more than homologues with a shorter one. Nevertheless, this observation is in agree-

ment with the 20cac / C  ratio, which decreases from 2.91 for C12mimCl to 2.24 for the 

C16mimCl SLIL. This indicates a stronger tendency of C12mimCl to adsorb at the planar 

liquid/gas interface relative to its tendency to form micelles. Therefore, C12mimCl is 

preferably located at the interface lowering the surface tension more effectively (greater 

20cac / C  ratio). El Seoud et al. reported the same trend (cp. Table V-3), although their 

20cac / C  ratio for C14mimCl seems to be significantly too high compared to their results 

for C12mimCl and C16mimCl, respectively. Additionally, another inconsistency was 

found within the paper of El Seoud et al. during recalculation of their 20cac / C  ratio. 

With the presented cac and 20C  parameter, it is not possible to obtain the reported 

20cac / C  ratio. The recalculated ratio is also shown in brackets in Table V-3. Interest-

ingly, the corrected values agree very well with those observed within the underlying 

work. The efficiency of adsorption 20pC  of the SLIL chlorides increases nearly linearly 

(R = 0.998) by lengthening the alkyl-chain. This corresponds to a value of about 0.6 per 

two methylene groups, which is in excellent agreement to the expected value for am-

phiphilic molecules of a given homologous series 37.  

Unfortunately, a detailed comparison of the imidazolium chlorides with common 

chloride surfactants in consideration of the adsorption parameters is difficult, since only 

few data exist in the open literature. Nevertheless, it was possible to complete the found 

literature values by extraction of some quantities by using the reported raw data. For 

this reason, not all literature values reported in Table V-3 (calculated quantities are 

marked by a star) can be understood as exact values, however, they enable at least a 

qualitative comparison to the here presented data leading to some general conclusions. 

It is evident that the 20pC  values for the CnmimCl series are quite high compared to the 

average values of common cationic surfactants.  
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cac  

cacσ  cacΠ  maxΓ × 10-6 minA  – 0
adsGΔ  C20 Surfactant 

mmol/L mN/m mN/m mol/m2 nm2 kJ/mol mmol/L 20

cmc
C

 pC20 

12.10 39.8 32.2 2.13 0.78 32.9 4.14 2.92 2.38 C12mimCl 
13.17a 42.3a 29.7a 2.31a 0.72a 32.0a 4.46a 2.44 (2.95)a 2.35a 

3.41 41.4 30.6 2.32 0.71 34.8 1.46 2.34 2.84 
C14mimCl 

2.98a 38.2a 33.8a 2.96a 0.56a 33.8a 1.00a 2.98a 3.00a 

0.89 42.1 29.9 2.55 0.65 37.3 0.39 2.28 3.41 
C16mimCl 

0.87a 40.9a 31.1a 3.39a 0.49a 35.2a 0.40a 2.05 (2.18)a 3.40a 

C12TACl 22.4b 45.7b* 27.6b* 2.30b* 0.72b* 21.03b* 11.91b* 1.88b* 1.92b* 

C14TACl 5.40c - - - - - - - - 

C16TACl 1.57d 42.5d* 29.5d* 2.18d* 0.75d 28.04d* 0.71d* 2.23d* 3.15d* 

C12PyCl 16.20e 43.7e 28.3e 2.68e 0.62e 31.6e 8.10e 2.0e 2.10e 

C14PyCl 3.50f - - 1.49g 1.11g - - - - 

C16PyCl 0.89g, 0.91h 42.0h 30.0h 3.39g, 3.95h* 0.49g, 0.42h 28.85h* 0.50h 1.82h* 3.30h* 
0
ads 2G ( CH )Δ − −  0 0

ads ads 3G ( HG ) G ( CH )Δ Δ+ −  0
adsGΔ  

kJ/mol kJ/mol 

-0.80 -24.60 CnmimCl 
-0.85a -22.60a 

Table V-3: Relationship between SLIL structures and the cacs, minimum areas of the surfactant monomer at the liquid/gas interface minA , Gibbs 
free energies of adsorption 0

adsGΔ , and the effectiveness- & efficiency-parameters cacΠ  and 20pC . Available literature data of meaningful surfac-
tants are also given for comparison. As far as possible, all literature data presented here were obtained from surface tension measurements at 
25°C. aRef. [16]. bRef. [38]; extracted from graph and calculated. cRef. [39]; cac / mmol kg-1. dRef. [40]; data was extracted from graphs. eRef. [37]. 
fRef. [41]; cac was obtained from conductivity; no cac from surface tension measurement was available in literature. gRef. [42]. hRef. [33], pre-
sented parameters were obtained at 30°C, no values at 25°C were available. *Note: Missing quantities were calculated from the available literature 
data (sometimes obtained from the graphs) using formulas presented in Chapter II.2.2. 
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For example, the 20pC  value of C16mimCl was found to be 3.40, which is actu-

ally in the order of magnitude as values estimated for non-ionic surfactants. Generally, 

non-ionic amphiphiles show higher efficiency of adsorption, since no head group repul-

sion hinders the adsorption process 5. One possible explanation for the quite high 20pC  

of the CnmimCl series may be a lower charge density of the imidazolium head group 

caused by the charge delocalization, which is not the case for the alkyltrimethylammo-

nium salts for example. Additionally, a better screening of the head group charge by the 

anion compared to pyridinium surfactants and/or a different charge distribution within 

the surfactant molecule could be further reasons. El Seoud et al., who reported values 

that differ only slightly from those obtained during this work, also confirmed such high 

20pC  values for CnmimCl SLILs (cp. Table V-3). The better performance of the imida-

zolium SLILs concerning their surface activity is also proved by cacΠ , which is always 

lower than the quantities of the respective common surfactant analogues. Therefore, 

they are more prone to form micelles and are more efficient and more effective at reduc-

ing the surface tension of water than the compared conventional cationic amphiphiles. 

In order to clearify whether there exists a significant difference in charge con-

figuration within the molecules of alkyl trimethylammonium, alkyl pyridinium and 1-

alkyl-3-methylimidazolium cations, respectively, which could lead to the different ad-

sorption/aggregation power of these cationic surfactants compared to the conventional 

amphiphiles, theoretically calculated charge distributions of the respective surfactant 

types were taken from the literature and compared. Table V-4 summarizes the distribu-

tions of charge for the three amphiphile classes separated into the different surfactant 

segments HG, α-methylene and hydrophobic alkyl tail R, respectively. Additionally, the 

atomic partial charges (of the backbone atoms with attached hydrogens included) are 

presented, if they were available from literature. It becomes immediately clear from an 

examination of these charge groupings that not all charge is present in the head group, 

but a significant fraction of charge is distributed into the α-methylene and remaining 

alkyl chain. The large partial charge for the α-methylene supports its classification as a 

part of the head group, as already supposed by Tanford and Huibers 75, 112, 113. For all 

three amphiphiles, a significant portion (about 10 %) of the positive charge resides on 
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the alkyl tail. The small partial charge on the alkyl chain has only little effect on the 

solubility of the surfactant molecule, since a charge of only few percent is not sufficient 

to enhance the ordering of water around the tail, with the resulting increase in solubility. 

A greater effect, e.g. on the cac, is apparent from the change in charge of the head group 

due to the fact that the magnitude of electrostatic repulsion between ionic head groups 

strongly influences the monomer solubility and the adsorption/aggregation tendency, 

respectively 112, 113.  

 Charge on 
q / e q / e q / e 

C1 - 0.205b - 
N1 - - 0.133c 

C2 - 0.064b 0.233c 

N2 - - - 

C3 - 0.184b - 

N3 - - 0.111c 

C4 - 0.064b 0.040c 

C5 0.132a 0.206b -0.010c 

C6 - - 0.183c 

N6 - -0.032b - 

C7 - 0.202b 0.195c 

HG 0.755a 0.700a, 0.691b 0.690c 

α-CH2- 0.132a 0.187a, 0.202b 0.195c 

R (alkyl tail) 0.113a 0.113a, 0.107b 0.115c 

HG+α-CH2 0.887a 0.887a, 0.893b 0.885c 

Table V-4: Comparison of segmental charge distributions for alkyl 
trimethylammonium, alkyl pyridinium and 1-alkyl-3-methylimida-
zolium cations. Additionally, the atomic partial charges (of the 
backbone atoms with hydrogen included), if available from the lit-
erature. aRef. [112]. bRef. [113]. cRef. [114]. 

A comparison of the segmental charge distributions given in Table V-4 leads to the fol-

lowing conclusions: (i) The highest HG charge is reported for the trimethylammonium 

surfactant, whereas charges on the the pyridinium and imidazolium HG are somewhat 

lower, but on average equal to each other. (ii) Contrary, the α-methylene charge of the 
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trimethylammonium cation is significantly lower than the corresponding values of the 

pyridinium and the imidazolium molecules, respectively. However, nearly no difference 

exists between the charges of the α-methylenes of the pyridinium und imidazolium sur-

factants. (iii) The charges on the alkyl tails are on average equal for the three types of 

surfactants. It has been shown by Huibers that the most convenient way for comparing 

different cationic surfactants using charge distributions is to compare the overall head 

group charges (HG plus α-methylene) 112, 113. The latter are equal for all cationic surfac-

tant types compared leading to the assumption that the higher adsorption/aggregation 

tendency of the imidazolium surfactants cannot be the direct consequence of different 

head group charges existing within the imidazolium amphiphiles. For this reason, the 

theory that the charge of the imidazolium head group is more effectively screened com-

pared to the trimethylammonium and pyridinium cations resulting in higher surface-

activity seems more likely. This thesis is further supported by the fact that the proton 

(H2) at the C2 position of the imidazolium ring is more acidic than the corresponding 

ones of the pyridinium ring, due to the presence of two heteroatoms in the former 76, 77, 

78. Consequently, the electrostatic attraction of the H2 and the chloride counterion 

should be higher leading to very efficient charge screening, and thus, to a higher sur-

face-activity of the imidazolium amphiphile. Such a favourable contribution of hydro-

gen-bonding between an acidic proton of the surfactant head group and the counterion 

to amphiphile aggregation/adsorption was already reported in the literature 115. Addi-

tionally, this explanation is in agreement to the assumption given by El Seoud et al. for 

imidazolium surfactants 16.  

Surface excess concentrations, maxΓ , and minimum areas per surfactant mole-

cule at the solution/air interface, minA , were calculated according to the Gibbs adsorp-

tion theory (Chapter II.2.2.1)g. The obtained values are shown in Table V-3. maxΓ  is a 

useful measure of the effectiveness of adsorption of the surfactant liquid/air interface, 

since it is the maximum value that adsorption can attain. The values of maxΓ  observed 

                                                 
g The activity coefficients have not been applied for the calculations. Nevertheless, at low concentrations, 

c ≤ 10-2 mol L-1, activity coefficients can be considered to be one as a good approximation 5. 
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for the SLILs increase linearly (R = 0.998) from 2.13 × 10-6 mol/m2 to 2.55 × 10-6 

mol/m2 with increasing chain-length. This corresponds to a lowering of the area per 

molecule at the interface from 0.78 nm2 to 0.65 nm2. Such a decrease can be related to a 

closer packing of the amphiphile molecules at the interface as the alkyl-chain increases 
5. Interestingly, all minA  values presented here are higher than the corresponding values 

published by El Seoud et al. It is assumed that the values obtained in the framework of 

this thesis are more accurate, because the underlying surface tension isotherms consist 

of much more data points in the vicinity of the cac compared to the isotherms presented 

by El Seoud et al. The determination of the exact slope of the surface tension isotherm 

near the cac is an important feature for the successful extraction of minA  by the Gibbs 

equation. A comparison between minA  of the CnmimCls with minA  of conventional sur-

factants incorporating ammonium and pyridinium head groups is not easy because of 

inconsistent data extracted from the literature (cp. Table V-3). However, one gets the 

impression that the imidazolium SLILs under consideration occupy on average some-

what more space at the liquid/gas interface than the respective conventional amphi-

philes. Probably, this observation is the consequence of a more unfavourable packing of 

the SLILs at the interface induced by the bulky asymmetric imidazolium head group 1, 3, 

5. 

The transfer of a surfactant from the bulk solution to the interface contributes to 

the free energy change upon adsorption 0
adsGΔ , which can be split into three different 

contributions resulting from the structural segments of an ionic surfactant. These contri-

butions arise from the terminal –CH3 group of the hydrophobic chain 0
ads 3G ( CH )Δ − , 

the methylene groups of the carbon chain m × 0
ads 2G ( CH )Δ − − , and the head group 

0
adsG ( HG )Δ . The free energy changes of the different contributions as well as of the 

overall free energy change upon adsorption are presented in Table V-3. 0
adsGΔ  decreases 

linearly (R = -0.997) from -32.9 kJ/mol to -37.3 kJ/mol with elongation of the hydro-

phobic alkyl-chain of the CnmimCls, which is in line with the increasing hydrophobic-

ity. The calculated values are slightly higher than those achieved by El Seoud et al. All 

achieved 0
adsGΔ  quantities are significantly lower than those values of the alkyl-

trimethylammonium and alkylpyridinium chlorides, respectively. Therefore, the adsorp-
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tion tendency of the CnmimCl surfactants at the liquid/gas interface is the highest one 

among these three amphiphile classes. 

1.3 Conductivity 

1.3.1 Small volume cells: cac, αmic, Δ 0
micG , Δ 0

micH , Δ 0
micS  

The estimated molar dependence of specific conductivity for C12mimCl, 

C14mimCl and C16mimCl solutions at four temperatures (15°C, 20°C, 25°C, and 35°C) 

are given in Table V-5 and are graphically displayed in Figure V-4. It can be observed 

that for all SLILs sharp break points at each measured temperature appear in the κ - c -

plot. The conductance isotherms are well described by two linear portions with two dif-

ferent slopes, which occur when the nature of the charge carrier changes, e.g. from sur-

factant monomers to self-assembled aggregates. For this reason, the break-points are 

associated to the cacs of each system. Additionally, a second distinct break at higher 

concentrations was found for the C16mimCl/water-system at all investigated tempera-

tures, possibly, a further change of the aggregate nature with increasing SLIL concen-

tration (cp. Figure V-4, C16mimCl, inset). The cacs were located by fitting Eq. (IV-11) 

to the experimental data following the procedure of Carpena et al. 43. All obtained criti-

cal aggregation concentrations are summarized in Table V-5. The transition concentra-

tions of the C16mimCl were determined from the concentrations where the fits deviate 

from the experimental curve. The transition concentrations were achieved at 2.08 × 10-2 

mol L-1, 2.08 × 10-2 mol L-1, 2.17 × 10-2 mol L-1, and 2.31 × 10-2 mol/L for the tempera-

tures 15°C, 20°C, 25°C, and 35°C, respectively. The cac results at 25°C agree nicely 

with the corresponding values obtained from the already presented surface tension 

measurements (cp. Table V-3). The small differences can be attributed to the depend-

ence of the cac on the technique employed for its determination 51. It is obvious that the 

cac values of each SLIL reach a minimum at about room-temperature. This is the same 

trend as already reported in literature for conventional ionic surfactants 5.  
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Figure V-4 : Conductivity isotherms for CnmimCl SILSs (n = 12, 14, 16) at 15°C, 20°C, 25°C, and 
35°C, respectively. The cacs are indicated for each system by an arrow. The solid lines represent 
fits to the data using the expression of Carpena et al. 43. For C16mimCl, the inset shows an addi-
tional break of the κ-c-plot indicating a further transition. 
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cac αmic 
0
micG−Δ  / kJ mol-1 0

micHΔ  / kJ mol-1 0
micSΔ  / kJ mol-1 K-1 

Surfactant 
15°C 20°C 25°C 35°C 15°C 20°C 25°C 35°C 15°C 20°C 25°C 35°C 15°C 20°C 25°C 35°C 15°C 20°C 25°C 35°C 

14.94a 14.61a 14.46a 14.76a 0.374a 0.390a 0.399a 0.433a 32.01a 32.34a 31.65a 30.90a 5.22a 2.86a 0.52a -5.09a 0.129a 0.120a 0.108a 0.084a 
C12mimCl 

- - 13.47b - - - 0.230b - - - 36.51b - - - - - - - - - 

3.58a 3.54a 3.54a 3.61a 0.347a 0.359a 0.368a 0.382a 38.20a 37.97a 37.77a 37.38a 2.32a 1.43a -0.51a -3.82a 0.141a 0.134a 0.125a 0.109a 
C14mimCl 

- - 3.68b - - - 0.200a - - - 42.91b - - - - - - - - - 

0.88a 0.87a 0.87a 0.89a 0.338a 0.345a 0.350a 0.370a 44.01a 43.86a 43.73a 43.13a 1.78a 0.01a -0.60a -3.38a 0.160a 0.150a 0.145a 0.129a 
C16mimCl 

- - 0.86b - - - 0.190b - - - 49.68b - - - - - - - - - 

10.10c 9.60c 9.53c 10.40c 0.230c 0.230c 0.240c 0.260c 36.85c 37.36 37.87c 38.38c 7.50c -4.37c -15.03c -35.84c 0.152c 0.112c 0.076c 0.008c 
C12mimBr 

- - 9.80d - - - 0.270d - - - - - - - - - - - - - 

2.65c 2.63c 2.61c 2.80c 0.210c 0.220c 0.220c 0.240c 42.44c 43.45c 43.96c 44.47c 0.71c -6.90c -14.52c -28.22c 0.151c 0.124 0.100c 0.054c 
C14mimBr 

  2.50d - -  0.240d - -  - - -  - - - - - - 

- 0.65c 0.65c 0.72c - 0.220c 0.230c 0.240c - 49.04c 49.54c 50.56c - 11.88c -7.92c -45.99c - 0.209c 0.139c 0.013c 
C16mimBr 

- - 0.61d - - - 0.300d - -  - - -  - - -  - - 

C12TACl 23.60e 22.60e 22.20e 21.90e 0.398e 0.417e 0.424e 0.451e 25.99e 26.93e 27.64e 29.14e 8.22e 6.17e 3.86e -1.36e 0.119e 0.113e 0.106e 0.090e 

C14TACl 5.80e 5.68e 5.63e 5.66e 0.352e 0.362e 0.377e 0.410e 36.19e 36.66e 37.01e 37.43e 7.54e 4.83e 1.95e -4.24e 0.152e 0.142e 0.131e 0.108e 

C16TACl - - 1.45f - - - 0.350f - - - 26.50f - - - - - - - - - 

C12PyCl - 17.41g 16.96g 17.36g - 0.395h 0.491i - 19.46g 19.78g 19.94g 20.58g 4.89g 3.77g 2.65g -1.36g 0.084g 0.080g 0.076g 0.063g 

C14PyCl 4.52j 4.37j 4.34j 4.56j 0.343j 0.359j 0.378j 0.410j 37.38j 37.76j 38.04j 38.35j -13.95j -18.71j -23.69j -34.11j 0.081j 0.064j 0.048j 0.014j 

C16PyCl - - 0.99k - - - 0.380k - - - 27.08k - - - - - - - - - 

Table V-5 : Conductivity results for the investigated CnmimCl SLILs including cac, degree of dissociation αmic, and the thermodynamic parameters ( 0
micGΔ , 0

micHΔ , 0
micSΔ ) for 

various temperatures. Available literature data of conventional surfactants and the recently published data of El Seoud et al (CnmimCl), Inoue et al. (CnmimBr), and Vanyúr et 
al. (CnmimBr) are presented for comparison. aThis work; cac / mmol L-1; αmic was estimated by Frahms method. bRef. [16]; cac / mol L-1; αmic was estimated by Evans method. 
cRef. [18]; αmic was estimated by the mixed electrolyte model; thermodynamic parameters were extracted from plots. dRef. [12]; cac /mmol L-1; αmic was estimated by Frahms 
method. eRef. [44]; cac / mmol kg-1; αmic was estimated by Frahms method. fRef. [45], cac / mmol L-1. gRef. [46], cac / mmol kg-1; thermodynamic parameters were extracted 
from graphs; no αmic was taken into account for the calculation of the thermodynamic parameters. hRef. [47], cac / mmol L-1. iRef. [48]. jRef. [49]; cac / mmol L-1; αmic was 
estimated by Frahms method; thermodynamic parameters were extracted from graphs. kRef. [50], cac / mmol L-1.  
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Further, the transition concentration of C16mimCl at 25°C nearly equals the 

value of 2.3 × 10-2 mol L-1, which was previously determined from the second minimum 

observed in the surface tension isotherm and was associated to a further reorientation 

process of the surfactant monomers at the surface. The latter seems to involve also a 

structural change of the charge carriers in solution, e.g. growth and/or shape change of 

the formed micellar aggregates at higher C16mimCl concentration. This is consistent 

with the results of other investigators, who showed by conductivity measurements that 

aggregates of cationic surfactants undergo a substantial growth at higher amphiphile 

concentrations or salt addition 48, 52, 53. The transition interval dx  obtained from Eq. 

(IV-11) describes the width of the transition of an amphiphile from its monomeric form 

to the aggregated form. It increases slightly for each SLIL with raising temperature, e.g. 

for the C12mimCl from 1.13 mmol L-1 at 15°C to 1.14 mmol L-1 at 35°C. Additionally, 

dx  decreases at a constant temperature as the alkyl-chain of the SLILs becomes longer, 

which is the consequence of increasing hydrophilicity of the systems. At 25°C, dx  was 

calculated as 1.14 mmol L-1, 2.80 × 10-1 mmol L-1, and 4.11 × 10-2 mmol L-1 for 

C12mimCl, C14mimCl, and C16mimCl, respectively. All dx  compared to the respective 

cacs indicate small size distributions of the micellar aggregates. 

At each temperature, the observed cacs of the imidazolium homologues decrease 

linearly (R = 0.999) according to the Klevens rule. The Klevens constants do not change 

considerably as the temperature increases. Average values of 1.85 and 0.31 were esti-

mated for A and B, respectively. These quantities are slightly higher than the parameters 

calculated from the surface tension isotherms, but in the dimension expected for cati-

onic surfactants 32. 

From the slopes below and above the cac, the degrees of counterion dissociation 

of the micellar aggregates αmic were determined according to Frahm et al. for each SLIL 

and temperature (cp. Table V-5) 54. The change of specific conductance with molarity 

near the cac changes less at higher temperatures in the case of all SLILs which indicates 

that aggregates with a higher surface charge and/or a lower aggregation number are 

formed at higher concentrations. Whereas αmic increases with temperature for all sys-
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tem measured, it decreases considerably with increasing alkyl-chain length (cp. Figure 

V-5).  

 

 

 

 

 

 

 

 

 

Figure V-5 : Temperature dependence of the degree of counterion 

dissociation ααααmic of the micellar aggregates for the investigated 

aqueous CnmimCl-systems. 

For example, values of 25α °C

mic
= 0.399, 25α °C

mic
= 0.368, and 25α °C

mic
= 0.350 for C12mimCl, 

C14mimCl, and C16mimCl, respectively, were found at 25°C. This means that the coun-

terion is easier to bind with the aggregates as the alkyl-chain of the SLIL homologues 

becomes longer and/or the temperature decreases. This observation is in accordance to 

conclusions drawn for conventional cationic surfactants 
5, 55

. 

The cac of an amphiphile is connected to the stability of its aggregated form 

relative to its monomeric form and therefore it is a measure of its tendency, to form self-

assembled structures in solution. The latter is related according to the mass-action 

model to the standard Gibbs free energy of micellization 0

mic
G∆ . With the knowledge of 

the temperature dependence of the cac and αmic it is accessorily possible to calculate the 

standard enthalpies of micelle formation 0

mic
H∆  and the standard entropies of micelle 

formation 0

mic
S∆ . In Figure V-6 the temperature dependence of the critical aggregation 

concentration is shown for the investigated SLILs, where 
cac

ln X  represents the cac in 

the mole fraction scale, which is given by the ratio of the cac and the concentration of 

the solvent, water in this case (55.403 mol L
-1

).  
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Figure V-6 : Temperature dependence of the cacs expressed in 
mole fractions Xcac scale for the CnmimCl homologues. The red 
curves indicate a second-degree polynomial function fitted to the 
data. 
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The classical U-shaped curve, characteristic of the dependence of cac with temperature, 

can be observed in this representation. The increase of the alkyl-chin length shifts the 

minimum towards lower temperature because of the enhancement of the hydrophobicity 

of the system 46, 56-58.  

The effect of temperature on the cac of amphiphiles in aqueous solution can be 

analyzed in terms of two opposing forces. As the temperature increases, the hydration of 

the hydrophilic head group decreases favouring monomer self-assembly. However, an 

increasing temperature also results in disruption of the water structure around the hy-

drophobic part of the surfactant molecule, which is unfavourable to self-assembly. Con-

sequently, the cac decreases as the head group is dehydrated and then increases as the 

water structure breaks around the hydrophobic portion if the amphiphile 58. It is evident 

from the results that in the case of the SLILs under investigation, the first effect seems 

to dominate at low temperatures, whereas at higher temperature the second effect begins 

to control the aggregation.  

Values of 0
micGΔ , 0

micHΔ  and 0
micSΔ  for all CnmimCl-systems have been esti-

mated by Eq. (II-43), Eq. (II-48), and Eq. (II-49), respectively. For the calculation of 
0
micHΔ , additionally the value of cac( ln X / T )∂ ∂  has to be known. This parameter was 

obtained by fitting a second order polynomial function to the temperature dependence 

of the cac followed by the calculation of the slope at each cac by the first derivative. 

The calculated quantities are given in Table V-5 and are graphically presented in Figure 

V-7. As can be seen, the standard free energy of micellization shows moderate tempera-

ture dependence for all SLILs, whereas longer alkyl-chains result in considerably more 

negative values of 0Δ micG , -31.65 kJ/mol, -37.77 kJ/mol, and -43.74 kJ/mol for 

C12mimCl, C14mimCl, and C16mimCl at 25°C, respectively. In contrast, 0Δ micH  and 
0Δ micS  show stronger temperature dependence for all systems investigated. The parame-

ter 0
micSΔ  is always positive, increases with the SLIL chain-length and strongly de-

creases with increasing temperature leading to a decrease of the entropic term 

( 0− Δ micT S ) with raising temperature. On the other hand, 0Δ micH  decreases with increase 

in temperature, and changes its sign from positive to negative near room-temperature.  
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Figure V-7 : Thermodynamic parameters of aqueous CnmimCl solu-
tions including 0

mic
GΔ , 0

mic
HΔ , and 0

mic
SΔ  obtained from temperature 

dependent conductivity measurements. 
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Consequently, the micelle formation of the CnmimCl series is an endothermic entropy-

driven process at low temperature and an exothermic enthalpy-driven process at high 

temperature. Such behaviour is well known for conventional surfactants 1, 5. The en-

thalpy-entropy relation of surfactant aggregation can be quantified in the so-called en-

thalpy-entropy compensation plot. Figure V-8 gives the compensation plots for the 

measured CnmimCl homologues. The plots are linear, almost parallel, and shifted to-

wards higher entropy values for the homologous SLILs (within the investigated tem-

perature range). The same behaviour has already been reported for conventional ionic 

surfactants 58-61. 

 

 

 

 

 

 

 

 

 

Figure V-8 : Enthalpy-entropy compensation plot of the CnmimCl 
SLIL homologues. 
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following conclusions (cp. Table V-5). As already confirmed in the surface tension 

measurements, the cacs of the surface-active imidazolium chloride homologues are sig-

nificantly lower than those values of the respective alkyltrimethylammonium and al-

kylpyridinium chlorides. As for the cacs, the values obtained for 0
micGΔ  differ notewor-

thy from the corresponding quantities of common cationic surfactants. They were found 

to be more negative indicating that micellization is somewhat more favourable for the 

surfactants with an imidazolium head group than for surfactants with ammonium and 

pyridinium head groups, respectively. The same trend can be found for 0
micHΔ . Even 

though the presented values of 0
micHΔ  have some uncertainty because of the low number 

of data points available for the temperature dependence of the cac, the available data at 

least allow relative comparisons of the SLILs in regard to their micellization enthalpies, 

and it seems that 0
micHΔ  is considerably smaller for the imidazolium surfactants. Since 

the process of aggregate formation results mainly from the destruction of the water 

structure around the hydrocarbon tail of surfactant molecules, and, additionally, from 

the dehydration of the polar part and its electrostatic interaction due to aggregation, the 

lower 0
micHΔ  is a consequence of the lower heat required to pass the electrostatic repul-

sion between the head groups. Therefore, a lower value of 0
micHΔ  of an amphiphile in 

comparison to another with the same anion reflects a lower electrostatic repulsion be-

tween the head groups, the energy required to overpass the repulsion is lower, and the 

process is more exothermic. The latter is also confirmed by the degree of counter ion 

dissociations found for the CnmimCl homologues that are lower compared to the respec-

tive ammonium and pyridinium salts. The self-assembly of ionic amphiphile consisting 

of weakly hydrated ions is generally more favourable, since the charge repulsion be-

tween the head groups is decreased more than in the case of heavily hydrated ions. In 

total, the chloride anions are highly hydrated species leading to a partially screening of 

their charge by the surrounding tightly bound water molecules and thus chloride is less 

effective in reducing the charge repulsion of surfactant head groups. Nevertheless, 

lower αmic values observed for chloride surfactants incorporating the imidazolium head 

group with respect to their conventional analogues support the idea of basically low 

electrostatic repulsion between the imidazolium heads as a consequence of effective HG 
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charge screening, resulting in a stronger aggregation tendency of the SLILs in aqueous 

solution. The latter result is also in very good agreement to the assumption already pre-

sented in the previous Chapter that hydrogen-bonding between the imidazolium HG and 

the chloride counterion, which is not actually happening in the case of the trimethyl-

ammonium based surfactants and to a lesser extent occurring in the case of pyridinium 

surfactants, supports charge screening by the counterions and favours self-assembly due 

to the reduction of hindering electrostatic repulsions between the HGs. 

Basically, the same conclusions were drawn in the recently published papers of 

Inoue et al. and Vanyúr et al., who performed conductance studies on CnmimBr homo-

logues in aqueous solution and proposed also a somewhat more superior aggregation 

tendency for the CnmimBr SLILs compared to their conventional counterparts 12, 18, 62. 

Their results are also included to Table V-5 for comparison and complement well the 

conclusions of the underlying work. As can be seen, the cac and αmic values of the two 

workgroups are always lower than the data presented here for the chloride salts. This is 

expected, since the bromide, a weaker hydrated counterion than the chloride, screens the 

head group charge more effectively resulting in a higher aggregation tendency of the 

CnmimBr series reflected by the lower cac and αmic, respectively. The values of 0
micGΔ  

and 0
micHΔ  given by Inoue et al. for the SLIL bromides are lower than those of the 

CnmimCl analogues, which is again in agreement with the theory considering the lower 

hydration of the bromide ion 1, 3, 5. 

Interestingly, the values of 0
micGΔ  reported by El Seoud et al. (cp. Table V-5) for 

C12mimCl, C14mimCl, and C16mimCl at 25°C are remarkably lower (between 12 and 15 

%) than the achieved values within the framework of this study. Since the cacs of the 

two works are in the same order of magnitude, the reason for this discrepancy is that El 

Seoud et al. did not estimate αmic by Frahm’s method using the S2/S1 ratio for the calcu-

lation of 0
micGΔ . The authors obtained αmic by the method of Evans et al. taking also the 

aggregation number of the micellar aggregates above the cac into account. aggN  has 

been achieved previously from fluorescence measurements by his workgroup. It has 

been reported that αmic calculated by Evans method is generally a little bit lower 63. 
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Therefore, the observed values of 0
micGΔ  will be higher. Noteworthy is the fact that El 

Seoud et al. reported lower αmic values than Inoue et al., who estimated the degree of 

counter ion binding βmic (≡ 1 - αmic) for the respective CnmimBr series at 25°C by con-

ductivity measurements and application of the mixed electrolyte model (MEM) for mi-

cellar solutions which also considers aggN  (cp. Chapter IV.3.2.2). Further it has been 

pointed out that βmic values (and thus αmic) derived from the MEM method are consis-

tent with those obtained by other methods such as electrophoretic mobilities 64. Conse-

quently, the quantities of βmic or rather αmic estimated by the two workgroups should be 

consistent with each other, which is actually not the case. Normally, as already pointed 

out, an amphiphile with bromide a counterion shows a lower αmic value than its corre-

sponding chloride analogue, because of the different screening properties of the two 

types of counterions 3, 5, 6, 45, 49, 65, 66. Additionally, the αmic results for C12mimBr, 

C14mimBr, and C16mimBr of Inoue et al. at 25°C was confirmed by the paper of Vanyúr 

et al. 12. Therefore, it must be assumed that the counterion dissociation parameters pub-

lished by El Seoud et al. are too low. In contrast, the here presented degrees of counte-

rion dissociation seem more consistent with the work of Inoue et al. and Vanyúr et al., 

respectively. This assumption is also confirmed by the recent paper of Bales and Zana 

who have collected values of αmic of dodecyltrimethylammonium bromide and chloride 

from the literature along with their own results 66. 

1.3.2 Dilution cells: MEM & lcCM 

In order to proof the consistency of the obtained results and to get further infor-

mation about the aggregation behaviour, additional conductivity measurements of the 

three CnmimCl salts were performed at 25°C with the intension to apply the mixed elec-

trolyte model (MEM). As already pointed out previously, the application of the MEM to 

the conductance data of an amphiphile gives information about the micellization pa-

rameters, such as aggregation number Nagg and the degree of counterion binding βmic 64. 

Additionally, electrochemical results, e.g. limiting equivalent conductivities of the sur-

factant monomers, counterions and micelles can be obtained (cp. Chapter IV.3.2.2).  
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Figure V-9 : The conductivity isotherms for the CnmimCl homo-
logues measured at 25°C with the modelled MEM curves according 
to the mixed electrolyte model (red lines). The insets represent the 
plots of the cac determination according to Carpena et al. 
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However, the successful application of this model, which is based on the On-

sager theory for electrical conductance, requires very accurate conductance data below 

the cac, since it assumes that the knowledge of the equivalent conductivity of the am-

phiphile in its monomeric form at infinite dilution is known. As the small volume cells, 

which were used for the former conductance investigations, were not able to provide 

this accuracy at very low concentrations, a dilution conductance cell was applied that 

allows precise conductivity measurements also at very low concentrations 67, 68. The 

κ − c −plots measured for the CnmimCl homologues in the dilution cells at 25°C are 

presented in Figure V-9 (insets). The cacs were estimated for each system according to 

the procedure of Carpena et al., which gave values of 14.54 mol L-1, 3.55 mol L-1, and 

0.89 mol L-1 for C12mimCl, C14mimCl, and C16mimCl, respectively (Figure V-9, insets) 
43. These quantities are in very good agreement to the previous experiments (cp. Table 

V-3 for surface tension and Table V-5 for conductivity). The ratio of the post-micellar 

region to that in the pre-micellar region (S2/S1) was related to the degree of counterion 

dissociation according to Frahm et al. 54. All αmic agree satisfactorily with those ex-

tracted from the previous conductivity measurements at 25°C using the small volume 

cells. The cac and αmic are given in Table V-6. Nagg and βmic were obtained to provide a 

best model curve to the experimental equivalent conductivity by minimizing the devia-

tion from the calculated Λ  from the experimental ones. With other words, the model 

parameters Nagg and βmic were varied until the value of 2χ  reached a minimum value 69. 

As basis for the modelling, the already determined cacs, αmic (βmic), and the equivalent 

conductivity of the surfactant at infinite solution 0
1Λ , which was determined previously 

from the Λ − c −plot by extrapolation to zero concentration, were used following the 

procedure presented in Chapter IV.3.2.2. All calculated quantities of the investigated 

systems are summarized in Table V-6. For the C12mimCl, the modelled curve agree 

very well with the experimental data over the whole concentration range measured, as 

can be seen in Figure V-9 (top). The value of βmic (and thus αmic ) nearly equals that 

obtained previously from Frahm’s method. As the MEM takes the contribution of mi-

cellar aggregates to the conductivity into account, whereas Frahm’s method does not, 

one may assume that in the present case, the macroions do not contribute a lot to the 
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conductivity and consequently, the S2/S1 ratio obtained from κ − c −plot describes the 

counterion ion dissociation satisfactorily for C12mimCl in the studied concentration 

range. This is also confirmed by the very low values for the equivalent conductivity of 

the formed aggregates 0
mλ . Further, one can infer that counterion binding (or counterion 

dissociation) does not change with C12mimCl concentration and that if average aggrega-

tion number changes with concentration, the change is too small to be detected by con-

ductometry 64. The aggregation number of the C12mimCl turned out to be 41. This value 

is on average smaller than those quantities of the respective C12TACl and C12PyCl ana-

logues found in literature (cp. Table V-6). Probably, a different packing efficiency of 

the planar imidazolium head groups within the formed aggregates could be responsible 

for this observation, which was also proposed by El Seoud 16. In contrast to the conduc-

tance data of the C12mimCl system, which could be described very well by the mixed 

electrolyte model over the whole concentration range studied (up to 0.1 mol L-1), the 

complete modelling of the conductivity isotherms up to 0.1 mol L-1 failed for C14mimCl 

and C16mimCl, respectively. Additionally, the conductivity isotherm of the C16mimCl 

differs noteworthy from that received during the former conductivity experiment. 

Again, the κ − c −plot of C16mimCl (Figure V-9, bottom, inset) exhibits a pronounced 

breakpoint indicating the cac, however a significant deviation from linearity appears 

immediately after the cac, which was visible in the first experiment not till higher con-

centrations. This observation mostly results from the higher resolution of the present 

conductivity measurements because of the increased number of data points and the 

higher accuracy of the dilution cell. The κ − c −plot of C14mimCl is similar to that ob-

tained from the measurement performed previously in the small volume cells (Figure 

V-9, middle, inset). However, it has been found during the data modelling of the con-

ductance data by the MEM that a slight deviation at higher SLIL concentration from 

“ideality” occurs, which can be hardly seen in the κ − c −plot. Since the conductance 

reflects the nature of the present charge carriers, the observed deviation must be attrib-

uted to an evolution of the C14mimCl and C16mimCl aggregates, respectively. Conse-

quently, a growth of the micelles, which is equal to a change in Nagg, and/or a change of 

βmic, at higher SLIL concentration is supposable. 
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cac 0
1Λ  0

1λ  0
Cl / Br

λ − −
0
mΛ  0

mλ  1r  
Cl

r −  mr  Surfactant 
mmol L-1 

βmic αmic Nagg 
cm2 S mol-1 nm nm nm 

A1 Am 

14.54a 0.609a, 0.596a 0.391a, 0.404a, 0.170a 41a 95.65a 19.33a 76.32* 81.93a 5.61a 0.477a 0.121a 1.64a 82.60a 584.36a C12mimCl 
13.47b 0.77b 0.23b 58b - - - - - - - - - - 

3.55a 0.650a, 0.635a 0.350a, 0.365a, 0.164a 61a 94.98a 18.66a 76.32* 82.45a 5.33a 0.494a 0.121a 1.94a 82.45a 758.34a 
C14mimCl 

3.68b 0.80b 0.20b 79b - - - - - - - - - - 

0.89a 0.668a, 0.648a 0.332a, 0.352a, 0.159a 95a 92.62a 16.30a 76.32* 80.37a 4.05a 0.565a 0.121a 2.21a 81.90a 752.45a 
C16mimCl 

0.86b 0.81b 0.19b 99b - - - - - - - - - - 

9.53c 0.76c 0.24c 43c 95.3c 17.2c 78.1* - - - - - 65.3 - 
C12mimBr 

9.80d 0.73d 0.27d 44d (0.055 M) 113.1d 35d 78.1* - - - - - - - 

2.61c 0.78c 0.22c 61c 97.0c 18.9 78.1*      82.3  
C14mimBr 

2.50d 0.76d 0.24d 59d (0.025 M) 111.1d 33d 78.1* - - - - - - - 

0.65c 0.77c 0.23c 76c 93.0c 14.9c 78.1* - - - - - 87.6 - 
C16mimBr 

0.61d 0.70d 0.30d 66d (0.01 M) 110.1d 32d 78.1* - - - - - - - 

C12TACl - - - 60-67e - - - - - - - - - - 

C14TACl - - - 62f - - - - - - - - - - 

C16TACl - - - 94-110g, 90-120e - - - - - - - - - - 

C12PyCl 15.6h 0.62h, 0.73i 0.38h, 0.27i 25h, 52i 103.97h 27.62h 76.35* - - - - - - - 

C14PyCl - 0.77i 0.23i 70i - - - - - - - - - - 

C16PyCl - 0.80i 0.20i 87i - - - - - - - - - - 

Table V-6 : Results of the mixed electrolyte model (MEM) for the investigated SLILs at 25°C. Presented are the cac, degree of counterion binding βmic, degree of counte-
rion dissociation αmic, aggregation number Nagg, equivalent and limiting equivalent conductivities at infinite dilution of the present species ( 0

1Λ , 0
mΛ , 0

1λ , 0
Cl

λ − , 0
mλ ), and 

the constants A1, Am. Also, meaningful literature data of conventional surfactants and the recently published quantities for the CnmimCl and CnmimBr analogues are 
given. aThis work, cac was obtained by the method of Carpena et al.; the first αmic (or βmic) value was estimated by the Frahms method, the second from MEM, and the 
third from Evans method; all remaining values were estimated from MEM. bRef [16]; all values were estimated from fluorescence quenching at constant SLIL concentra-
tion. cRef. [18] all values were estimated from MEM; 0

1Λ and 0
1λ  were extracted from plots. dRef. [12]; all values were obtained from conductivity; Nagg was estimated 

from fluorescence quenching at constant CnmimBr concentrations, which are given in parenthesis. eRef. [70]; from SANS in the concentration range 0.2-0.6 M (C12TACl) 
and 0.03-0.6 M (C16TACl), respectively. fRef. [52]; value was obtained from static light scattering. gRef. [71]; Nagg was estimated from fluorescence quenching in the con-
centration range 21-86 mM. hRef [72]; values were estimated from MEM. Ref. [73]; values were calculated from osmotic pressure and calorimetric data. *Note: Literature 
value of the limiting equivalent conductivity of Cl- and Br-; quantities were taken from Ref. [74]. 
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This is quite pronounced for the C16mimCl. The successful application of the mixed 

electrolyte model, however, presumes spherical micelles with constant Nagg and un-

changing βmic over the whole concentration range. For this reason, the MEM was ap-

plied only near the cac of each system, where the aggregate structure can be assumed to 

be more or less constant. The modelled curves are given in Figure V-9 (middle) and 

Figure V-9 (bottom) for the C14mimCl and C16mimCl, respectively. It is evident that the 

model curve of the C14mimCl fits the data quite well nearly over the whole concentra-

tion range examined, whereas the model fits fail already just above the cac for the 

C16mimCl. The deviations of the model curves from the experimental data occur at 

about 1.7 × 10-2 mol L-1 and 2.1 × 10-3 mol L-1 for C14mimCl and C16mimCl, respec-

tively. Accordingly, these concentrations correspond to the upper limits where the 

MEM model is able to describe the conductivity effectually and thus, to the boundary 

above which the extracted micellization parameters became unreasonable. The deter-

mined quantities of βmic are somewhat, but not significantly smaller than the previous 

values achieved from the ratio of the post- and pre-micellar slopes. Aggregation num-

bers of 61 and 95 were obtained from the data range where the MEM was supposed to 

be applicable for C14mimCl and C16mimCl, respectively. Compared to the aggregation 

numbers found in the literature for conventional surfactants (in a comparable concentra-

tion range), the values of C14mimCl and C16mimCl are slightly smaller, in agreement to 

the result already given for the C12mimCl. In fact, this affirms the existence of a differ-

ent packing efficiency of the 1-alkyl-3-methyl-imidazolium chlorides within their self-

assembled aggregates compared to conventional chloride amphiphiles. Additionally, the 

micellar radii of the CnmimCl aggregates under the assumption of spherical geometry 

were obtained from the MEM. Values of 1.64 nm, 1.94 nm, and 2.21 nm were derived 

for the formed aggregates of C12mimCl, C14mimCl, and C16mimCl, respectively. All 

radii are reasonable and agree satisfactorily with theoretically calculated core radii using 

the Tanford formula 75. All estimated MEM parameters for both SLILs are summarized 

in Table V-6. 

The aggregation number of C12mimBr published by Inoue et al. for the 

C12mimBr agrees very well with that value determined here for C12mimCl (cp. Table 
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V-6) 18. This is in line with the conclusion got for conventional surfactants, no dramatic 

change of the aggregation number was reported by changing the counterion from bro-

mide to chloride 5, 66. Interestingly, Inoue et al. was also able to model the conductance 

data of C14mimCl and the C16mimCl completely indicating no aggregate evolution of 

these SLILs in the investigated concentration range. However, the authors measured 

concentrations only up to approximately 2.25 × 10-2 mol L-1, 8.10 × 10-3 mol L-1, 2.5 × 

10-3 mol L-1 for C12mimBr, C14mimBr, and C16mimBr, respectively. In contrast, the here 

presented conductance data ranges up to 1.14 × 10-1 mol L-1, 7.55 × 10-2 mol L-1, and 

1.21 × 10-2 mol L-1 for C12mimCl, C14mimCl, and C16mimCl, respectively. Considering 

the deviation concentrations already reported for C14mimCl and C16mimCl, it seems 

likely that Inoue et al. obtained perfect agreement between the MEM and their whole 

experimental data, since the aggregate evolutions may occur beyond their investigated 

concentration ranges. Further, this conclusion is based on the fact that aggregate growth 

happens at higher concentrations for bromide surfactants compared to their chloride 

analogues, which was shown by Gonzales-Perez et al for alkylpyridinium bromides and 

chlorides, for example 48. The aggregation number of C14mimBr shown by Inoue et al. 

is the same as that value derived in this work for C14mimCl. Again, this is in good 

agreement to the former conclusion drawn for the C12mimCl. For C16mimCl an aggrega-

tion number of 95 was calculated, which is considerably higher than the quantity of 76 

reported by Inoue et al. This difference can be attributed to the substantial aggregate 

evolution considering the fact that in the present case, Nagg must be seen rather as an 

average value. Principally, the same conclusions as discussed previously concerning 

Nagg can be drawn from the reported data of Vanýur et al. who also investigated the 

CnmimBr SLILs in aqueous solution by a combination of conductivity and fluorescence 

measurements 12. Finally, it is noteworthy that Vanýur et al. give limiting molar conduc-

tivities of the imidazolium cations, 35 cm2 S mol-1, 33 cm2 S mol-1, and 32 cm2 S mol-1 

for C12mim+, C14mim+, and C16mim+, respectively. These quantities are approximately 

two times higher than the corresponding limiting equivalent conductivities 0
1λ  calcu-

lated in this work. However, the here presented values agree very well with those ex-

tracted from the conductivity plots of Inoue et al. (cp. Table V-6). 
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Aggregation numbers of the CnmimCl series (n = 12, 14, 16) obtained by fluo-

rescence quenching were recently presented by El Seoud et al (cp. Table V-6). They 

achieved values of 58, 79, and 99 for C12mimCl, C14mimCl, and C16mimCl, respec-

tively. These Nagg are significantly higher than those quantities obtained in this work. 

This discrepancy may be the consequence the different estimation methods used for the 

determination of Nagg 51. In order to enable the direct comparison of the degree of coun-

terion dissociation reported by El Seoud et al. with data of this study, αmic was recalcu-

lated by using the Evans equation (Eq. (IV-11)) and the aggregation numbers derived 

from the MEM. Values of 0.170, 0.164, and 0.159 were calculated for C12mimCl, 

C14mimCl, and C16mimCl, respectively. Interestingly, these quantities are lower than 

those αmic given by El Seoud et al. However, the change of the dissociation degree with 

increasing alkyl-chain described above is preserved (cp. Table V-6).  

Recent X-Ray results of crystalline C14mimCl, and theoretical calulations on the in-

teractions in bmimCl have been discussed based on the formation of hydrogen-bonding 

between the counterion and the protons of the heterocyclic head group, particularly at 

the H(2) 76, 77. Further, hydrogen bonding persists also in aqueous solution of imida-

zolium ionic liquids 78. For this reason, one can attribute the higher aggregation ten-

dency of SLILs compared to their conventional counterparts, to a better electrostatic 

attraction between the counterion and the (more acidic) hydrogens of the heteroatomic 

imidazolium ring leading to direct or water-mediated hydrogen bonds between the two 

ion types. Consequently, the surface charge of the micellar aggregates formed by imida-

zolium SLILs may be screened more effectively (lower αmic) by such donor-acceptor 

interactions, which are not (or to a less extent) present in the case of common cationic 

surfactants (higher αmic), resulting in more favourable aggregation tendencies. In order 

to proof this hypothesis, another issue of the present work was the application of the 

low concentration chemical model (lcCM) to the conductivity data of the CnmimCl se-

ries below their cacs, where ionic surfactants behave as normal 1:1 electrolytes. The 

special interest was to estimate the equilibrium constant KA, which is directly connected 

to the fraction of oppositely, charged ions acting as ion pairs 79.  

 



V Results & Discussion – Aggregation of surfactant-like ionic liquids in aqueous solution 266 

0.00 0.02 0.04 0.06 0.08 0.10 0.12
86

88

90

92

94

96

98
Conductivity, C12mimCl in water, 25°C

-1 / m o l Lc

 

Λ
 / 

cm
2  S

 m
ol

-1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-10 : Molar conductivities of aqueous solutions of the 
CnmimCl series below the cac at 25°C. Full red lines: lcCM cal-
culations. 
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c  Λexp Λcalc  Λ0  

Surfactant 
mmol L-1 cm2 S mol-1 cm2 S mol-1 

f±  α KA 
cm2 S mol-1 

C12mimCl 0.86 93.89 93.65 0.995 0.970 
 1.59 92.45 92.73 0.992 0.960 

 2.53 91.68 91.84 0.987 0.952 

 3.35 91.24 91.21 0.983 0.946 

 4.08 90.85 90.72 0.979 0.942 

 4.90 90.46 90.24 0.976 0.938 

 5.77 89.68 89.78 0.972 0.934 

 6.60 89.24 89.38 0.968 0.930 

 7.50 88.94 88.98 0.964 0.927 

 8.47 88.62 88.59 0.960 0.924 

 9.33 88.28 88.28 0.957 0.922 

 10.14 88.05 88.01 0.954 0.919 

 11.01 87.78 87.73 0.950 0.917 

 11.89 87.51 87.46 0.947 0.915 

 12.73 87.26 87.23 0.944 0.913 

 13.53 86.91 87.02 0.941 0.911 

5.93 96.15 

C14mimCl 0.58 93.03 93.02 0.995 0.974 

 1.13 92.12 92.16 0.990 0.966 

 1.76 91.50 91.45 0.985 0.959 

 2.29 90.97 90.99 0.980 0.954 

 2.87 90.59 90.59 0.976 0.950 

9.91 95.19 

C16mimCl 0.08 91.02 90.96 0.999 0.990 

 0.17 90.54 90.62 0.998 0.986 

 0.23 90.37 90.44 0.998 0.983 

 0.29 90.31 90.28 0.997 0.982 

 0.37 90.18 90.09 0.996 0.980 

 0.47 89.84 89.90 0.995 0.977 

 0.55 89.77 89.76 0.995 0.975 

 0.60 89.70 89.67 0.994 0.974 

 0.70 89.50 89.53 0.993 0.972 

10.59 91.73 

Table V-7 : Experimental molar conductivities Λexp, calculated molar conductivities  Λcalc, 
limiting molar conductivities, and association constants KA of the CnmimCl series in wa-
ter at 25°C calculated by the lcCM. 
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Normally, the presence of hydrogen bonds between the imidazolium hydrogens should 

result in higher values of KA arising from donor acceptor interactions, which favour the 

formation of ion pairs compared to completely dissociated salts. For the conductivity 

evaluation based on the lcCM, the input data was set to the known solvent properties of 

water 68 and the distance parameter R was appreciated by the following assumptions 

(cp. also Chapter IV.3.2.3, Eq. (IV-34)): (i) The contact distance of cation and anion is 

given by the sum of their ionic radii and the length of an oriented solvent molecule. For 

chloride, an ionic radius of 0.121 nm was used that was obtained from the Stokes-

Einstein expression and the equivalent conductivity at infinite solution at 25°C taken 

from the literature 74. The length of an OH– group (0.280 nm) was used for the s pa-

rameter. Since no literature values were available, the ionic radii of the imidazolium 

cations were also assumed by the application of the Stokes-Einstein relation together 

with the corresponding limiting equivalent conductivities obtained previously leading to 

0.477 nm, 0.494 nm, and 0.565 nm for C12mimCl, C14mimCl, and C16mimCl, respec-

tively (cp. Table V-6). Note that asymmetric imidazolium cations have a shape far from 

spherical, especially when the imidazolium is substituted with a long carbon chain. 

Therefore, these values are only rough presumptions, but should be accurate enough, 

since the distance parameter R influences the result of KA only slightly as already re-

ported in literature and verified from test evaluations using different values of R (from 

0.5 up to 2 nm) 80. Here for all the systems investigated, n = 2 was chosen in order to 

encompass three types of ion pairs: contact, solvent shared and solvent separated ion 

pairs. Figure V-10 presents the conductivity isotherms of the CnmimCl series below the 

cac and the corresponding least-square fits based on the low concentration chemical 

model. The fits were carried out using a well-established in-house program already suc-

cessfully used in earlier investigations 81. All achieved equivalent conductivities at infi-

nite dilution Λ0, association constants KA, cation/anion dissociation degrees α, and ac-

tivity coefficients f±  calculated by the lcCM for the three SLIL homologues are gath-

ered in Table V-7. As can be seen, the determined limiting conductivities agree well 

with those given previously. The values of the association constants are relatively low, 

KA ≈ 6–11, for the investigated CnmimCl homologues. Therefore, all the investigated 
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salts can be regarded as strong electrolytes completely dissociated in water below their 

cac. However, KA increases slightly with increasing length of the hydrophobic alkyl-

chain, which is in accordance to the change of association degree already reported for 

the CnmimCl homologues in the self-assembled state. 

1.4 Fluorescence quenching: cac, Nagg 

Beside the mixed electrolyte model, another possibility to obtain the mean ag-

gregation numbers of surfactant aggregates in solution is the static luminescence 

quenching technique originally proposed by Turro and Yeka 82. This method was ap-

plied to the three CnmimCl/water systems in order to confirm the results achieved from 

the conductivity measurements. All systems were investigated at 25°C by pyrene 

(probe) fluorescence quenching with 1-hexadecylpyridinium chloride (quencher). The 

cac was acquired by varying the SLIL concentration using constant pyrene amount and 

for the determination of the mean aggregation number, the SLIL concentration was var-

ied keeping probe and quencher constant. Determination of the cac was carried out by 

investigating the ratio change of the first and third vibronic bands (I1, at 373 nm and I3, 

at 383 nm) of the pyrene emission spectrum with increasing CnmimCl concentration. 

Figure V-11 gives the I1/I3 ratio as a function of the logarithm of SLIL concentration. 

The cacs were calculated by using second derivatives of sigmoid data fits indicating the 

inflection points associated to the critical aggregation concentrations. Aggregation 

numbers were derived from the fluorescence intensities of micelle-solubilised pyrene in 

presence (I) and absence (I0) of pyridinium quencher. Plots of ln(I0/I)-1 versus CnmimCl 

concentration (Figure V-12) lead to straight lines whose slopes are related to the mean 

aggregation numbers and the intersections with the x-axis represent rough estimations 

for the cacs (cp. Eq. (IV-55)). All derived results are summarized in Table V-8, which 

also includes meaningful literature data of conventional surfactant analogues and, in 

addition, the recently published fluorescence quenching data of El Seoud et al. and 

Vanýur et al. for the CnmimCl and CnmimBr series, respectively. The cacs derived from 

the pyrene solubilisation are all consistently less than those values obtained from sur-

face tension and conductance measurements, but the trend is preserved.  



V Results & Discussion – Aggregation of surfactant-like ionic liquids in aqueous solution 270 

10-4 10-3 10-2 10-1
1.15

1.20

1.25

1.30

1.35

350 360 370 380 390 400
0

1

2

3

4

5

6

7

8

9
Fluorescence, C

16
mimCl in water, 25°C

 

 

I /
 a

.u
.

λ / nm

 101.96 mM
 63.66 mM
 31.74 mM
 8.32 mM
 5.24 mM
 2.12 mM
 1.22 mM
 1.02 mM
 0.80 mM
 0.62 mM
 0.42 mM
 0.24 mM
 0.13 mM

Fluorescence, C16mimCl in water, 25°C

 

I 1/I 3 a
.u

.

c / mol L-1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure V-11 : Intensity ratios of the I1/I3 vibronic bands of the 
CnmimCl homologues solubilised pyrene at 25°C and the corre-
sponding sigmoidal data fits (red line). The insets show the change 
of the emission intensity as a function of SLIL concentration. The 
pyrene amount was kept constant for each measurement. 
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Surfactant cac / mmol L-1 Nagg 

13.25a 43a C12mimCl 
14.00b 58b 

3.11a 57a 
C14mimCl 

3.65b 79b 

0.72a 65a 
C16mimCl 

1.30b 99b 

C12mimBr - 44c 

C14mimBr - 59c 

C16mimBr - 66c 

C12TAC 24.40d 57e, 47f 

C14TAC 5.27d 66f 

C16TAC 1.31d 69-93g, 66e, 81f 

C12PyCl 17.50d 52h 

C14PyCl 3.88d 70h 

C16PyCl 0.98d 87h 

Table V-8 : Steady-state fluorescence results of the investigated SLILs including cac and mean 
aggregation number Nagg obtained at 25°C. For comparison, comparable fluorescence quenching 
data of conventional surfactants extracted from the literature are given. Additionally, the fluores-
cence data of El Seoud et al (CnmimCl) and Vanyúr et al. (CnmimBr) are presented. As far as possi-
ble, all fluorescence quantities presented from literature were obtained from steady-state fluores-
cence technique at 25°C. aThis work. bRef. [16]; values were determined at fixed SLIL concentra-
tions (10 times the cac) using constant pyrene, and varying quencher (C153) concentrations. cRef. 
[12]; Nagg was obtained at constant CnmimBr concentrations (0.055 M, 0.025 M and 0.010 M for 
C12mimBr, C14mimBr and C16mimBr, respectively) using constant pyrene and varying quencher 
concentrations (C12PyBr, C14PyBr and C16PyBr for C12mimBr, C14mimBr and C16mimBr, respec-
tively). dRef. [83]; cac estimated by using MQAE fluorescence probe. eRef. [84]; Nagg was deter-
mined at constant surfactant concentration (0.109 M and 0.097 M for C12TAC and C16TAC, respec-
tively) by using pyrene (probe) and varying C16PyCl (quencher) concentrations. fRef. [85]; Nagg 
was obtained by dynamic fluorescence method at constant Amphiphile concentration (near the 
cac) using the probe/quencher pair 1-methylpyrene and C14PyCl. gRef. [86]; Nagg were determined 
by dynamic fluorescence quenching at constant surfactant concentrations (in the range 0.007–
0.040 M) using 1-MePy and C16PyCl as probe and quencher, respectively. hRef. [73]; from osmotic 
pressure and calorimetric data; no fluorescence data available. 

This discrepancy is due to the difference of the methods employed for the determination 

of the cac 51. Figure V-12 shows good linear correlation of the ln(I0/I)-1 versus SLIL 

concentration plots for all CnmimCl salts in the concentration range examined. As ex-
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pected, the cacs derived from the intercept with the abscissa, differ quite a lot from the 

values achieved from the I1/I3-ratio, for C16mimCl even a negative cac was extracted. 

Such disagreements and, additionally, a negative cac was already reported by Gratzel et 

al., who determined Nagg of alkylsulfonic acids by steady-state fluorescence quenching 

and addressed the inconsistency of the obtained cacs to the fluorescence quenching 

method 87. Therefore, the cac determination from fluorescence measurements should be 

carried out by pyrene solubilisation technique and not by fluorescence quenching. At 

this point, it must be noted that the cac problem has no bearing on the estimation of 

Nagg, as discussed by Gratzel et al. The aggregations numbers diminish from C16mimCl 

to C12mimCl and, additionally, they are in very good agreement with those quantities 

reported from the conductivity measurements. This observation is not surprising for the 

C12mimCl and the C14mimCl system, since the concentration regions, which were inves-

tigated by fluorescence quenching, are within the ranges examined previously by the 

MEM. However, this is not the case for C16mimCl, for which the results of the fluores-

cence quenching method suppose a constant aggregation number (linearity of the 

ln(I0/I)-1-c-plot over the investigated concentration range) also at concentrations, where 

the MEM model already indicates aggregate evolution. One possible reason for this may 

be a higher sensitivity of the conductivity technique. 

The comparison of the steady-state fluorescence quenching results with those 

reported for conventional alkyltrimethylammonium and alkylpyridinium analogues 

leads to the same conclusion as already drawn from the conductance experiments: The 

aggregation numbers of amphiphiles incorporating the imidazolium head group are gen-

erally lower which may be attributed to the difference in the head group size. Note that 

the head group packing ability is directly linked to the aggregation number of the 

formed aggregates as was already shown by Anacker et al. 88, 89. This means, that by 

increasing the bulkiness of the surfactant head group Nagg is usually reduced due to the 

packing requirement specified from the molecules aggregating into a micelle with high 

curvature. With other words, the asymmetry of the 1-alkyl-3-methylimidazolium scaf-

fold may favour the formation of micelles with low aggregation numbers (at low SLIL 

concentration).  
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Figure V-12 : Pyrene fluorescence quenching by hexadecyl-
pyridinium chloride at various SLIL concentrations (insets), with 
constant probe and quencher amount. For the calculation of the 
intensity data, the emission at 373 nm in presence and absence 
of quencher was used. 
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Furthermore, the bulkiness and the planarity of the imidazolium head (perhaps 

together with the hydrogen-bon ability) may be the reason for the high tendency to re-

duce the curvature of the self-assembled structures at higher SLIL concentrations, e.g. 

by growing or shape change, since a parallel packing of the planar asymmetric imida-

zolium within aggregates of low curvature seems more reasonable. This was already 

assumed by Kaper et al. during her investigations of the phase behaviour of the 

C16mimCl/water-system 19. 

The calculated mean aggregation numbers are nearly equal to those published by 

Vanyur et al. for the CnmimBr analogues (Table V-8), who also established the fluores-

cence quenching technique. In contrast to the underlying investigations, they measured 

at constant SLIL and pyrene concentration by varying the quencher concentration, how-

ever. Thus, an absolute comparison of the aggregation numbers is difficult, since their 

values are only valid for the adjusted SLIL concentration, whereas the here presented 

values describe the aggregate structure over a concentration range, i.e. in the present 

case mean aggregation numbers are reported. For the same reason, no direct comparison 

between Nagg given by El Seoud et al. and those Nagg presented here is possible. In gen-

eral, the values of El Seoud et al. are considerably higher, which was already noticed 

previously during the MEM evaluations of the conductance data (cp. Table V-8). Two 

possible explanations for this gap are meaningful: (i) As already pointed out, the aggre-

gation numbers presented by El Seoud et al. were obtained for constant SLIL concentra-

tions, whereas in this work averaged Naggs, which were estimated for a concentration 

range, are presented. (ii) El Seoud et al., used another quencher molecule, which has an 

additional bearing on the achieved aggregation numbers due to different solubilisation 

states of each quencher molecule 90. 

1.5 Density: Apparent molar volumes 

Density measurements are an important tool for colloid chemists to obtain the 

apparent molar volumes of amphiphiles in the aggregation phase and the apparent molar 

volumes of a surfactant in the monomeric form. Additionally, the knowledge of the den-

sity enables the conversion between temperature dependent concentration quantities into 
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non-temperature dependent ones, e.g. molonity to molarity. Therefore, the density as a 

function of concentration was determined for all investigated CnmimCl/water systems 

and analyzed according to the theory presented in Chapter IV.1.2.1.  

As a general feature, the trends shown in Figure V-13 would exclude the occur-

rence of micellar aggregation at the experimental temperature and concentration range, 

since the classical discontinuity due to the different partial molar volumes of the surfac-

tant in the dispersed and micellized forms is not displayed, perhaps because of too low 

resolution of the used density meter in these low concentration ranges. Nevertheless, 

above the cacs satisfactory correlations between concentrations and densities were ob-

tained, which were used to extract the apparent molar volumes of the SLILs in the ag-

gregation phase micVΦ . The collection of the results is given in Table V-9 together with 

meaningful literature data. 

From the theory of micellar aggregation it is clear that the intercept of the VΦ -

m -1-plot with the y-axis at concentrations above the cac gives micVΦ . It can be seen that 

the apparent molar volumes of SLILs in the aggregated phase increase with the growth 

of the alkyl-chain. This observation is to be expected because of the increasing size of 

the surfactant molecule and was already reported for a homologues series of conven-

tional amphiphiles 91. Wang et al. report a value of 304.9 cm3 mol-1 for C12mimBr in the 

aggregated form. This value is higher than hat micVΦ  achieved for C12mimCl resulting 

from the exchange of the counterion from bromide to chloride. The difference between 
micVΦ  of the two imidazolium analogues is 9.3 cm3 mol-1, which fairly matches that be-

tween Br- and Cl- ions 92. A literature value of micVΦ  = 288.5 cm3 mol-1 is reported for 

C12TACl by Yamanaker et al., which is lower than the corresponding value of 295.6 

cm3 mol-1 derived for C12mimCl 93. It seems reasonable to attribute this result to the 

difference in head group size of the two surfactant types. This thesis is in line with the 

investigations of other authors, who examined the influence of the head group size on 
micVΦ  of dodecylsurfactants 94. 
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Figure V-13 : Variation of the apparent molar volume with the re-
verse of the molality for the three CnmimCl systems. The red lines 
are linear fits used for the calculation of micVΦ . The insets give the 
density variations as a function of SLIL molonity and the linear fits 
from which the density coefficients were obtained. 
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Surfactant micVΦ  / cm3 mol-1 D / kg2 mol-1 m-3 

C12mimCl 295.6 -7.8255 

C14mimCl 300.5 -12.6875 

C16mimCl 305.0 -17.3417 

C12mimBr 304.9a - 

C12TAC 288.5b - 

Table V-9: Apparent molar volumes of the SLILs in the aggre-
gated phase at 25°C obtained from density measurements using 
the pseudo-phase model of micellization. For comparison, the 
density of C12mimBr and C12TACl, which were available from lit-
erature, are given. Additionally, the density coefficients for each 
system are given. aRef. [14]. bRef. [93]. 

1.6 Small-angle neutron scattering: Micellar structure 

In order to obtain information about the size and shape of the micellar structures 

formed by the CnmimCl surfactants in water and to get insight about the present interac-

tions between these aggregates in the micellar phase, small angle neutron scattering 

experiments were carried out at 25°C using the V4 spectrometer, at the Hahn-Meitner-

Institute in Berlin. For the measurements, water was replaced by D2O in order to match 

the contrast conditions, which apply for this scattering technique, accepting slight 

changes of the cacs that depend on the isotopic state of the water hydrogen atoms 95. 

The C12mimCl, C14mimCl and C16mimCl were investigated in a concentration range 

from a few weight percents up to nearly 5 wt.%. 

1.6.1 Basic considerations used for the model fitting of the neutron scattering data 

Because of strong interactions, normally present in charged micellar systems, the 

analysis of such SANS patterns needs a self-consistent treatment of the single particle 

form factor P(q) depending on the shape and the size of the particles, and the interparti-

cle structure factor S(q), which is decided by the spatial distribution of the particles 96, 

97. For a system of monodisperse interacting micelles, the coherent differential scatter-

ing cross section per unit volume ( /d dΣ Ω  or I(q)) is given by 97 
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where np denotes the number density of the micelles, mρ  and sρ  are, respectively, the 

scattering length densities (sld) of micelle and solvent, and Vp is the volume of the scat-

tering particle. incohBG  is a constant background term that represents the remaining in-

coherent scattering, which is mainly due to hydrogen in the sample. For the analysis of 

the scattering spectra a core-shell ellipsoidal shape factor <F(q)2>, where the brackets 

denote the average over all particle orientations, in combination with a S(q) of interact-

ing hard-spheres was used. The latter was calculated using the rescaled mean spherical 

approximation (RMSA), which is a good approximation provided the axial ratio of the 

micelles is not significantly greater than unity 70, 98. 

The description of the micelle shapes utilizing the ellipsoidal shape factor is 

widely used in the analysis of small-angle scattering data because it also includes other 

different possible shapes of micelles such as spherical and rod-like. In other words, by 

the usage of this model it is possible to describe several shapes by the ratio of the axial 

directions, a  and b  where a  is the equatorial semi-axis (rotational axis) and b is the 

principle semi-axis of the spheroid, respectively. Thus, spheres are represented by 

a b= , prolate ellipsoids by a b> , oblate ellipsoids by a b< , and rods by a b>> . For 

this reason, the growth of particles resulting from the change of solution conditions (e.g. 

concentration, ionic strength, temperature, ect.) can be analyzed by one form factor 

model. Usually, micelles grow along one of the axial directions of the aggregate, 

whereas the growths along the other axial directions are restricted by the length of the 

surfactant molecule to avoid the energetically unfavourable empty space or water pene-

tration inside the micelle. In addition to the micellar dimensions, the scattering length 

densities of the different micellar regions, namely that of the hydrophobic hydrocarbon 

core and that of the head group region (interface region), have to be taken into account 

with respect to the sld of the solvent. Based on these considerations, the form factor of a 

spheroid micelle is described by the following main parameters 
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(i) The scattering length densities of the hydrophobic core, coreρ , interface region 

(including head group, counterions, solvent), shellρ , and solvent, solvρ . 

(ii) The geometrical parameters, which define the core-shell spheroid, are the core 

dimensions ( a , b ) and the thickness of the shell t  (including head groups, 

counterions, and solvent). 

Table V-10 shows the scattering length densities of the investigated 

CnmimCl/D2O systems that were used in the SANS analysis divided into the different 

scattering contributions of hydrocarbon core, shell components, and solvent, respec-

tively. The slds were calculated according to the already presented theory (cp. Chapter 

IV.7.2.2). The contrast model presented in the Table is based on the assumptions of 

Tanford, who proposed a hydrophobic micellar core consisting entirely of portions of 

the surfactant hydrocarbon chains. The 3CH−  groups are always contained in this core, 

but one or more methylene groups near the amphiphile head group may not be 75.  

In the present investigation, it was assumed that (m – 1), where m is the total 

number of methylene groups of the SLIL alkyl-chains, 2CH− −  groups form the micel-

lar core, which is in agreement with results of Wang et al., who performed simple geo-

metrical calculations for self-assembled C8mimBr, C10mimBr, and C12mimBr 14. Con-

sequently, values of coreρ  were calculated from the physical data of undecane, tridecane, 

and pentadecane for C12mimCl, C14mimCl, and C16mimCl, respectively. The shell re-

gion of the imidazolium micelles is represented by the 2CH [ mim]+− −  fragment and 

defines, together with the fraction of condensed chloride counterions and a possible 

fraction of penetrated solvent, shellρ . Since the scattering length densities are 1.35 × 1010 

cm-2, 3.31 × 1010 cm-2, and 6.37 × 1010 cm-2 for the 2CH [ mim]+− −  part, Cl-, and D2O, 

respectively, the following constraint must hold true for shellρ : 1.37 × 1010 cm-2 ≤ shellρ  

≤ 6.37 × 1010 cm-2.  
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Hydrocarbon core Shell components Solvent 
Parameter 

-[C11H23] -[C13H27] -[C15H31] -CH2[mim+] [Cl-] D2O 

M / g mol-1 155.31a 183.36a 211.41a - - 20.03a 

d / g cm-3 0.740a 0.756a 0.796a - - 1.107a 

VΦ  / cm3 mol-1 209.88b 242.54b 274.92b 98.20c 17.40d 18.09b 

V / cm3 3.49 × 10-22 4.03 × 10-22 4.57 × 10-22 1.63 × 10-22 2.89 × 10-23 3.00 × 10-

23

ib∑  / cm-1 -1.29 × 10-12 -1.46 × 10-12 -1.63 × 10-12 2.20 × 10-12 9.58 × 10-13 1.92 × 10-

13

sld  / cm-2 -3.71 × 109 -3.63 × 109 -3.57 × 109 1.35 × 1010 3.31 × 1010 6.37 × 1010 

Table V-10: The scattering length densities (sld) of the component blocks applied in the SANS evaluation to-
gether with the quantities used for their calculation. aRef. [38]; molar mass and density (25°C) of the alkanes 
corresponding to the length of the hydrophobic block and of D2O, respectively. bCalculated from the ratio of 
molar mass and density. cRef. [58]. dRef. [92]. 
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As can be seen in by the negative sld of the different core materials (cp. Table V-10), 

there exists a very strong contrast for the micellar core in D2O with respect to the head 

group and the counterions forming the particle’s shell. For this reason, the neutrons 

mainly ‘see’ the core of the micelles and the scattering pattern of a micelle in solution 

of D2O is dominated by the strong hydrocarbon scattering of the core. On the contrary, 

the shell materials show positive scattering length densities which results in low resolu-

tion with respect to the interface region of the micellar aggregate. Figure V-14 graphi-

cally illustrates the variation of the neutron scattering length densities typical for core-

shell micellar aggregates applied for the modelling of the obtained SANS patterns 100. 

 

 

 

 

 

Figure V-14 : Scattering length density profile of a micellar 
core-shell particle. The two steps correspond to the scatter-
ing length densities of core and shell, respectively. 

The RMSA structure factor used for the data interpretation describes the ar-

rangement of interacting spherical macro-ions. This model bases on the repulsion of 

particles in succession of a screened Coulomb potential. For not too high concentrations 

and low axis ratios in the case of non-spherical aggregates, the RMSA approach is suc-

cessfully applicable, since the potentials of long-ranged ellipsoids with axis ratios near 

unity are very similar to those of spheres. However, the limits will be reached at higher 

concentrations or increasing anisotropy of the micelles 70, 98. The RMSA structure factor 

is defined by the following base parameters: 

Scattering length density profile: CnmimCl/D2O
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(i) The temperature T . 

(ii) The hard-sphere volume fraction of the macro-ions hsΦ  in solution. 

(iii) The hard-sphere radius (interaction radius) of one macro-ion hsR  in solution. 

(iv) The number of elementary charges effZ  per micelle, which assigns the strength 

of the electrostatic interactions (Coulombic repulsion) between the particles. 

(v) The ionic strength I, which is related to the Debye-Hückel inverse screening 

length Dλ  that also influences the interactions between the micelles. With other 

words, Dλ  describes the effective screening of the micellar charge by the present 

ions. Dλ  is defined as 
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N e I
k T

πλ
ε

⋅ ⋅ ⋅ ⋅
=

⋅ ⋅ ⋅
 (V-2)

where AN  is the Avogadro number, e  the elementary charge, ε  the dielectric 

constant of the solvent, Bk  the Boltzmann constant, and T  the temperature at 

which the measurement is carried out. The ionic strength is given by the follow-

ing sum: 

 21
2 i i

i
I c z= ⋅∑  (V-3)

Here iz  is the charge and ic  the molar concentration of the different ion species 

present in the solution. For micellar solutions without additionally added salt, the 

ionic strength can be rewritten as 

 
1
2 micI cac cα= +  (V-4)

I is determined by the cac and dissociated counterions from the micelle. micα  

( /eff aggZ N= ) is the charge per surfactant molecule in the micelle and is a meas-
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ure of the dissociation of the counterions of the amphiphile in the micelle. c  

represents the concentration of the surfactant.  

The volume fraction hsΦ  and the hard-sphere radius hsR  are primarily appointed by the 

average distance between the micelles in solution, which is represented by the location 

of the first order correlation maximum of the structure factor and consequently, by the 

correlation peak in the scattering curve. effZ  and Dλ  gives the height and the width of 

the maximum. 

In order to obtain reliable fit results of the scattering patterns, the number of free pa-

rameters included in ( )P q  and ( )S q , respectively, were restricted as far as possible by 

conclusive assumptions. The scattering length densities of core and solvent were fixed 

to the values given in Table V-10. The fitting range of shellρ  was limited to the interval 

given above. One axis of the assumed spheroid was set to the maximal length of a fully 

extended hydrocarbon chain of the imidazolium surfactant minus one carbon atom in 

accordance to Tanford. Additionally, polydispersity was considered during the data fit-

ting using a log-normal distribution along one axis of the particle 101. 

The aggregation numbers of the micellar aggregates were calculated from the ra-

tio of the core volume coreV , which was estimated from the aggregate dimensions a and 

b, to the volume chainV  of one hydrocarbon tail, which is incorporated in the micellar 

core (Eq. (V-5)) 97, 100, 102. 

 
24

3
core

agg
chain chain

Va bN
V V

π ⋅ ⋅
= =  (V-5)

The restriction of the ( )S q  key parameters has to be done carefully, because the 

RMSA model used in this study is only completely valid for spherical aggregate geome-

tries. However, this structure factor is able to describe the arrangement of the aggregates 

approximately by the application of certain constraints. The hard-sphere interactions 

between anisotropic ellipsoids differ slightly from those of spheres with the equivalent 

volume. Therefore, hsR  has to be scaled down to a value, which corresponds to the 
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smallest reasonable radius of the micellar core. The chosen values of hsR were calcu-

lated by 23 ( )hsR a b= ⋅  103-105. The ionic strength of the investigated systems was calcu-

lated by the term presented previously using αmic estimated from the conductivity. The 

temperature T was set to 298.15 K.  

Beside the choice of an appropriate form factor and structure factor for the de-

scription of the system under investigation, the provision for the instrumental resolution 

is another crucial part in the analysis of scattering patterns. The finite divergence and 

the size of the direct beam, the wavelength resolution and the pixel size of the detector 

contribute to a smearing of the real intensity scattered by the particle can lead to inaccu-

rate results 106, 107. Therefore, all theoretical scattering curves, which were adjusted to 

the experimental data, were smeared during the calculations in order to achieve the best 

possible description of the experimental scattering pattern. The contributions of the 

smearing effects were calculated taking into account the apparatus geometry as well as 

the FWHM = 11 % of the V4 spectrometer (cp. Table IV-6). 

The data analysis in this study was exclusively performed by using the small-

angle analysis software package SASFit developed by Kohlbrecher 108. This program 

met all requirements needed to fit the previous presented ( )P q  and ( )S q  combination 

to the measured scattering spectra. SASFit is also able to consider a resolution function 

to the theoretical model fit. The program minimizes the deviations of the theoretical 

scattering function to the experimental data by variation of the model parameters. The 

quality of a fit can be estimated by the sum of the quadratic deviations of the data points 

to the theoretical function, 2χ . The lower 2χ , the better the chosen model describes a 

measured dataset 69. Beside the magnitude of 2χ , other important criteria were used to 

cross-check the fitting consistency during the data evaluation. First, the volume fraction 

fitΦ  obtained from the scale factor np (particle number density) and the particle dimen-

sion was compared to the expected volume fraction expΦ  calculated from the molar vol-

umes of the SLILs in the aggregated state and the known SLIL concentrations minus the 

corresponding cacs. Further, the hard-sphere volume fraction hsΦ  obtained from fitting 

the RMSA structure factor to the scattering pattern has to be in the order of magnitude 

as the values of fitΦ  and expΦ , respectively. If there was a significant departure between 
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fitΦ , expΦ , and hsΦ , the fitting function was discarded and the initial model parameters 

were changed for the next fit. This procedure was repeated until a satisfactory descrip-

tion with consistent model parameters was achieved. 

1.6.2 Model fitting results 

Figure V-15 gives the obtained small-angle neutron scattering spectra for vari-

ous concentrations of the C12mimCl/D2O, C16mimCl/D2O, and C16mimCl/D2O system, 

respectively. The insets show the same spectra, but as log I  vs. q  plots for better reso-

lution. For all investigated systems, the scattering intensity increases with growing SLIL 

concentration indicating a growing number of scatters and/or an increase of the particle 

size. Simultaneously, a correlation peak arises, which results from the scattering contri-

bution of the interparticle structure factor ( )S q . This peak usually occurs at the inner 

part of the scattering spectra at maxQ 2 / dπ∼ , where d is the average distance between 

the micelles and maxQ  is the value of q at the peak position, and represents the higher 

degree of order as well as the lower isothermal compressibility of the system at high 

SLIL concentrations 104, 109. The locations of scattering patterns of the three SLIL homo-

logues compared to each other slightly shift towards smaller q-values as the hydrocar-

bon chain becomes longer. In accordance to the scattering theory, this is the direct con-

sequence of the formation of bigger particles in the sequence: C12mimCl, C14mimCl, 

and C16mimCl. The solid lines in Figure V-15 correspond to best model curves of the 

core-shell ellipsoid ( )P q  in combination with a Hayter-Penfold ( )S q  obtained by the 

fitting concept described in the previous chapter. 

For the C12mimCl in D2O, the aggregates are spherical at low concentrations and 

become more and more elongated upon increasing SLIL amount (cp. Table V-11). The 

most consistent data fits (minimized 2χ  and most consistent volume fractions) were 

obtained by setting the principle semi-axis b to a constant value of 1.55 nm, which cor-

responds to the length of a fully extended undecyl-hydrocarbon chain, and fitting the 

rotational axis a of the ellipsoid. 
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Figure V-15 : SANS data from aqueous micellar solutions of 
C12mimCl, C14mimCl, and C16mimCl, respectively. The coloured 
lines represent the best fits to the datasets. Additionally, the 
corresponding log I vs. q plots are given as insets for better 
resolution. 
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This lead to axial ratios, /X a b= , of 1 (spheres) at low SLIL concentrations and to 

1X >  (prolate ellipsoids) for higher concentrations studied. Goodchild et al. already 

found the same behaviour for C10mimBr at higher concentrations, whereas Bowers et al. 

reported the formation of oblate micelles for C8mimCl with increasing ionic liquid con-

tent 8, 15. The fits could be improved further by the introduction of a log-normal distribu-

tion along the semi-major axis of the prolate ellipsoid 101. These results show that the 

morphologies of the micelles formed by C12mimCl are spherical at low concentrations 

and become prolate ellipsoids with a certain length polydispersity. However, the length 

polydispersity is relatively low for the C12mimCl system, as indicated by the small 

value of σx, which represents the distribution parameter of the assumed log-norm distri-

bution and therefore denotes the standard deviation from the average size parameter, the 

rotational axis in the present case (cp. Table V-11). The aggregation numbers calculated 

from the micellar geometries were found to be 45 in the region just above the cac. This 

observation agrees very well with aggN  reported before from the other techniques, fluo-

rescence quenching ( 43aggN = ) and conductance experiment ( 41aggN = ), respectively, 

which were performed in the same concentration range where aggN  was found to be 

constant by SANS. At higher C12mimCl content, aggN  increases up to 55 for the highest 

concentration investigated in this study. In addition to the core dimensions, the shell 

thicknesses t  and the scattering length densities of the micellar shell shellρ  were obtained 

from fitting ( )P q . Averaged values of 0.42 nm and 6.08-×-1010 cm-2 were extracted for 

t  and shellρ , respectively. The shell thickness seems a little bit too low considering the 

geometry of the imidazolium head. Although the sld of the shell is within the previously 

defined interval, it seems that its value is a little bit too high taking into account the 

scattering length densities of the different shell materials. Since t and shellρ  are highly 

connected within ( )P q , the observed discrepancy may arise from the same reason. The 

most reasonable explanation for the difficulty to extract the shell thickness and the shell 

contrast with higher certainty is the disadvantageous scattering contrast of the shell with 

respect to D2O.  
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   C12mimCl/D2O   

wt.% 0.66 1.07 1.70 2.18 2.70 3.36 3.65 4.06 4.55 

c / mol L-1 2.55 × 10-2 4.10 × 10-2 6.51 × 10-2 8.33 × 10-2 1.03 × 10-1 1.29 × 10-1 1.40 × 10-1 1.55 × 10-1 1.74 × 10-1 

hsΦ  / % 0.65 1.23 2.20 2.90 3.67 4.83 5.37 6.26 7.41 

a / nm 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 1.55 

b / nm 1.55 1.55 1.55 1.58 1.63 1.68 1.75 1.75 1.80 

t / nm 0.41 0.40 0.40 0.41 0.42 0.43 0.42 0.43 0.44 

shellρ  / cm-2 6.15 × 1010 6.13 × 1010 6.04 × 1010 6.09 × 1010 6.05 × 1510 6.03 × 1010 6.09 × 1010 6.05 × 1010 6.08 × 1010 

aggN  45 45 45 47 50 52 54 57 60 

micα  0.355 0.369 0.393 0.404 0.393 0.402 0.409 0.396 0.382 

effZ  16 17 18 19 19 21 22 23 23 

σx 0.21 0.24 0.20 0.19 0.21 0.20 0.22 0.23 0.19 

χ 2  5.04 17.67 14.46 14.23 26.30 40.14 30.69 36.80 46.05 

Table V-11 : Summary of indicative SANS data fitting parameters for aqueous solutions of C12mimCl using a core-shell ellipsoid model with a 
Hayter-Penfold charged sphere structure factor. 

 



V Results & Discussion – Aggregation of surfactant-like ionic liquids in aqueous solution 289 

The problem of low resolution between the head group and D2O is also well known in 

the literature for common trimethylammonium surfactants, although the scattering 

length density of the trimethylammonium head group is negative (--4.25--×-1010 cm-2) 

compared to the positive value of the imidazolium cation 110. The attempt to overcome 

this difficulty by fixing the head group thickness to higher values during the data fitting 

resulted in unreasonable values for the volume fraction and/or shellρ . Consequently, the 

results were chosen with respect to the physical correctness of the gained volume frac-

tions, and also with respect to the quality of the fit of the data. Beside the ellipsoidal 

form factor, a structure factor, which mainly dominates the scattering curves at low q-

values, was used to describe the repulsive interparticle interactions of the charged 

C12mimCl micelles. The obtained fitting parameters, hsΦ and effZ , are given also sum-

marized in Table V-11. The volume fractions of the scattering hard-sphere particles hsΦ  

extracted from the ( )S q -fits are in good agreement to the expected volume fractions of 

the micelles at low C12mimCl concentrations, but they start to deviate slightly at higher 

SLIL content, where also the data fits become somewhat poorer as indicated by the 

higher 2χ . The ratio of effZ and Nagg defines the fractional charge αmic on the micellar 

aggregates. It is seen that αmic of the C12mimCl micelles is nearly constant over the con-

centration range investigated and it agrees well with the values obtained from the con-

ductivity measurements. 

The proceeding of the data fitting of the C14mimCl/D2O series was the same as 

for the C12mimCl/D2O series. Only the base parameters, b  and coreρ , were updated to 

the new SLIL. For this purpose, b  was fixed to 1.79 nm obtained from the Tanford 

equation and assuming a tridecyl-hydrocarbon chain that builds the micelle core. coreρ  

was fixed to -3.63 × 109 cm-2 (cp. Table V-10). The key parameters extracted from the 

SANS analysis are given in Table V-12 for C14mimCl. The trend of the fit parameters 

for the C14mimCl system is basically the same as for C12mimCl. However, some differ-

ences between the two SLILs can be identified. First, the absolute scattering intensities 

for this system are significantly higher than the intensities of the C12mimCl series even 

at low SLIL concentrations.  
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   C14mimCl/D2O   

wt.% 0.70 1.24 1.58 2.26 2.78 3.15 3.83 4.23 4.94 

c / mol L-1 2.44 × 10-2 4.31 × 10-2 5.50 × 10-2 7.87 × 10-2 9.68 × 10-2 1.10 × 10-1 1.33 × 10-1 1.47 × 10-1 1.72 × 10-1 

hsΦ  / % 0.96 1.74 2.21 3.06 3.93 4.52 5.76 6.26 6.93 

a / nm 1.79 1.85 1.91 1.92 1.95 1.95 2.07 2.07 2.09 

b / nm 1.79 1.79 1.79 1.79 1.79 1.79 1.79 1.79 1.79 

t / nm 0.44 0.47 0.48 0.47 0.45 0.48 0.45 0.46 0.44 

shellρ  / cm-2 5.96 × 1010 5.99 × 1010 5.86 × 1010 5.85 × 1010 5.65 × 1010 5.73 × 1010 5.73 × 1010 5.76 × 1010 5.76 × 1010 

aggN  60 64 68 68 71 71 80 80 81 

micα  0.302 0.338 0.353 0.356 0.344 0.359 0.352 0.350 0.357 

effZ  18 22 24 24 24 26 28 28 29 

σx 0.24 0.24 0.21 0.21 0.23 0.22 0.20 0.19 0.18 

2χ  10.36 38.10 11.82 24.73 27.49 22.56 31.11 40.55 37.10 

Table V-12 : Summary of the key parameters extracted from SANS data fitting for aqueous solutions of C14mimCl using a core-shell ellipsoid 
model with a Hayter-Penfold charged sphere structure factor. 
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The more intensive scattering could be the consequence, of course, of a higher 

aggregate concentration, but it could be also due to the presence of bigger aggregates. 

The scattering pattern of the lowest measured C14mimCl concentration can be fitted by a 

spherical form factor with 1.79a b= = nm and a low polydispersity ( 0.24xσ = ). The 

corresponding aggregation number of the sphere is 60aggN = . This value is in close 

agreement to the aggN  of 57 obtained from the steady-state fluorescence quenching 

measurement that was performed within the concentration range where the first 

C14mimCl SANS sample is located. Additionally, the aggN  equals the MEM fitting re-

sult ( 61aggN = ) of the conductance data in the concentration range where the mixed 

electrolyte model still describes the conductivity. At higher concentrations 

( 0.0244c > -mol-L-1), the C14mimCl micelles grow rapidly along the rotational semi-

axis and prolate ellipsoidal particles with small length polydispersities ( xσ  around 

0.20), as in the case of the C12mimCl, are formed. a  grows from 1.79 nm to 2.09 nm, 

which corresponds to an increase of the axial ration, /a b , from 1 to 1.17 over the con-

centration range studied. Additionally, aggN  becomes larger in accordance to the theory 

of micellar growth. These observations are in accordance to the failure of the MEM 

above concentrations of 1.70 × 10-2 mol L-1. On average, the shell thicknesses were 

found to be slightly higher than the quantities obtained for C12mimCl. The scattering 

length densities, however, are somewhat smaller for the C14mimCl. Again, it must be 

noted that the parameters observed for shell region contain some uncertainties due to the 

contrast condition. The fit qualities are similar to those obtained for the C12mimCl series 

and become also slightly poorer at high particle volume fractions. The condition 

exp fitΦ Φ≈  was fulfilled for all investigated samples, but hsΦ  was found somewhat too 

high at higher SLIL contents, where also 2χ  increases. This was already observed dur-

ing the data analysis of the C12mimCl scattering patterns, and it seems likely that ( )S q  

is not able to fully describe the present interactions, perhaps because of the increasing 

anisotropy of the aggregates. Interestingly, this inconsistency of hsΦ  was already re-

ported for other SLILs with shorter alkyl-chains in the literature 8, 15. However, the hard-

sphere radius required to fit the SANS data corresponds reassuringly with the overall 

particle radius. The counterion dissociations of the C14mimCl series are slightly lower 
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than those micα  of the C12mimCl series and nearly equal to the quantities calculated 

from the conductivity measurements. 

The data evaluation of the C16mimCl/D2O series was performed in the same way 

as previously described for the C12mimCl/D2O and the C14mimCl/D2O datasets. b  and 

coreρ  were set to 2.05 nm and -3.57 × 109 cm-2, respectively. Principally, as can be seen 

from Table V-13, the C16mimCl follows the same trend as other two imidazolium chlo-

rides. The formed aggregates are spherical at the lowest concentration investigated and 

become more and more elongated upon increasing SLIL amount forming prolate ob-

jects. However, the growth is more pronounced for C16mimCl. The values of a  increase 

from 2.05 nm to 2.43 nm corresponding to 79aggN =  and 111aggN = , respectively. 

Contrarily to the previous investigated SLIL systems, the aggregation number calcu-

lated from the fluorescence data differs quite a lot from those of obtained from SANS. 

Since the fluorescence quenching technique only gives accurate aggN  for spheres, this 

discrepancy can be attributed to the significant deviation of the prolate shape of the 

C16mimCl micelles from spherical geometry which already happens just above the cac. 

The evolution of the particles as a function of C16mimCl concentration monitored by 

SANS is in very good agreement to the conclusions drawn from the conductivity data of 

this system from which a substantial aggregate growth was postulated. The aggregation 

number obtained by the MEM applied near the cac is in better agreement with the 

SANS data compared to the fluorescence quenching, but the deviation is still high. 

Again, the significant deviation from the spherical shape just above the cac may be re-

sponsible for the failure of the MEM, which is only able to describe spherical micelles 

in solution. The shell thickness is slightly higher compared to the other two CnmimCl 

systems and equals 0.53 nm on average. The quantities of shellρ  are slightly smaller to 

those of the C14mimCl series. As for the other two systems, the shell parameters are 

quite uncertain due to the low scattering length density difference between shell com-

ponents and D2O. The quality of the SANS fits are very good for samples incorporating 

low SLIL amounts. At higher concentrations, the fits become increasingly poor, al-

though exp fitΦ Φ≈ .  
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   C16mimCl/D2O   

wt.% 0.11 0.28 0.93 1.41 1.73 2.31 2.89 3.38 3.82 4.47 

c / mol L-1 3.85 × 10-3 9.13 × 10-3 2.99 × 10-2 4.52 × 10-2 5.52 × 10-2 7.38 × 10-2 9.23 × 10-2 1.08 × 10-1 1.22 × 10-1 1.43 × 10-1 

hsΦ  / % 0.16 0.38 1.24 2.06 2.49 3.35 4.16 4.80 5.59 6.80 

a / nm 2.05 2.08 2.15 2.23 2.27 2.30 2.34 2.37 2.40 2.43 

b / nm 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 2.05 

t / nm 0.53 0.53 0.52 0.53 0.52 0.54 0.52 0.54 0.52 0.54 

shellρ  / cm-2 5.51 × 1010 5.51 × 1010 5.59 × 1010 5.54 × 1010 5.52 × 1010 5.52 × 1010 5.63 × 1010 5.53 × 1010 5.63 × 1010 5.62 × 1010 

aggN  79 81 87 94 97 100 103 106 108 111 

micα  - 0.272 0.298 0.290 0.287 0.293 0.293 0.298 0.291 0.287 

effZ  - 22 26 27 28 29 30 32 32 32 

σx 0.18 0.18 0.17 0.18 0.18 0.19 0.18 0.19 0.19 0.20 

2χ  1.98 1.89 10.54 19.96 25.51 33.42 33.51 33.13 32.23 40.12 

Table V-13 : Key parameters extracted from SANS data fitting for aqueous solutions of C16mimCl using a core-shell ellipsoid model with a Hayter-Penfold 
charged sphere structure factor. 
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As for C12mimCl and C14mimCl, hsΦ  deviates slightly from the theoretical vol-

ume fraction, but hsR  seems to be reasonable, since it fully represents the correlation 

peak. Consequently, the RMSA ( )S q  may be responsible for the lower quality, which is 

not able to completely handle the interactions, especially, at high concentrations where 

prolate ellipsoids are present instead of spheres. The fractions of micelle ionisation are 

lower than those values observed for C12mimCl and C14mimCl, respectively. In addi-

tion, they are slightly smaller than the values obtained from the conductance data of 

C16mimCl. 

The obtained ( )S q  are given in Figure V-16, As can be seen, (0)S  decreases 

with increasing CnmimCl concentration and simultaneously a maximum ( )S q  value 

appears. The latter sharpens and shifts towards higher q-values as the amount of SLIL 

becomes higher. These observations are equal for each investigated series and they are 

the consequence of two effects: (i) the isothermal compressibility of the system, which 

is directly connected to the structure factor, changes and, additionally, (ii) the distance 

between the micelles diminishes at higher SLIL amounts. Also, pronounced minima and 

maxima occur at higher q-values, which reflect the higher degree of order present at 

high concentrations resulting from long-range interactions 95, 111.  

A comparison of the SANS results obtained for the C12mimCl and C16mimCl 

salts with C12TAC and C16TAC can be accomplished using the work of Hayter & Pen-

fold 70. Some interesting disparities between the two surfactant types can be noted: Ba-

sically, the best fits of the scattering patterns of the two alkyltrimethylammonium chlo-

ride surfactants were obtained by Hayter et al. assuming spherical geometry in combina-

tion with a low polydispersity (≤ 20%) and the RMSA structure factor. In contrast to the 

results of the CnmimCl systems presented in this work, the spherical model held true 

(with a receivable polydispersity) even for very high concentrations, up to 0.6 mol L-1 

for the two 1-alkyl-trimethylammonium chlorides.  
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Figure V-16 : Structure factors of the CnmimCl/D2O systems ob-
tained from the Hayter-Penfold structure factor. 
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While C12TAC, as presented by Hayter et. al., showed no tendency to grow over the 

studied concentration range, a substantial growth of C12mimCl was found just above 0.1 

mol L-1 in the present work. Indeed, Hayter et al. reported a slight growth of C16TAC 

spheres upon concentration, but this tendency is much smaller than the behaviour found 

in the case of C16mimCl. The aggregation numbers of the two types of surfactant also 

differ quite significantly. Both ammonium surfactants, C12TAC and C16TAC, have con-

siderably higher aggN  than the corresponding SLILs indicating a different packing of 

the planar imidazolium head groups at the aggregate surface. 

The results obtained from the SANS data, in particular, tend to confirm that par-

ticle growth (reducing curvature) is more favourable for the imidazolium surfactants 

than for the ammonium ones. The geometry and the charge delocalisation of the imida-

zolium head together with a good charge screening by the counterions may be the rea-

son for these observations. 
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2 Aggregation of SLILs in solution of room temperature 
molten salts 

Amphiphiles are well-known to self-assemble into a large variety of nano-, mi-

cro-, and macro-structures, which are held together by cooperative non-covalent interac-

tions. Beside water that is clearly recognized to promote self-aggregation of surfactants, 

only a small number of alternative solvents were identified in which self-assembled 

structures can exist 1. Generally, protic solvents including hydrazine 2, 3, low molecular 

weight amides (e.g. acetamide, formamide) 4-6, and glycols 6 were found (beside water) 

as amphiphile self-assembly media during the last decades. From these studies, the con-

clusion was drawn that the ability of a solvent to form multiple hydrogen-bonds – lead-

ing to solvent structure – may be an important feature for promoting self-assembly 1. 

This thesis is based on the fact that aggregation of surfactants is always accompanied by 

a loss of freedom (translational and rotational) while amphiphile monomers transfer 

from the bulk solvent into the formed aggregates. Therefore, the entropic driving force 

is negative in part and makes an unfavourable contribution to the free energy of micelli-

zation as well as to other aggregation processes. In structured solvents, however, there 

is weak van-der-Waals bonding between the solvent molecules and the surfactant hy-

drocarbon chains and consequently, a layer of structured solvent surrounds the hydro-

carbon chains. During the aggregation process, the solvent-hydrocarbon interactions are 

reduced and thus the entropy increases. Therefore, the driving force for interactions be-

tween surfactant molecules must result from the intrinsic form of the enthalpy in hydro-

gen-bonding solvents 1, 7-9. On the other hand, a sufficient high cohesive energy was 

also postulated to be a further crucial factor for a solvent to promote self-aggregation of 

surfactants. The Gordon parameter, which can be understood as a measure of the cohe-

siveness of liquids, is defined by the surface tension and the molar volume of the sol-

vent. It was supposed by Evans et al. that only solvents with a Gordon parameter Gp 

greater than 1.3 J m-3 are able to promote aggregation of surfactants 1, 9.  

In addition to non-aqueous molecular solvents in which self-assembly of surfac-

tants has been observed, aggregation of ionic amphiphiles in ethylammonium nitrate – a 



V Results & Discussion – Aggregation of SLILs in solution of room temperature molten salts 310 

room-temperature molten salt – was reported over twenty years ago by Evans et al. 7, 10. 

Furthermore, Evans et al. showed the formation of lyotropic smectic phases by lipids in 

this low melting fused salt and the authors related these findings to the ability of EAN 

to form a three-dimensional hydrogen structure in the liquid state similar to that of wa-

ter as well as to the sufficient high Gordon parameter in accordance to the concept pre-

viously described 11. Although great attention has been paid to the investigation of ILs 

and RTMS by many scientists concerning the use of these substances as reaction media 

for chemical synthesis 12 or as compounds in electrochemical devices 13-21, only few 

studies have been emerged following the pioneering work of Evans et al. However, the 

number of publications in which RTMS act as solvent media for amphiphilic molecular 

self-assembly has increased rapidly during the last few years. Especially, protic ionic 

liquids (PILs), to which also EAN belongs, were identified as suitable non-aqueous me-

dia for the formation of lyotropic liquid crystalline phases by common ionic and non-

ionic surfactants 22-26. Beside, these studies, which focus the high concentration range of 

surfactant/PIL mixtures, also micellar systems formed in EAN were reported 27, 28. In 

addition, self-assembly in aprotic imidazolium based RTMS was shown by several 

workgroups in the case of solubilised block copolymers 29 and common surfactants 28, 30-

36, respectively. Although more and more investigations deal with surfactant aggrega-

tion in RTMS, this field is almost unexplored 36. Therefore, the study of micelle forma-

tion in RTMS presents an upcoming research direction in ionic liquid science, which 

could open new applications in micellar catalysis, solvent enhancement for apolar enti-

ties and manufacturing of new nanomaterials. But also from a fundamental point of 

view, the investigation of surfactant aggregation in molten salts is a very important 

topic considering the fact that nearly all of the RTMS in which amphiphilic self-

assembly was satisfactorily shown possess Gordon parameters significantly lower than 

the value of 1.3 J m-3 previously postulated by Evans et al. as the minimum value re-

quired for a solvent to have sufficient driving force to promote the aggregation of an 

amphiphile 1, 23. It seems likely that the old claim of Evans et al. that a solvent must 

have a 3-D-structure similar to water in addition to a sufficient value of the Gordon pa-

rameter has to be updated to the recent situation. 
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Beside the work of Evans et al., the more recent investigations of Rico and Lat-

tes also focused surfactant aggregation in non-aqueous media. Mainly, they used for-

mamide and its analogues as water replacement. From their examinations, they postu-

lated that a water substitute should have the following properties in order to support 

amphiphilic self-assembly in solution: (i) A high polarity (high static permittivities), (ii) 

a high solvating power, and (iii) highly structured 65. In order to evaluate, whether a 

solvent is suitably structured, Rico and Lattes applied the concept of Dack et al., which 

is based on two main parameters, the cohesion energy density, ced, and the internal 

pressure, Pi 66. By considering the physicochemical properties of ionic liquids, it be-

comes clear that these substances meet not all requirements given by Rico and Lattes 

for structure promoting solvents. Indeed, molten salts possess high solvating power for 

both inorganic and organic compounds 67, but they have only relatively low static per-

mittivities, which normally range in the order of magnitude as those of linear alcolohls 

(between 6 and 30) with carbon numbers of 3 to 9 40, 41, 68. So, basically, the same prob-

lem arises as already for the theory of Evans: The basic prerequisites for self-assembly 

promoting solvents postulated by Rico and Lattes cannot be generalized to RTMS. It 

seems likely that the discrepancies of the two concepts in connection with ionic liquid 

featured colloidal systems may result from the fact that nearly all investigations, which 

were used to develop these two theories, are based on surfactant systems containing 

molecular solvents rather than RTMS. 

For this reason, concerning both, the fundamental as well as the applicable as-

pects, the following chapter deals with the investigation of new formulated micellar 

RTMS solutions formed by the already presented SLILs (C12mimCl, C14mimCl, and 

C16mimCl) and a RTMS as solvent. For the latter, two different salts were chosen: (i) 

the well-known protic ionic liquid, ethylammonium nitrate, and (ii) an aprotic imida-

zolium based ionic liquid, the 1-butyl-3-methyl-imidazolium tetrafluoroborate. As can 

be seen in Table V-14, the solvent properties of these two ionic liquids differ quite a lot 

from each other with regard to their polarities and cohesiveness. 
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Solvent 
ET(30) 

kcal mol-1 

σ  

mN m-1 

Vm 

cm-3 mol 

Gp 

J m-3 

ced 

J cm-3 

Pi 

J cm-3 

ced–Pi 

J cm-3 
n rε  

water 63.1a 71.99c 18.07f 2.74g 2303h 151h 2152 0.07 78.4l 

EAN 61.6a 46.30d 89.30f 1.05g 980i n.a. n.a. - 26.3m 

bmimBF4 42.3b 43.60e 186.72f 0.76g 673j 492k 181 0.73 11.7n 

Table V-14: Solvent properties of the used RTMS at 25°C. The corresponding water values are also 
presented for comparison. aRef. [25], determined by Reichardt’s dye. bRef. [37], determined by 
Reichardt’s dye. cRef. [38]. dRefs. [23-25]. eRef. [39]. fcalculated by /mV M d= ; for the used densi-
ties see Ref. [38] (water), and this work. gcalculated by 1 / 3/ mG Vσ= . hRef. [66]. iSurface tension 
(obtained in this work) was used for the calulation of ∆Hvap following the concept of Ref. [69]; ∆Hvap 
was applied for the calulation of ced. j∆Hvap was used for the calulation of ced; ∆Hvap from Ref. [69]. 
kCalculated from αp and βT; these parameters were obtained by fitting the experimental data of Ref. 
[70] with a second order polynomial and subsequent extrapolation to 0.1 MPa. lRef. [38]. mRef. [40]. 
nRef. [41]. 

Concerning the ET(30) values, EAN has only a slightly lower polarity as water, but the 

polarity difference is much more pronounced if the relative static permittivities of the 

two compounds are compared. It is well known that polarity is not rigorously defined, 

and polarity scales depend on the experimental method used. In the case of the ET(30) 

polarity scale for example, the obtained polarities are considerably affected by the used 

solvatochromic Reichardt's betaine dye. Because of its structure (cp. Figure II-4), the 

solvatochromic shift of the betaine probe is strongly influenced by the hydrogen-bond 

donor ability of the solvent, which stabilizes the ground state more than the excited 

state. The ET(30) scale is therefore considerably, but not exclusively, a measure of hydro-

gen-bonding acidity of the solvent system. For this reason, the similar ET(30) values of 

water and EAN are in good agreement with the proposed ability of EAN to develop 

hydrogen-bonds and to form a 3-D-structure similar to that of water 42. However, by 

comparison of rε , it is evident that EAN is less polar than water. Additionally, it pos-

sesses a quite lower cohesive energy than water reflected by the lower Gordon parame-

ter, i.e. EAN is lower structured than water. Note that the value of Gp for EAN, which 

was calculated from the available literature data of the density and surface tension, is 

about 0.4 J m-3 smaller than the value originally published by Evans et al. 9, but it agrees 

very well with the quantity given by Greaves et al. 23, 24, 26. An explanation for this dis-

crepancy is not evident from the literature. By following the ET(30) parameter as well as 
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the rε  of bmimBF4 presented in Table V-14, it is seen that this RTMS possesses a con-

siderably lower polarity compared to water as well as to EAN. In addition, bmimBF4 

has the lowest Gp parameter, which is about 4 times lower than that of water and 0.25 J 

m-3 lower than the corresponding value of EAN, respectively. Therefore, the cohesion 

within this liquid is very low and consequently it is sparsely structured. 

The concept of Lattes and Rico involves the usage of the cohesion energy den-

sity ced and the internal pressure Pi for the classification of solvent structuring 65. In 

principal, the same conclusion can be drawn from these two parameters as previously 

from the ET(30) value and Gp (cp. Table V-14). Since the ced parameter stands for the 

total strength of the intermolecular solvent structure, the high ced value of water repre-

sents its highly structured nature. In contrast, the ced of both RTMS are considerably 

lower and consequently, they are less structured. However, in comparison to conven-

tional solvents , the ced of EAN is still quite high (cp. Table II-11). Contrary to the ced, 

an overall comparison between the Pi parameters of the RTMS and that of water is not 

possible due to lack of information in the public literature about the thermal expansion 

coefficients, αp, and the isothermal compressibilities of EAN, βT, which must be known 

for the estimation of Pi (cp. Chapter II.2.3.6). For bmimBF4, however, it is evident that 

its Pi is about 3 times higher than the value of water. Because of the fact that Pi is 

mainly a reflection of dispersion and dipole-dipole interactions within a solvent, it is 

clear that the cohesion resulting from polar/non-polar interactions between the mole-

cules are significantly higher for bmimBF4 than for water, which is in agreement to the 

nature of RTMS 67. If one compares the ced and Pi of bmimBF4 with literature data of 

conventional solvents, one sees that they agree well with the corresponding values of 

DMF, which is also an aprotic polar solvent. For EAN, the ced is similar to that of eth-

ane-1,2-diol, a protic polar solvent, which is also capable of hydrogen bonding due to 

the presence of two hydroxyl groups. The similarity of EAN and ethane-1,2-diol con-

cerning their solvent parameters is further manifested, if one assumes that the Pi of EAN 

is similar to that of bmimBF4, i.e. in the range 300-600 J cm-3 (cp. Table II-11). Note 

that Singh and Kumar just recently reported Pi values for several RTMS. It can be seen 

from these values that Pi ranges from around 350-600 J cm-3 for RTMS 68. So, this as-
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sumption seems quite rational. The contribution of specific solvent/solvent interactions, 

e.g. hydrogen bonding, to the cohesive energy density of a solvent can be calculated 

from the difference of ced and Pi. Taking the latter into account, it is quite obvious that 

bmimBF4 exhibits only weak hydrogen bonding, whereas in the case of EAN, if its Pi 

value is assumed to be in the order of magnitude as that of bmimBF4, hydrogen bonding 

significantly contributes to the ced of this protic molten salt. Again, this is in good 

agreement to the high ET(30) value of ethylammonium nitrate and further to the presump-

tion of Evans et al. 

Keeping in mind the solvent parameters, the two solvent RTMS were chosen 

particularly because of their significant different solvent properties, as this addresses the 

central issue of the role of hydrogen-bonding as well as the role of cohesiveness for the 

promotion of self-assembly. Furthermore, bmimBF4 was chosen, since its combination 

with the long-chain imidazolium chlorides gives a new challenge in imidazolium-IL 

(im-IL) science, in which the investigation of im-IL/im-IL-mixtures is a very recent 

topic. Up to now, the study is only limited to electrochemical investigations, where dif-

ferent RTMS/1-propyl-3-methy-imidazolium iodine-mixtures were studied in consid-

eration of their application in dye-sensitized solar cells. Here, two im-RTMS were 

mixed in order to reduce the viscosity and to increase the transport properties of the 

pure im-IL that way 43-45. Contrarily to the latter study in which the physical property 

(the viscosity) of an imidazolium ionic liquid was adjusted, the main interest of the pre-

sent work is the formulation of colloidal IL/RTMS-systems obtained by admixing a 

structuring imidazolium ionic liquid (the already presented SLILs) to a RTMS acting as 

solvent. With other words, this work is focused on the possibility to form micellar ag-

gregates in two RTMS (ethylammonium nitrate and 1-butyl-3-methyimidazolium tetra-

fluoroborate) by admixing SLILs. The investigations included DSC, surface tension, 

density, SAXS, and SANS measurements. From these techniques, the solubility behav-

iour, the cacs, the partial molar volumes, and structural information of the formed SLIL 

aggregates in the two RTMS were obtained. Additionally, thermodynamic parameters 

including the surface excess concentrations, the minimum areas occupied per SLIL 

molecules at the RTMS/gas interface, the contributions of the SLIL discrete segments to 
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Gibbs free energies of adsorption, and the Gibbs free energies of micellization were 

calculated from the surface tension isotherms measured for the SLIL/EAN- and 

SLIL/bmimBF4-systems, respectively, at 25°C and 40°C. 

Beside the investigations at ambient and near ambient temperature, further stud-

ies of the SLIL/RTMS-mixtures were carried out at higher temperatures (up to 150°C) 

in order to verify the high-temperature stability of the formulated systems taking advan-

tage of the wide temperature range, over which ionic liquids are liquid and stable. Since 

structures due to electrostatic interactions do not show pronounced temperature depend-

ence, it can be expected that the micellar aggregates also persist at such high tempera-

tures. Especially in nanoscale technology, where pure ionic liquids are already used as 

high-temperature templates for the synthesis of nano-and nano-structured materials 46, 

such high-temperature stable colloidal ionic liquid mixtures may be also very interesting 

as new matrix for nanomaterial design. For this reason, the possibility for the design of 

ionic liquid based micellar systems, which extend the limited temperature range of 

aqueous colloidal systems, was another central issue in the present work. 

2.1 Solubility behaviour 

In order to get an idea of the solubility of the different SLILs in EAN and 

bmimBF4, respectively, various samples with varying SLIL contents (up to 25 wt.%) 

were prepared and homogenized under agitation at elevated temperature. Then, the 

fused salt-mixtures were cooled and slowly heated again. The temperature, at which the 

last amount of surfactant dissolved, was determined by visual inspection. The heating 

and cooling cycles were repeated several times. It was found that all SLIL/EAN-

systems (SLIL = C12mimCl, C14mimCl, and C16mimCl) form clear isotropic solutions 

within this temperature range indicating a very good miscibility between the imida-

zolium chlorides and ethylammonium nitrate. When bmimBF4 was used as solvent, the 

same results were observed, except for C16mimCl, which already phase separated at a 

concentration of about 0.3 wt.% at 25°C. By optical investigation, the solubility bound-

ary of the C16mimCl/bmimBF4-system was roughly estimated to be between 36-38°C. 

Figure V-17 exemplarily shows the formulated SLIL/RTMS-mixtures with a SLIL con-
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centration of 10 wt.%. As can be seen, the 10 wt.% C16mimCl/bmimBF4-mixture is tur-

bid at 25°C and isotropic at 40°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-17: Formulated SLIL/RTMS-mixtures 
with a SLIL concentration of 10 wt.%. As can be 
seen, the 10 wt.% C16mimCl/bmimBF4-mixture is 
turbid at 25°C and isotropic at 40°C. 

For an accurate estimation of the C16mimCl/bmimBF4-solubility borderline, 

DSC measurements were carried out. Figure V-18 shows the heat flow/temperature 

plots of five C16mimCl/bmimBF4-mixtures with different SLIL concentrations. No 

solubility temperature for the C16mimCl/bmimBF4 could be determined by DSC below 

5 wt.% of C16mimCl because of a too small heat flow during solubilisation of the SLIL. 

Defined endothermic peaks indicating the solubilisation of C16mimCl were obtained for 

samples consisting of at least 5 wt.% of SLIL. The respective temperatures onT , where 

the SLIL began to solubilise, were calculated by onset analysis of each DSC up-scan. 
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Figure V-18 : DSC scans of different C16mimCl/bmimBF4-
solutions. The curves are shifted for better comparison. All 
calculated Ton are given in the legend. 

The quantities of onT  were estimated to be 35.9°C, 35.7°C, 35.9°C, and 36.6°C for the 

concentrations of 5 wt.%, 10 wt.%, 15 wt.%, and 20 wt.%, respectively. The extracted 

temperatures of the samples with different C16mimCl content in bmimBF4 differ only 

slightly from each other. This solubility behaviour is similar to that of amphiphiles in 

water which also exhibit certain lower solubility temperatures denoted as Krafft bound-

ary 47-49. 

Taking into account these results of the solubility investigations, all following 

low temperature measurements were carried out at 25°C and at 40°C for the SLIL/EAN- 

and the SLIL/bmimBF4-systems, respectively. 

2.2 Surface tension: cac, maxΓ , minA , 0
micGΔ  

Surface tension measurements of the CnmimCl homologues in EAN and 

bmimBF4 were carried out in order to get a picture of the aggregation behaviour of the 

SLILs in these media. The surface tension isotherms observed for the SLIL/RTMS-

systems have a similar appearance to those obtained for the CnmimCl series in water. As 

can be seen in Figure V-20 and Figure V-21, σ  decreases for all SLIL/RTMS-systems 

as the SLIL concentration increases indicating the SLIL adsorption at the gas/solution 

interface. Then, a final value is reached, which remains constant with further SLIL addi-
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tion. No minima in the surface tension isotherm were observed which underlines the 

high purity of the SLILs and the solvent RTMS, respectively. Estimates for the cacs of 

all investigated SLIL/RTMS-systems are listed in Table V-15.  

SLIL / solvent RTMS cac / mmol L-1 
maxΓ −× 610 / mol m-2 minA / nm 0

micGΔ / kJ mol-1 

C12mimCl/EAN, 25°C 88.7 2.34 0.71 -11.97 

C14mimCl/EAN, 25°C 38.9 2.42 0.69 -14.02 

C16mimCl/EAN, 25°C 13.4 3.12 0.53 -16.66 

C12mimCl/bmimBF4, 40°C 251.2 3.48 0.48 -7.94 

C14mimCl/bmimBF4, 40°C 131.5 3.22 0.52 -9.62 

C16mimCl/bmimBF4, 40°C 81.3 2.67 0.62 -10.87 

Table V-15: Relationship between SLIL/RTMS-system and cac, surface excess concentration 

maxΓ , area at the liquid/gas interface minA , and Gibbs free energy of micellization 0
micGΔ . 

The cacs of the SLILs in the two RTMS are considerably higher than the respective 

values observed in aqueous solution. This observation is in keeping with the results of 

Evans et al. and other workgroups, who found that cacs of classical surfactants in ionic 

liquids are generally higher than in water 7, 10, 27, 31-33, 35, 36, 50. Of course, this is attributed 

to the less structured nature of the RTMS compared to water and to their lower polari-

ties. As presented in Figure V-19, plots of log(cac) vs. carbon number n yield straight 

parallel lines for the two classes of solvent RTMS (REAN= 0.998, RbmimBF4= 0.997). A fit 

of the data to the Klevens equation gives the constants 1.43 (A), 0.21 (B) and 0.85 (A), 

0.12 (B) for the EAN-series and bmimBF4-series, respectively. By comparison with the 

values of 1.49 (A) and 0.28 (B) obtained for the CnmimCl homologues in water, it can 

be seen that the effect of increasing chain length is greater in water than in RTMS. The 

parameters of the EAN-series are in good agreement to those obtained by Evans et al. 

for common CnTAB and CnPyBr surfactants in EAN 7. It seems likely that the only 

slight difference between the Klevens constants of the aqueous SLIL-system and the 

SLIL-EAN-system may be attributed to the similar structuring of the two solvents con-

cerning the 3-D-hydrogen-bonded network 42. Contrarily, the Klevens-parameters of the 

bmimBF4-system are about 2 times lower, which could be referred to the lower cohe-

sive density of this RTMS. It should be noted that the temperature employed in the 
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bmimBF4 experiments was slightly higher (40°C) than that used for the corresponding 

studies in water and EAN (25°C), respectively. This may slightly influence the Klevens-

constants, but by far to a lesser extent than observed. 

 

 

 

 

 

 

 

 
 

Figure V-19: Dependence of the cacs on the SLIL chain length n 
in the two different solvent RTMS and the Klevens fits. 

maxΓ  can be obtained from the surface tension isotherms by the usage of the 

Gibbs equation. However, the dissociation degree of the species, which is adsorbed at 

the interface, must be known in the case of an ionic surfactant. Contrary to the situation 

of an ionic surfactant solubilised in water, which is considered as completely dissoci-

ated into cations and anions below the cac, it seems more likely to describe the solubili-

zation status of an ionic surfactant in a RTMS as completely associated due to the ionic 

nature of the fused salt 7. Therefore, maxΓ  of the present systems were calculated using 

the Gibbs equation for non-ionic surfactants solubilised in water, which assumes com-

pletely associated species. maxΓ  and the corresponding minA  for all SLIL/RTMS-

systems are presented in Table V-15. The values of minA  for the CnmimCl/EAN series 

are slightly smaller than the respective values of the aqueous systems. As in water, they 

decrease with the alkyl chain length. Contrarily, minA  of the SLIL/bmimBF4-series in-

creases with SLIL chain length indicating a different packing mechanism at the surface. 

The areas at the liquid/gas interface obtained for the SLIL/bmimBF4 series are in the 

same order of magnitude as in the case of the corresponding EAN-systems.  
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Figure V-20: Surface tensions isotherms measured for the 
SLIL/EAN-systems at 25°C. The cacs are indicated by red 
straight lines. 
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Figure V-21: Surface tensions isotherms measured for the 
SLIL/bmimBF4-systems at 40°C. The cacs are indicated by red 
straight lines. 
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The influence of the solvent on micellization is also indicated from the contribu-

tion of additional methylene groups to micellization in the different solvents. In order to 

quantify how the different solvent RTMS affect the micellization process, the Gibbs 

energy of micellization, and additionally, the free energy of transfer of a methylene 

group from the solvent to the interior of the aggregate were calculated from the change 

of cac with chain length of the SLILs. However, this requires the use of a model such as 

the phase separation or the equilibrium model for micelle formation. For micellization 

in RTMS, it is not completely clear which model is appropriate, but it seems that the 

phase separation model, which takes no dissociation of the micellar aggregates into ac-

count, is the most suitable, since the very high ionic strength of the RTMS will result in 

a micellar aggregate completely surrounded by a shell of counterions 7. The calculated 

values of 0
micGΔ  for the investigated systems are given in Table V-15. One can see that 

the free energies of micellization for both SLIL/RTMS series are considerably less 

negative than the respective quantities in water. For this reason, the micellization proc-

ess of the SLILs is less spontaneous in the fused salts compared to water. Furthermore, 

all 0
micGΔ  observed for the SLIL/bmimBF4 series are still higher than those for the 

EAN-systems. The calculated values of the free energy for the transfer of a methylene 

group from the bulk solution into the micelle, 0
mic 2G ( CH )Δ − − , are -1.17 kJ mol-1 and -

0.73 kJ mol-1 for the EAN and bmimBF4 series, respectively. In contrast, a value of -

3.02 kJ mol-1 in water was obtained. The results of 0
mic 2G ( CH )Δ − −  for the SLILs in 

EAN and in water agree well with the values of -1.55 kJ mol-1 (EAN) and -2.85-kJ-mol-

1 (water) reported by Evans et al. for the transfer of a –CH2– from the solvent to the 

micelle at 25°C 7. The solvophobic effect explains qualitatively the dependence of 
0
micGΔ , and therefore on 0

mic 2G ( CH )Δ − − , on the bulk phase composition. Figure V-22 

correlates the Gp and the ced of the solvents in which the self-assembly of the SLILs 

were investigated with the calculated values of 0
micGΔ  for each system. It should be re-

marked that the cacs of the SLIL/bmimBF4 series was estimated at 40°C, which may 

have led to a slight underestimate of 0
micGΔ  in comparison to the water and EAN-

systems, respectively. It seems likely that the spontaneity of self-assembly for the SLILs 

(and therefore also very probably for a homologous series of common ionic surfactants) 
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in fused salts depends linearly on the Gordon parameter based on the cohesive energy 

density of water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-22: Relationship between the free energies of micelliza-
tion, Gp and the cohesive energy densities for the SLILs in water 
(25°C), EAN (25°C), and bmimBF4 (40°C), respectively. 

Such a linear correlation between 0
micGΔ  and pG  was already reported very re-

cently for homologous series of common ionic and non-ionic surfactants in sol-

vent/water mixtures covering a cohesive energy range between approximately 1.2 J m-2 

and 2.8 J m-2 51. However, up to now this thesis is only a speculation since not enough 

data, especially in the range between 1.2 J m-2 and 2.5 J m-2, is available in order to 

make general conclusions. 
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2.3 Density: Apparent molar volumes 

For the conversion of wt.% into other required concentration units as well as for 

the appreciation of standard apparent molar volumes of the SLILs in the monomeric and 

aggregated form, density measurements of C12mimCl, C14mimCl, and C16mimCl solu-

tions of varying SLIL concentration were carried out in media of the two different sol-

vent RTMS. Figure V-23 and Figure V-24 show the relevant data plots for the EAN- 

and the bmimBF4-systems. In all cases studied, two linear segments within the plots of 

the calculated apparent molar volumes vs. molality were found. Consequently, these 

plots are similar to those obtained for long-chain surfactants in aqueous solution 52-54. 

However, one difference has to be noted, which concerns the concentration range below 

the cac. For conventional surfactants, the apparent molar volume does not change much 

below the cac, which is not the case for the present SLIL/RTMS systems. In this work, a 

significant linear change of the apparent molar volume was observed for all systems 

below the cac. Until now, it is not entirely clear, if these observations are due to uncer-

tainties in the measurement or due to anomalous behaviour of the SLILs below their 

cacs. Consequently, the extracted molar volumes of the SLILs in the monomeric form 

have to be treated with caution. All other parameters obtained from the density iso-

therms should be reliable. Nevertheless, the presence of some kinds of aggregates in the 

solutions is indicated because of the appearance of breakpoints within the data plots. 

This confirms the results observed from the surface tension isotherms. The cacs were 

determined from the intercepts of both linear adjustments for every isotherm. The val-

ues of the cacs are presented in Table V-16 for every system studied. It is evident that 

the obtained cacs differ quite a lot from the quantities extracted from the surface tension 

isotherm. Only the value of the C16mimCl/EAN-system is in good agreement with the 

data reported previously. The large discrepancies between the cacs calculated from the 

two techniques may be the result of the wide transition regime in which the SLILs self-

assemble leading to unincisive breakpoints. Consequently, the exact estimation of the 

cac is quite difficult.  
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Figure V-23 : Variation of VΦ  with the molality for the three 
CnmimCl/EAN-systems. The red line shows the linear fit used for 
the determination of VΦ

0  and micVΦ , respectively. The insets give 
the density variation as a function of SLIL molonity and the lin-
ear fit from which the density gradient was obtained. 
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Figure V-24 : Variation of the apparent molar volume with the 
reverse of the molality for the three CnmimCl/bmimBF4-systems. 
The red line shows the linear fit used for the calculation of micVΦ . 
The insets give the density variation as a function of SLIL molo-
nity and the linear fit from which the density gradient was ob-
tained. 
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Taking into account the extrapolation procedure for the determination of the 

standard apparent molar volume of the SLIL monomer and the wide transition intervals, 

it seems likely that the quantities obtained from the density measurements are somewhat 

underestimated and, in fact, all cacs are lower than the corresponding values from the 

surface tension isotherms. The good consistency in the case of the C16mimCl/EAN-

system is in agreement with the latter conclusion, since this system showed the sharpest 

breakpoint. Using the molality dependence of the density data, the apparent molar quan-

tities for the studied SLIL/RTMS-systems in the pre-micellar and the post-micellar 

range were extracted by extrapolation of the two linear portions. The obtained data is 

summarized in Table V-16. Studying the extracted quantities for the apparent molar 

volume of the SLILs in the monomeric state, it is seen that all 0VΦ  of the 

SLIL/bmimBF4-systems are considerably higher than the corresponding apparent molar 

volumes of the aggregated state. In contrast, the differences between 0VΦ  and micVΦ  of the 

SLIL/EAN-systems are much smaller and further, 0VΦ  is always lower than micVΦ . 

SLIL / solvent RTMS cac / mmol L-1 VΦ
0  / cm3 mol-1 micVΦ  / cm3 mol-1 D / kg2 mol-1 m-3 

C12mimCl / EAN, 25°C 20.3 252.87 301.56 -95.14 

C14mimCl / EAN, 25°C 14.4 269.14 328.14 -102.80 

C16mimCl / EAN, 25°C 13.2 312.97 368.00 -124.48 

C12mimCl / bmimBF4, 40°C 105.3 480.83 317.00 -81.69 

C14mimCl / bmimBF4, 40°C 46.5 619.18 348.49 -94.63 

C16mimCl / bmimBF4, 40°C 12.8 1529.90 395.07 -114.87 

Table V-16: Monomeric VΦ
0  and aggregated apparent molar volumes micVΦ  of the SLILs in EAN and 

bmimBF4, respectively. Additionally, the density gradients D obtained from d vs. molonity plots of 
each investigated system are given. 

One possibility for the large values of the apparent molar volumes of the SLIL 

monomers in solution of bmimBF4 may be an enlargement of the volumes due to sol-

vent effects: It must be pointed out that the apparent molar volume is affected by sol-

vent molecules (solvent cation and anion in the present case) with a significant interac-

tion with the solute. In this context, two contributions, which can increase 0VΦ , may be 

considered for the instant situation: (i) a significant counterion exchange between the 
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SLIL and the RTMS, and (ii) considerable interactions of the solvent RTMS cations, 

which exhibit the same imidazolium scaffold, with the imidazolium SLILs. The latter 

suggest that the SLILs are more solvated as free monomers than in the micellar state, 

when they are solubilised in bmimBF4. This fact explains also the cac results obtained 

from surface tension and density isotherms: the cacs of the SLIL/bmimBF4-systems are 

higher than the corresponding values for the SLIL/EAN-systems because of the good 

solvation of the SLIL monomers in solution of bmimBF4, which makes an unfavourable 

contribution to the micellization tendency of the SLILs in bmimBF4. Note, the latter is 

consistent with the lower values of 0
micGΔ  calculated for the SLIL/bmimBF4-systems in 

comparison to the respective SLIL/EAN-systems. The higher 0
micGΔ  of the SLIL/EAN-

systems agrees with their lower values of 0VΦ , which may be the result of lower solva-

tion of the SLILs within the ammonium RTMS. In contrast to the quite high difference 

of the 0VΦ  quantities, the values of micVΦ  observed for the SLIL/EAN-systems and the 

respective SLIL/bmimBF4-systems differ only slightly from each other. In general, 

somewhat higher micVΦ  were found for the bmimBF4-systems. Therefore, the solvation of 

the aggregated SLILs within the two types of RTMS may be similar. The small differ-

ences of micVΦ may be also attributed to different solvent properties of EAN and 

bmimBF4 affecting the SLILs in their micellized form as already discussed previously 

(e.g. different rates of anion exchange and/or different types of solvent-micelle interac-

tions).  

Compared to the micVΦ  of the aqueous SLIL-systems, the respective apparent mo-

lar volumes of the SLIL/RTMS series are higher. Again, solvent effects may be respon-

sible for this observation. 

Beside the cac and the apparent molar volumes of the SLILs in the two RTMS, 

the density gradients D, which were used to convert the different concentration scales 

into each other, are also given in Table V-16. 

2.4 Small angle neutron scattering: Micellar structure 

In order to confirm the presence of micellar structures formed by the CnmimCl 

amphiphiles in EAN and bmimBF4, respectively, SANS measurements of different 
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C12mimCl/EAN-, C14mimCl/EAN-, C16mimCl/EAN-, and C16mimCl /bmimBF4-

mixtures were performed at the V4 neutron scattering instrument of the Hahn-Meitner-

Institute at 25°C. It is worth noting that neither the surfactant-like ionic liquids nor the 

solvent RTMSs were deuterated in order to improve the scattering contrast. For this 

reason, mixtures with a very high SLIL concentrations (up to about 20 wt.% for each 

series) were measured to obtain an adequate scattering intensity. 

During the next chapters only the detailed analysis of the C16mimCl/EAN and 

C16mimCl/bmimBF4 will be presented, since the CnmimCl/RTMS SANS measurements 

were applied together with Dipl. Chem. Oliver Zech, who will present the results of the 

remaining SLIL/RTMS-systems in an upcoming work. 

2.4.1 Primary data inspection: Dimensionality and Porod regime 

( )I q  vs. q  plots of the investigated SLIL/RTMS-mixtures and the pure RTMS 

are presented in Figure V-25 and Figure V-26 for the EAN solutions and bmimBF4 so-

lutions, respectively. Because of the low scattering contrast (remember no deuterated 

SLIL or RTMS was used for these experiments), the absolute scattering intensities are 

quite low (< 1 cm-1) for all solutions under investigation, especially when the investi-

gated solutions contain bmimBF4 as solvent RTMS. This observation can be mainly 

attributed to the boron atom of the BF-
4 anion, which is well known to absorb neutrons, 

leading to low scattering intensities. The curves of scattered intensity ( )I q  for all solu-

tions with added SLIL exhibit a peak whose intensity maxI( q )  and position maxq  depend 

on concentration for a given SLIL. The peak becomes quite pronounced at higher con-

centrations. It is evident that the presence of a peak in the scattering intensity is indica-

tive for the formation of aggregates within the molten salt solutions, since the pure 

RTMS show no scattering. Only flat curves were observed for pure EAN and pure 

bmimBF4, respectively.  

Before specific models were applied to fit the SANS curves, a fundamental in-

spection of the scattering data was performed using scaling laws, which are model inde-

pendent.  
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Figure V-25: Scattering patterns of the different CnmimCl/EAN 
samples obtained by SANS at 25°C. Additionally, the scattering 
curve of pure EAN is shown. 
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Figure V-26: Scattering pattern of the different 
C16mimCl/bmimBF4 samples obtained by SANS at 40°C. Addi-
tionally, scattering curve of pure bmimBF4 is shown. 

This procedure is quite important because of the complexity of the investigated 

salt mixtures compared to systems, where surfactants are solubilised in conventional 

solvents, which are not composed of two charged species and therefore cannot dissoci-

ate. When long-chain imidazolium chlorides are dissolved in a solvent RTMS, several 

additional factors that notably influence the aggregate formation have to be considered. 

These will include (i) the high ionic strength of the SLIL/RTMS-systems (the Debye 

length is approximately 0.1 nm) 23, (ii) a competitive counterion binding between the 

chloride of the CnmimCl amphiphiles and solvent RTMS anion (in the present cases the 

nitrate or the tetrafluoroborate anion), and finally (iii) the distribution of the solvent-

RTMS anion and cation between the bulk solvent phase and the self-assembled aggre-

gates (e.g. some RTMS components may act also as co-surfactants).  

In order to get an idea about the selection of an appropriate form factor model 

for the scattering patterns and its base parameters, the interpretation of scattering curves 

according to scaling laws are very useful. For this reason, the intermediate, and large q-

range of all scattering patterns of the C16mimCl/EAN and C16mimCl/bmimBF4, respec-

tively, were analyzed. From the intermediate q-range the dimensionality of the formed 

aggregates can be predicted, whereas the high q-range gives the surface areas of the 

particle/solvent interfaces per unit volume of solution /S V  according to Porod et al. 55, 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.40

0.44

0.48

0.52

0.56

0.60

0.64

0.68

0.72

SANS, C16mimCl in bmimBF4, 40°C

 

 bmimBF4

 12.02 wt.%
 14.96 wt.%
 17.68 wt.%
 21.80 wt.%

I(q
) /

 c
m

-1

q / nm-1



V Results & Discussion – Aggregation of SLILs in solution of room temperature molten salts 332 

56. By using /S V , it is also possible to obtain an estimate of the particle size by calcula-

tion of the Porod radius 57. For the extraction of the particle dimensionality log I( q )  vs. 

log q  plots were applied to all measured concentrations of the C16mimCl/RTMS series. 

Then, the decay of the intermediate q-portion of the scattering curve was determined. 

Figure V-27 exemplifies such a plot for the 1.90 wt.% and 12.02 wt.% of C16mimCl in 

EAN and bmimBF4, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-27: log ( )I q  vs. q  plots of a 1.90 wt.% and 12.02 wt.% 
solution of C16mimCl in EAN and bmimBF4, respectively, used 
for the determination of the particle dimensionality. The scatter-
ing pattern was corrected by the background scattering. The red 
line shows the 4q−  decay in the mediate q-range, which is in-
dicative for spherical objects. 
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As illustrated by the red lines, each of the two curves show defined 4q−  decay in 

the mediate q-range which is indicative for spherical globular aggregates. In order to get 

an impression about the size of the aggregates in solution, Porod-plots, 4( )I q q  as a 

function of q , were established for all concentrations of the C16mimCl/EAN and 

C16mimCl/bmimBF4 series, respectively. In Figure V-28, representative plots are given 

for C16mimCl in EAN and in bmimBF4, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-28: Porod plots of a 1.90 wt.% and a 12.02 wt.% solution 
of C16mimCl in EAN and bmimBF4, respectively. The scattering 
pattern was corrected by the background scattering. 

In the area where the asymptote is reached, the two curves strongly oscillate 

around an average value that represents the Porod constant. The oscillations arise from 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
-5x1026

0

5x1026

1x1027

2x1027

SANS, 1.90 wt.% C16mimCl in EAN, 25°C

 

I(q
)q

4  / 
cm

-5

q / nm-1

Porod regime

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0

1x1027

2x1027

3x1027

4x1027

5x1027

6x1027

7x1027

SANS, 12.02 wt.% C16mimCl in bmimBF4, 40°C
 

I(q
)q

4  / 
cm

-5

q / nm-1

Porod regime



V Results & Discussion – Aggregation of SLILs in solution of room temperature molten salts 334 

the small difference between the scattering length densities of the aggregate and solvent 

leading to relatively high errors of the scattering intensity in the high q-regime. For this 

reason, it was impossible to extract the value of /S V  with any certainty. However, 

qualitative information could be obtained from the appearance of the Porod-plot. Since 

the observation of a Porod limit is a precondition for the presence of particles with sharp 

and smooth interfaces in the sample solution, the presence of defined aggregates in the 

C16mimCl/EAN- as well as in the C16mimCl/bmimBF4-system is proven 56. 

2.4.2 Basic considerations used for the model fitting of the neutron scattering data 

Based on the results achieved from the primary inspection of the scattering data 

using scaling laws, the following form factor model was developed to fit the scattering 

data. The scattering intensity of a number of aggregates in solution per unit volume is 

expressed by the already presented formula incorporating the products of the number 

density of particles pn , the scattering contrast m solvρ ρ− , the volume of the particle pV , 

shape factor ( )F q , structure factor ( )S q , and a constant background term BGincoh 55: 

 ( ) 22 2 ( ) ( )p m s p incoh
d n V F q S q BG
d

ρ ρΣ
= − +

Ω
 (V-6)

As in the case of the aqueous CnmimCl solutions, a core-shell model was assumed for 

the C16mimCl/EAN as well as for the C16mimCl/bmimBF4-system. Further, a spherical 

geometry of the scatterers expressed by the radius of the aliphatic core R  and a particle 

shell with the thickness t  was applied in accordance to the information obtained from 

the dimensionality plots. Thus, the form factor is described by the following key pa-

rameters: 

(i) The scattering length densities of the hydrophobic core, coreρ , interface region 

(including head group, counterions, solvent), shellρ , and solvent, solvρ . 

(ii) The geometrical parameters, which define the core-shell spheroid: the dimen-

sions R  and t  that is the radius of the sphere and the thickness of the shell (in-

cluding head group, counterions, solvent), respectively. 
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Table V-17 shows the scattering length densities of the investigated C16mimCl/RTMS 

systems that are of interest in the following analysis. The slds are divided into the dif-

ferent scattering contributions of hydrocarbon core, possible shell components, and sol-

vent RTMS. The slds were calculated according to the already presented theory (cp. 

Chapter IV.7.2.2). A dry aggregate core consisting of the –[C16H33] fragment of the 

C16mimCl was assumed with a coreρ  = -3.53 × 109 cm-2. The scattering length density of 

the shell is the consequence of the various sld s of the components possibly located at 

the aggregate surface. In the present case, shellρ  results from the imidazolium cation (-

mim+) and the different types of anions (Cl-, BF-
4, NO-

3) in the investigated systems. 

Consequently, the value of shellρ  should range within 1.35 × 1010 cm-2 ≤ shellρ  ≤ 5.56 × 

1010 cm-2 and 1.35 × 1010 cm-2 ≤ shellρ  ≤ 3.81 × 1010 cm-2 for the C16mimCl/EAN- and 

C16mimCl/bmimBF4-systems, respectively. Considering these quantities, it may be clear 

that the exact determination of t and the corresponding shellρ  is a very difficult task, 

because of the low scattering contrast between shell components and solvent resulting 

from the very similar slds. Therefore, the question arises how far the neutrons are sensi-

tive to the shell region. Figure V-29 schematically illustrates the scattering length den-

sity profile used for data fitting of the C16mimCl/RTMS-systems. 

 

 

 

 

 

 

 

Figure V-29: Scattering length density profile of a micellar core-
shell particle. The two steps correspond to the scattering length 
densities of core and shell, respectively. 
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For the consideration of the interparticle interactions present at high C16mimCl concen-

trations, a structure factor of uncharged hard spheres was used following the work of 

Evans et al. who also supposed that the interactions between micelles formed by a cati-

onic surfactant in a RTMS are well described by a hard-sphere potential 10. Since all 

RTMS have high molarity in salt (equivalent to a high ionic strength), and are com-

pletely ionized, the positive charge associated with the imidazolium head groups at the 

surface of the micelle may be almost completely neutralized by counterions contained 

within the shell region. Consequently, there is no separation of charge and no double 

layer in the usual sense. Because of the diminished Coulombic interactions, a suitable 

choice of the hard-sphere ( )S q  used for the data fitting is the Percus-Yevick (PY) struc-

ture factor. The PY structure factor is defined by the following three base parameters: 

(i) The temperature T . 

(ii) The hard-sphere volume fraction of the aggregates hsΦ . 

(iii) The hard-sphere radius of the aggregates hsR . 

So far, the key parameters, which are necessary to fit the scattering patterns, are 

R , t , coreρ , shellρ , solvρ , hsR , hsΦ  and BGincoh. Additionally, a polydispersity of the parti-

cle radius was considered using a log-norm distribution 60. Therefore, an additional fit-

ting parameter σx, which represents the distribution parameter of the assumed log-norm 

distribution, was introduced to the model. σx denotes the standard deviation from the 

average particle radius. 

In order to obtain reliable fit results of the scattering patterns, the number of free 

parameters included in ( )P q  and ( )S q , respectively, were restricted as far as possible 

by conclusive assumptions: The scattering length densities of hydrocarbon core and 

solvent were fixed to the values given in Table V-17. ρshell was restricted to the intervals 

given previously and the value of Rhs was set to Rhs = R + t, since the latter expression 

represents the hard-sphere radius of the aggregate in solution. 
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Hydrocarbon core Shell components Solvent RTMS 
Parameter 

-[C16H33] -[mim+] [Cl-] [NO3
-] [BF4

-] EAN bmimBF4 

M / g mol-1 225.44 - - - - 108.10 226.02 

d / g cm-3 0.773a - - - - 1.210e 1.196e 

VΦ  / cm3 mol-1 291.64b 82.10c 17.40d 29.00d 44.18d 89.30b 188.98b 

V / cm3 4.84 × 10-22 1.63 × 10-22  4.82 × 10-23 7.34 × 10-23 1.48 × 10-22 3.14 × 10-22 

ib∑  / cm-1 -1.71 × 10-12 2.20 × 10-12 9.58 × 10-13 2.68 × 10-12 2.79 × 10-12 1.95 × 10-12 4.37 × 10-12 

sld  / cm-2 -3.53 × 109 1.35 × 1010 3.31 × 1010 5.56 × 1010 3.81 × 1010 1.31 × 1010 1.39 × 1010 

Table V-17: The scattering length densities (sld) of the component blocks applied in the SANS evaluation together with 
the quantities used for their calculation. aRef. [38]; density (25°C) of hexadecane. bCalculated from the ratio of molar mass 
and density. cRef. [58]. dRef. [59]. eEstimated from density measurements at 25°C and 40°C for EAN and bmimBF4, respec-
tively. 
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On this basis, the remaining parameters were fitted to the experimental data us-

ing the SASFit program package, which minimizes the deviations of the theoretical 

scattering function to the experimental data by variation of the model parameters 61. The 

consistency of the fitted model parameters obtained from SASFit were cross-checked by 

comparison of fitΦ  obtained from the scale factor np (particle number density) with the 

expected volume fraction expΦ  appreciated from the molar volume of C16mimCl in the 

aggregated state and the known SLIL concentrations minus the corresponding cacs. 

Further, the hard-sphere volume fraction hsΦ  obtained from fitting the PY structure fac-

tor to the scattering pattern has to be in the order of magnitude as the values of fitΦ  and 

expΦ , respectively. If there was a significant departure between fitΦ , expΦ , and hsΦ , the 

fitting function was discarded and the initial model parameters were changed for the 

next fitting attempt. This procedure was repeated until a satisfactory description with 

consistent model parameters was achieved.  

During the fitting procedure, all theoretical scattering curves, which were ad-

justed to the experimental data, were smeared in order to achieve the best possible de-

scription of the experimental scattering pattern. SASfit takes into account the apparatus 

geometry as well as the FWHM calculated the contribution of the smearing effects = 11 

% of the V4 spectrometer (cp. Table IV-6). 

From the core radius R  of the micelle, the aggregation number aggN  was esti-

mated by the ratio of the core volume to the volume chainV  of the hexadecane tail, which 

was assumed to build up the micellar core: 

 
34

3
core core

agg
chain hexadecane

R VN
V V

π ⋅
= =  (V-7)

2.4.3 Model fitting results 

The best fits to the data of the two investigated systems are shown in Figure 

V-30. The obtained fitting values are given in Table V-18 and Table V-19, respectively. 

Good fits were obtained for all scattering patterns (low 2χ ). The core radii of the model 

fits are constant over the concentration range covered for the two C16mimCl/RTMS-
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systems. In this context, values of approximately 2.54 nm and 2.05 nm were obtained 

for the C16mimCl/EAN and C16mimCl/bmimBF4 series, respectively. The correspond-

ing aggregation numbers are also nearly constant for the investigated concentration 

range. Average values of 87 and 37 were estimated for Nagg of the two 

C16mimCl/RTMS-systems.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-30: SANS data of the investigated C16mimCl/RTMS-
systems with the best fits to the datasets. The scattering curves 
were multiplied by factors of 100, 101, 102, 103, and 104 for clarity. 
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it is clear that the obtained core radii for the investigated systems are significantly lower 

than that value. This requires that many of the hydrophobic surfactant chains be crum-

bled so that their terminal methyl groups are located close to or at the surface of the 

micellar core. Interestingly, the folding appears to be more dominant for the 

C16mimCl/bmimBF4-system reflected by the lower core radii of the aggregates. From 

this observations, it can be assumed, that the choice of the solvent-RTMS tunes the size 

and therefore the aggregation number of a given surfactant. Interestingly, Evans et al., 

who performed light scattering measurements of common pyridinium surfactants in 

EAN, already reported that micelles of ionic surfactants are considerably smaller in the 

RTMS than in water. Further, the authors supposed a chain folding of the pyridinium 

surfactants 10. Patrascu et al. investigated the self-assembly of various CiEj-based sur-

factants by means of DLS and SANS in bmimBF4 and in bmimPF6, respectively 36. The 

extracted quantities of the micellar radii and of the aggregation numbers for the non-

ionic surfactants were found to be significantly smaller than the corresponding values in 

aqueous solution. Additionally, a considerable size variation of the micelles depending 

on the solvent-RTMS was reported. For example, radii of 2.5 nm and 1.4 nm were re-

ported for C14E8 dissolved in bmimBF4 and in bmimPF6, respectively. The correspond-

ing Nagg were reported as 75 and 15. The observations of Patrascu et al., and also those 

of Evans et al., agree very well with the SANS findings for the C16mimCl micelles ob-

tained in the underlying work. 

The shell thicknesses of the micelles are similar for the two C16mimCl/RTMS-

series and no change was observed, regardless of the SLIL concentration. A value of 

around 0.4 nm was achieved for the C16mimCl/EAN- and C16mimCl/bmimBF4-system, 

respectively. Keeping in mind that the imidazolium ring is a planar pentagon, and the 

N1–C1 and C1–N2 bond lengths are 0.132 nm and the C2–C3 bond length is 0.134 nm, 

indicating the conjugated double-bond nature. The N1–C3 and N2–C2 bond lengths are 

1.370 nm, which are shorter than that of a pure C–N single bond (typically 0.147 nm) 62. 

Considering these distances combined with a assumed circular geometry of the imida-

zolium cation, the diameter of the imidazolium ring can be estimated to be approxi-

mately 0.214 nm.  
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  C16mimCl/EAN   

wt.% 1.90 3.99 5.82 8.00 10.63 

c / mol L-1 6.08 × 10-2 1.27 × 10-1 1.86 × 10-1 2.55 × 10-1 3.39 × 10-2 

hsΦ  / % 1.91a 4.61a 6.02 9.00 11.96 

R  / nm 2.54 2.54 2.54 2.54 2.54 

t  / nm 0.38 0.38 0.38 0.38 0.38 

shellρ  / cm-2 5.09 × 1010 5.09 × 1010 5.09 × 1010 5.09 × 1010 5.09 × 1010 

aggN  87 87 87 87 87 

xσ  0.12 0.12 0.12 0.12 0.12 

2χ  0.92 2.42 2.08 1.88 2.61 

Table V-18: Overview of the SANS results extracted from model fitting of the investigated 
C16mimCl/EAN series at 25°C. aNo structure factor was used for the data fitting. Conse-
quently, the presented aggregate volume fraction was calculated from the scaling parame-
ter. 

 

 C16mimCl/bmimBF4  

wt.% 12.02 14.96 17.68 21.80 

c / mol L-1 4.59 × 10-1 5.72 × 10-1 6.76 × 10-1 8.33 × 10-1 

hsΦ  / % 12.13a 15.59 17.07 20.93 

R  / nm 2.01 2.03 2.05 2.05 

t  / nm 0.40 0.40 0.40 0.40 

shellρ  / cm-2 3.05 × 1010 3.05 × 1010 3.05 × 1010 3.05 × 1010 

aggN  36 37 38 38 

xσ  0.12 0.13 0.12 0.12 

2χ  2.01 1.73 2.15 2.06 

Table V-19: Overview of the SANS results extracted from model fitting of 
the investigated C16mimCl/bmimBF4 series at 40°C. aNo structure factor 
was used for the data fitting. Consequently, the presented aggregate vol-
ume fraction was calculated from the scaling parameter. 

Using the latter together with two times the 0.147 nm for the length of the N–

CH3 group and the N–CH2 group, the shell thicknesses of about 0.40 nm for both 
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C16mimCl/RTMS-systems seem quite reasonable. Since it is known from structural 

studies of imidazolium-based ionic liquids that the anions are away from the methyl 

group, which is substituted at the nitrogen atom, and rather close to the hydrophobic 

region produced by the n-alkyl-group at N1, the counterions may not significantly in-

crease the shell. Consequently, the length of the imidazolium head group may mainly 

define the shell thicknesses, which is in accordance to the previous calculation.The scat-

tering length densities of the shell were evaluated as constant for the both 

C16mimCl/RTMS-systems indicating a constant shell region over the concentration 

range studied. Values of 5.09 × 1010 cm-2 and 3.05 × 1010 cm-2 were obtained for 

C16mimCl/EAN- and C16mimCl/bmimBF4-series, respectively. These shellρ  are slightly 

higher than the value of 1.35 × 1010 cm-2 calculated for the [–mim+] group of C16mimCl 

and the value of 3.31 × 1010 cm-2 calculated for the chloride anion. Since EAN and 

bmimBF4 are 11.1 M and 5.3 M in nitrate ion and tetrafluoroborate ion, respectively, 

these ions may be the dominant counterions of the aggregates in the respective system. 

Hence, it seems likely that the quantities of shellρ  extracted for the two 

C16mimCl/RTMS-series are the results of the scattering contributions of the imida-

zolium/nitrate and the imidazolium/tetrafluoroborate combination, respectively. Taking 

into account the scattering length densities of nitrate and tetrafluoroborate, which are 

higher than the scattering length density of the imidazolium headgroup, the observed 

values of shellρ  are reasonable. 

For both analyzed C16mimCl/RTMS-sytems, the particle volume fractions calcu-

lated from the scaling factor were always consistent with the respective values extracted 

from the structure factor and further with the expected volume fractions appreciated 

from the molar volume of C16mimCl. Figure V-31 illustrates the hard-sphere structure 

factors obtained by fitting the scattering spectra of C16mimCl in EAN and bmimBF4, 

respectively. No structure factors for the 1.90 wt.% and the 3.99 wt.% samples of the 

C16mimCl/EAN-system were used to describe the scattering patterns as indicated by 

( ) 1S q =  in Figure V-31 (top). 
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Figure V-31: Structure factors obtained from the data fitting for 
C16mimCl aggregates in EAN and bmimBF4, respectively. 

The structure factors for the higher concentrations of all examined 

C16mimCl/EAN samples show an increase concerning the height of the maximum of 

( )S q  and simultaneously oscillations at higher q-values become more and more pro-

nounced indicating interparticle interactions of higher long-range order. Additionally, 

( 0)S q =  decreases because of the reduced isothermal compressibility for an increased 

number of aggregates as the SLIL concentration rises. Contrarily, all scattering patterns 

of the C16mimCl/bmimBF4 had to be fitted by using a ( )S q  contribution, because of the 

high particle number density of the very concentrated C16mimCl/bmimBF4-samples. As 

Figure V-31 illustrates, the ( )S q  evolution of the C16mimCl/bmimBF4-system is the 

same as for the series where EAN acted as solvent-RTMS, the height of the S(q)-
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maxima increases and the oscillations become more pronounced with increasing 

C16mimCl content. 

2.5 High-temperature measurements 

In addition to the investigations of CnmimCl/EAN and CnmimCl/bmimBF4 mix-

tures at low temperatures, the thermal stability of the binary SLIL/RTMS mixtures and 

the existence of self-assembled micellar structures at high temperatures (>> 100°C), 

was a central part of the present work taking advantage of the wide temperature range 

over which IL-systems are liquid and stable. In order to define the maximum stability 

temperature of the CnmimCl/RTMS systems substantial thermal gravimetric analyses of 

the pure substances as well as of different SLIL/RTMS mixtures were performed. The 

phase behaviour as a function of temperature (within the estimated temperature stability 

range) was investigated visually for SLIL/RTMS solutions with concentrations up to 25 

wt.%. Further on, the presence of micellar aggregates within the C16mimCl/EAN- and 

C16mimCl/bmimBF4-solutions, respectively, was verified using high-temperature scat-

tering techniques (HT-SAXS and HT-SANS). 

2.5.1 Thermal gravimetric analysis: Tdec 

In order to proof the high-temperature stability of the CnmimCl/RTMS-mixtures, 

thermal gravimetric measurements were carried out. Figure V-32 and Figure V-33 

shows the TGA results obtained for the pure SLILs and RTMS, respectively. Decompo-

sition temperatures SLIL
decT  of 273°C, 280°C, and 274°C were achieved for C12mimCl, 

C14mimCl, and C16mimCl (cp. also Table V-20). These values are about 20°C higher 

than nC TAC
decT  of the corresponding common CnTAC surfactant analogues, which were 

found to be 12C TAC
decT = 256°C, 14C TAC

decT = 262°C, and 16C TAC
decT = 258°C, respectively (cp. in-

sets of Figure V-32). The higher decomposition temperature of the CnmimCl series in 

comparison to the common trimethylammonium chloride surfactants results from the 

aromatic imidazolium head group, which makes decomposition via an elimination reac-

tion at the N1-position less favourable than an elimination of the long alkyl-chain at the 

nitrogen in the case of the CnTAC analogues 63.  
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Figure V-32: TGA curves of the three SLILs under investigation. 
The decomposition temperature, SLIL

decT  of each SLIL is indicated 
by an arrow. Additionally, the TGA graphs of the corresponding 
CnTAC analogues are given as insets. 
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Figure V-33: TGA curves of the two solvent-RTMS under investi-
gation. The decomposition temperature, RTMS

decT  of each RTMS is 
indicated by an arrow. 

For this reason, the imidazolium surfactants may be more suitable for high-

temperature applications than the conventional amphiphiles incorporating the trimethyl-

ammonium head group.  

Values of 260°C and 393°C were obtained for EAN and bmimBF4, respectively, 

in agreement to the literature values 25, 64. This huge stability difference of about 130°C 

is in line with the already presented fundamentals concerning ionic liquids in which 

PILs were denoted as less stable compared to APILs, since the decomposition takes 

place by reversion of the acid/base reaction (cp. Chapter II.1.4.2). The latter is energeti-

cally more favourable than dealkylation of the imidazolium head group reflected by the 

lower RTMS
decT . 
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Figure V-34: TGA curves for the CnmimCl/EAN mixtures (10 wt.% 
SLIL). Two decomposition temperatures, SLIL

decT as well as EAN
decT , 

found for each mixture are indicated by an arrow. 

 

0 50 100 150 200 250 300 350 400
0

20

40

60

80

100

120

TGA C14mimCl (10 wt.%)/EAN, 10°C/min

 

sa
m

pl
e 

w
t.%

θ / °C

TC14mimCl
dec  = 305°C

TEAN
dec  = 240°C

0 50 100 150 200 250 300 350 400
0

20

40

60

80

100

120

TGA C16mimCl (10 wt.%)/EAN, 10°C/min

 

sa
m

pl
e 

w
t.%

θ / °C

TC12mimCl
dec  = 305°C

TEAN
dec  = 251°C

0 50 100 150 200 250 300 350 400
0

20

40

60

80

100

120

TGA C12mimCl (10 wt.%)/EAN, 10°C/min

 

sa
m

pl
e 

w
t.%

θ / °C

TC12mimCl
dec  = 305°C

TEAN
dec  = 261°C



V  Results & Discussion – Aggregation of SLILs in solution of room temperature molten salts 348 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-35: TGA curves for the CnmimCl/bmimBF4 mixtures (10 
wt.% SLIL). Two decomposition temperatures, SLIL

decT as well as 
bmimBF

decT 4 , of each mixture are indicated by an arrow. 
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Figure V-34 and Figure V-35 give the TGA curves obtained for the 

CnmimCl/EAN (10 wt.% SLIL) and the CnmimCl/bmimBF4 (15 wt.% SLIL) mixtures. 

Contrary to the results presented for the pure ILs, two decomposition temperatures 

could be identified for the SLIL/RTMS mixtures, which are linked to the two steps visi-

ble in the sample wt.% vs. temperature plot. This two-step degradation is obviously due 

to the decomposition of the SLILs and the RTMS, respectively. An overview of the 

observed results including the decomposition temperature of the SLIL SLIL
decT , the de-

composition temperature of the RTMS RTMS
decT , and the connected weight percentage 

differences, .%SLILwtΔ  and .%RTMSwtΔ , are shown in Table V-20. In the case of the 

SLIL/EAN mixtures the first huge substance loss (≈ 90 wt.%) can be assigned to the 

decomposition of EAN, whereas the second one (≈ 10 wt.%) represents the degradation 

of the present SLIL.  

Samples SLIL
decT C°/  RTMS

decT C°/  SLILwtΔ .%  RTMSwtΔ .%  

C12mimCl 273 - - - 

C14mimCl 280 - - - 

C16mimCl 274 - - - 

EAN - 260 - - 

bmimBF4 - 393 - - 

C12mimCl/EAN, 10 wt.% 305 261 8 92 

C14mimCl/EAN, 10 wt.% 305 241 9 91 

C16mimCl/EAN, 10 wt.% 305 251 9 91 

C12mimCl/bmimBF4,15 wt.% 266 418 14 86 

C14mimCl/bmimBF4,15 wt.% 267 402 12 88 

C16mimCl/bmimBF4,15 wt.% 270 421 11 89 

Table V-20: Results of the TGA measurements for SLILs (C12mimCl, C14mimCl, C16mimCl), 
RTMS (EAN, bmimBF4), and their mixtures. 

The EAN decomposition occurs at around 250°C which is approximately the 

same value as that of the pure RTMS. Compared to the pure SLILs slightly higher de-
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composition temperatures (305°C) were extracted for the CnmimCl salts dissolved in 

EAN. 

A reversed situation was found for the CnmimCl/bmimBF4 mixtures. Here, the 

first decomposition is due to the degradation of the SLIL and the second one represents 
the decomposition of the RTMS. The values of SLIL

decT  and RTMS
decT  agree very well with 

those quantities obtained for the pure salts.Since the high-temperature stability of each 

SLIL/RTMS-system is limited by the first occurring degradation, the upper stability 

temperature of the two investigated systems is very similar, approximately 260-270°C. 

However, the limiting compound is different, RTMS in the case of the EAN mixtures 

and the SLILs in the case of the bmimBF4 mixtures. It is noteworthy that no variation of 

the decomposition temperatures with SLIL content (up to 25 wt.%) was observed. 

Therefore, the presented TGA results are also representative for SLIL/RTMS mixtures 

incorporating less quantities of amphiphilic ionic liquid. 

2.5.2 Visual observations 

In order to get information about the phase behaviour as function of temperature 

and especially about potentially appearing demixing temperatures, SLIL/RTMS solu-

tions with different CnmimCl concentrations above the cacs (up to 25 wt.%) were char-

acterized visually in the wide temperature range of 25-150°C. No phase separation was 

observed for each system. For this reason, micellar structures can be supposed for each 

investigated SLIL/RTMS system also up to 150°C. Figure V-36 shows representative 

examples of SLIL/RTMS mixtures illustrating the isotropic appearance of the solutions 

between 25°C temperature (or 40°C in the case of the bmimBF4-systems) and 150°C. 

The SLIL content was 10 percent of weigth for each sample shown. 
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Figure V-36: Representative examples of 
SLIL/RTMS mixtures illustrating the isotropic 
appearance of the solutions between 25°C (40°C 
in the case of the bmimBF4-systems) and 150°C. 

2.5.3 High-temperature small-angle scattering 

In order to establish the proof of self-assembled aggregates within the examined 

SLIL/RTMS-mixtures also at elevated temperatures (>> 100°C), high-temperature (HT) 

SAXS- and SANS-measurements were carried out using a traditional Kratky apparatus 

at the MPI Golm and the D22 instrument at the LLB Grenoble, respectively. Because of 

the limited beam time at the two institutes, especially in the case of the SANS meas-

urements, which were performed in parallel to another main project, only 

C16mimCl/EAN as well as C16mimCl/bmimBF4 solutions were investigated. Based on 

the visual observations and the TGA measurements, the following high-temperature 
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scattering investigations were performed up to a maximal temperature of 150°C at 

which definitively no decomposition of the SLIL/RTMS-systems occurs. Figure V-37 

presents the obtained SAXS patterns of a constant C16mimCl amount dissolved in EAN 

(10.03 wt.% SLIL) and bmimBF4 (24.94 wt.% SLIL), respectively.  

The C16mimCl/EAN solution was measured at five different temperatures be-

tween 25°C and 150°C. Additionally, the spectra of pure EAN at 25°C is given, which 

is also representative for the higher temperatures, since no scattering differences of 

EAN between room-temperature and the higher temperatures were observed. Due to the 

low statistics of the used traditional Kratky camera employing a 1D-detector, the given 

scattering patterns show significant fluctuations of the data points. In order to demon-

strate that these fluctuations are exclusively due to the instrument setup and not due to 

unfavourable X-ray scattering of the micelles, the inset of Figure V-37 (top) addition-

ally shows the SAXS spectrum of the same C16mimCl/EAN sample measured on a ro-

tating anode instrument with a 2D-detector system. As can be seen, a smooth spectrum 

was achieved resulting from the better statistics of this instrument setup. However, all 

HT-SAXS measurements had to be performed at the Kratky instrument, since it allowed 

measurements also at temperatures greater than 50°C. Nevertheless, the resolution of 

the Kratky instrument is enough in order to draw the following general conclusions: 

Contrary to the pure EAN sample the scattering curve of the 10.03 wt.% 

C16mimCl/RTMS solution measured at 25°C shows a peak at maxq ≈ 0.8 nm-1, which is 

indicative for the presence of self-assembled aggregates within the sample. From the 

shape of the peak, substantial intermicellar interactions can be assumed. As the tem-

perature increases, the peak shape changes and becomes more diffuse and shifts slightly 

towards lower q-values. These observations are the consequence of two effects: (i) the 

isothermal compressibility of the system changes, which is directly connected to the 

appearance of the interaction peak, and, additionally, (ii) the distance between the mi-

celles increases. The latter may be the direct result of the presence of a lower number of 

micelles caused by the temperature dependence of the cac, which increases as the tem-

perature becomes higher. Thus, the number of micelles diminishes, since a lower 

amount of SLIL is available for aggregate formation. The central part of the SAXS pat-
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Figure V-37: HT-SAXS spectra of the investigated C16mimCl/EAN 
and C16mimCl/BF4 systems, respectively, obtained by the Kratky 
instrument at various temperatures. Additionally, the spectra of 
pure EAN and bmimBF4 are given for comparison. The insets 
show the SAXS data of the respective C16mimCl/RTMS solutions 
obtained by the rotating anode instrument at 25°C and 40°C, re-
spectively. 

A similar conclusion can be drawn from the scattering curves of the 25 wt.% 

C16mimCl/bmimBF4 sample, although only two temperatures were measured. Again, 

the scattering curve of the SLIL containing sample shows a pronounced peak at 25°C 
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and 150°C, respectively. The peak is not found in the scattering pattern of the pure 

bmimBF4. However, the peak location is shifted towards higher q-values ( maxq ≈ 1.2 nm-

1) compared to the EAN system. Further, the location and the appearance of the scatter-

ing decay in the central part of the curve obtained at 40°C differs significantly from that 

obtained at 150°C. Therefore, a progressive change of the aggregate shape as a function 

of temperature and/or a polydispersity increase is presumable at higher temperatures. As 

for the C16mimCl/EAN-sample, the inset in Figure V-37 (bottom) shows the SAXS 

curve obtained from the rotating anode instrument for comparison. 

Figure V-38 shows the HT-SANS patterns of C16mimCl/EAN- and 

C16mimCl/bmimBF4-samples with varying SLIL concentrations measured at a tempera-

ture of 150°C. In opposition to the HT-SAXS measurements, where the change of the 

scattering pattern as a function of temperature was monitored, the HT-SANS experi-

ments focus the scattering evolution as a function of SLIL concentration in the two sol-

vent-RTMS. For these investigations, the same concentrations were used as for the 

SANS measurements performed at room-temperature at the Hahn-Meitner-Institute (cp. 

Chapter V.2.4).  

As can be seen for the C16mimCl/EAN- and the C16mimCl/bmimBF4-series, re-

spectively, the samples with high SLIL content (≥ 5.99 wt.% of SLIL in EAN and ≥ 18 

wt.% of SLIL in bmimBF4) show a peak in the scattering pattern indicating the presence 

of particles also at 150°C. Contrary to the scattering experiments at 25°C, where micel-

lar scattering was observed for all investigated concentrations, the samples with lower 

SLIL concentrations measured at 150°C show no scattering behaviour, which character-

izes micellar scattering. Again, this finding supports the speculation that a significantly 

higher amount of C16mimCl may be necessary for the formation of self-assembled ag-

gregates in the RTMS at 150°C.  

Unfortunately, it was not possible to perform a complete model analysis of the 

HT-SAXS data as well as of the HT-SANS data beside the qualitative interpretations, 

because of the following reasons: In the case of the HT-SAXS measurements, it was not 
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Figure V-38: HT-SANS spectra of the investigated C16mimCl/EAN 
and C16mimCl/BF4 systems, respectively, obtained at 150°C. Also, 
the spectra of pure EAN and bmimBF4 are given for comparison. 
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ing the research visits at the MPI. On the other hand, (ii) the HT-SANS were obtained 

on absolute scale, but the curves are unusable for model fitting for some other reason. 
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As can be seen in Figure V-38, the scattering curves of both investigated systems show 

exceptional decay behaviour in the high q-region for some concentrations, perhaps 

caused by the sample holder or a problem concerning the detector itself during the 

measurement. Until now, the responsible problem is unclear. Again, a model dependent 

analysis is impossible. 

Although this situation is not satisfactory, the qualitative interpretation of the 

scattering patterns, however, establishes the proof that C16mimCl forms aggregates in 

both solvent-RTMS also at high temperatures (up to 150°C, perhaps more). Therefore, it 

could be demonstrated that it is possible to extend the limited temperature range of 

aqueous surfactant systems by the present C16mimCl/RTMS-systems.  

It seems noteworthy that a further SANS proposal was submitted to the HMI 

Berlin in order to perform extensive scattering investigations of the SLIL/RTMS mix-

tures over a wide temperature and concentration range. The proposal was accepted by 

the scientific committee, which classified this investigation as high priority due to its 

highly innovative character. The results of the upcoming SANS measurements will be 

presented by Dipl.-Chem. Oliver Zech in an upcoming work. 
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3 Formulation and characterisation of surfactant-like ionic 
liquid/room temperature molten salt-based microemulsions 

In addition to binary colloidal systems constituted by an amphiphilic molecule 

and a solvent, multi-component self-assembled systems, well known as microemul-

sions, are of great interest for colloid chemists from the perspective of fundamental in-

vestigations as well as from an applicable point of view. Especially, reverse microemul-

sions in which a polar compound is solubilised by a surfactant, sometimes with the help 

of a co-surfactant, in an apolar medium (oil) have attracted considerable attention due to 

their ability to host hydrophilic components in organic solvents. These systems are suit-

able media for processes, which involve hydrophobic and hydrophilic reactants. Espe-

cially as “micro-reactors”, microemulsions have gained great attention for a variety of 

chemical and biological reactions. Until now, the majority of the microemulsion inves-

tigations use water as the polar component 1-6. 

Over the past years, attempts have been made to formulate and study waterless 

microemulsions. In this effort, water has been replaced by polar solvents with relatively 

high dielectric constants and which are immiscible with hydrocarbons 7, 8. These 

nonaqueous microemulsions are essentially oil continuous and have attracted much re-

cent interest from both, theoretical (thermodynamics, particle interactions) and practical 

(potential use as novel reaction media) viewpoints 9, 10. Several distinct advantages of 

nonaqueous microemulsions over the aqueous ones are reported in the literature: (i) 

Nonaqueous systems often show much larger stability regions of isotropic solutions as 

compared to the analogous aqueous systems 11, 12. (ii) A larger variety of different sur-

factants can be used to give nonaqueous microemulsions. For example, a long-chain 

phosphonium halide could be incorporated in nonaqueous microemulsions, while the 

corresponding attempts to prepare aqueous microemulsions with this surfactant were 

unsuccessful 13. (iii) Waterless microemulsions can be used as good reaction media 14. 

They are, of course, particularly attractive for those reactants, which react with water. 

The most common polar solvents used as water substitutes include formamide (FA), 
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dimethylformamide (DMF) dimethylacetamide (DMA), ethylene glycol (EG), pro-

poylene glycol (PG), and glycerol (GY) 9, 10, 15-18. 

More recent studies focus the possibility to design nonaqueous microemulsions 

using RTMS as water substitutes 19-27. For this purpose, an apolar solvent such as cyclo-

hexane 19, and toluene 20, 23, p-xylene 22, triethylamine 28, and ethylene glycol 26 were 

used as continuous phase in combination with bmimBF4 and bmimPF6 as the polar mi-

cro-environment, respectively. In all cases, the solubilization of the RTMS was estab-

lished by the non-ionic Triton X-100 surfactant. The first phase diagram with all sub-

regions including (O/RTMS), bicontinuous, and (RTMS/O) of such microemulsions 

containing an RTMS as polar compound were presented by Han and co-workers in 

2004. They clearly demonstrated by freeze-fracture electron microscopy the presence of 

reverse (RTMS/O) microemulsions build-up by defined bmimBF4 droplet structures 

similar to those already known from classical (W/O) systems 19. Their subsequent re-

ports also show the usage of bmimPF6 as polar component to enable solubility in tolu-

ene 20. These pioneering studies were followed by investigations concerning the struc-

tural details on (RTMS/O) microemulsions. Herein, RTMS microemulsions of TX-100 

in p-xylene using polar bmimBF4 as water substitute were investigated by various ex-

perimental techniques, e.g. DLS, Fourier transform infrared spectroscopy (FTIR), nu-

clear magnetic resonance (NMR) spectroscopy, and UV-Vis spectroscopy. The results 

showed that the sizes of the RTMS droplets are in the order of magnitude as in classical 

water containing microemulsions, and that the diameters of the aggregates increase with 

increasing the bmimBF4 content. Further, the interaction of TX-100 with bmimBF4 was 

studied. It was found that the electronegative oxygen atoms of EO units are bonded to 

the electropositive imidazolium ring. The micropolarity of the formed reverse microe-

mulsion droplets were monitored by absorption spectroscopy as a function of added 

bmimBF4 amount using methyl orange (MO) as probe 22. The same conclusions were 

drawn for bmimBF4/TX-100/toluene microemulsions, which were also investigated via 

UV-Vis spectroscopy in combination with a suitable dye probe (methyl orange (MO) 

and methylene blue (MB), respectively) 24. Eastoe et al. investigated bmimBF4/TX-

100/cylohexane by SANS. The authors found a regular increase in droplet volume with 
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added bmimBF4 which is common to many droplet microemulsions 29. The same system 

was characterized by Seth et al. who studied the effects of confinement in bmimBF4 on 

solvation dynamics and rotational relaxation of Courmarin-153 using steady-state and 

picosecond time-resolved emission spectroscopy 21. Another workgroup investigated the 

reverse microemulsion droplet interaction forces of the latter system by means of iso-

thermal titration calorimetry and the second virial coefficient 2b  was derived from the 

heat of dilution based on a hard-sphere interaction potential assumption. Much stronger 

interaction forces between the bmimBF4 microemulsion droplets than in aqueous sys-

tems were found as indicated by a much greater 2b  30. Furthermore, an ethylene gly-

col/TX-100/bmimPF6 containing microemulsion system is described in the literature 

with characteristics very similar to the already introduced RTMS/TX-100/hydrocarbon 

microemulsions 26. 

Recently, Atkin et al. published a very interesting work about RTMS containing 

microemulsions featuring several non-ionic alkyl oligoethyleneoxide surfactants (CiEj), 

alkanes (octane, decane, dodecane, and tetradecane) and a protic RTMS (EAN), as polar 

phase 25. They investigated different compositions with SAXS and observed a single 

broad scattering peak like in aqueous systems. The Teubner-Strey model (TS-model) 

for microemulsions was used to describe the scattering patterns. From this work, two 

main conclusions were drawn: (i) Generally, the phase behaviour and microstructure of 

ternary mixtures of the non-ionic surfactants, alkanes, and EAN closely parallels obser-

vations in water. However, the surfactant chain-length must be about 4 to 6 –CH2– 

segments longer in EAN microemulsions to obtain similar effects (e.g. a strongly struc-

tured microemulsion) to those observed in the corresponding aqueous systems. (ii) 

From the SAXS analyses, Atkin et al. supposed that the EAN microemulsions are more 

structured than their aqueous counterparts are. 

Interestingly, all these investigations deal with microemulsions in which a 

RTMS acts as polar microenvironment and non-ionic surfactant as amphiphile. Until 

now, no microemulsion systems composed of oil, ionic surfactant, co-surfactant, and a 

RTMS as water substitute have been reported in the open literature. Based on this fact 
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as well as on the previous studies directed to the application of SLILs in structured col-

loidal systems, the third part of the present work was attributed to the formulation of 

RTMS microemulsions featuring a SLIL in combination with a co-surfactant and oil. 

For this purpose, C16mimCl was chosen as amphiphile, since this salt exhibited the 

strongest aggregation ability under the investigated SLILs. Additionally, 1-decanol as 

co-surfactant, dodecane as oil together with EAN and bmimBF4, respectively, were 

used. It may be assumed that such RTMS microemulsions comprising ionic liquid am-

phiphile may show considerable different phase behaviour compared to the correspond-

ing systems with non-ionic surfactants. This could provide new information for the fun-

damental understanding of RTMS based microemulsions. Further, all compounds used 

for the formulation of the C16mimCl/1-decanol/dodecane/RTMS microemulsions ex-

hibit no or high boiling points (bp. 1-decanol: 232.9°C; bp. dodecane: 215-217°C)h as 

well as good thermal stabilities. The latter as well as the fact that ionic surfactant based 

microemulsions are less vulnerable to temperature induced demixing (or significant 

phase change) than RTMS-microemulsions formed by non-ionic surfactants 26 may pre-

destine these systems also for high-temperature applications, e.g. as high-temperature 

stable micro-reactors (cp. also Chapter I).  

The following studies focus on reverse RTMS/dodecane microemulsions. In this 

context, the realms of existence of clear and monophasic areas of two pseudo-ternary 

systems only differing by the RTMS (EAN or bmimBF4) used as water substitute will 

be presented. The phase behaviour of the two systems along defined experimental paths, 

which are located in the region of the phase diagrams where reverse RTMS nanodrop-

lets may be assumed, was characterized by means of conductivity, viscosity, dynamic 

light scattering, UV-Vis spectroscopy, steady-state fluorescence spectroscopy, and 

SAXS. Furthermore, preliminary investigations concerning the high-temperature stabil-

ity of the microemulsions were carried out by means of visual observations, DSC, and 

HT-SANS. 

                                                 
h The Merck Index on CD-Rom, Version 12:1. 
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3.1 Phase diagrams & experimental paths 

Phase diagrams the phase behaviour of microemulsions as a function of the con-

taining substances. Even though four species (C16mimCl, RTMS (EAN or bmimBF4), 

dodecane and 1-decanol) were used, the phase behaviour at a constant temperature can 

be described as a pseudo-ternary phase diagram by displaying SLIL and co-surfactant 

together (at a constant molar ratio). The following phase diagrams were obtained by 

ascertaining the intersection between 1-phase (1-Φ) and multiphase regions. The deter-

minations were carried out under nitrogen atmosphere in an air-conditioned room, 

working at 30.0°C. 

Phase determinations were performed according to the dynamic and static pro-

cedure described by Clausse et al. 31. Therefore, the surfactant was primarily dissolved 

in the co-surfactant (1-decanol), to get a stock solution in the molar ratio of 1:4 

(C16mimCl:1-decanol), which was transparent and homogeneous. After that, a concen-

tration series of C16mimCl/1-decanol in dodecane was prepared in 5 wt.% steps by add-

ing different amounts of dodecane to a certain amount of stock solution. Thus obtained 

21 samples covering a range of surfactant-to-oil mass ratio from ws/o = 0 to ws/o = 1, 

were precisely weighted into closable tubes. A schematic phase diagram is given in 

Figure V-39 where the sample series is located on the surfactants axis (the one on the 

right), which represents the binary mixtures of C16mimCl/1-decanol (1:4) and dodecane 

in the ternary diagram. Along the red lines given in Figure V-39, the RTMS was pro-

gressively added drop by drop, while a magnetic stirrer assured gentle agitation. Each 

titration experiment was stopped, once a clouding appeared. To improve the clearness 

of the transparency-to-turbidity transition, the samples were observed through crossed 

polarized filters. If the clouding did not disappear after some minutes, the sample tubes 

were weighed and the amount of RTMS initiating the phase separation was calculated. 

The actual intention was to identify 1-phase isotropic regions, which have to be not only 

kinetically, but also thermodynamically stable. This was proofed by static investigations 

in which different samples located within the isotropic 1-phase region estimated from 

the previous dynamic procedure were prepared and further stored for several weeks at 
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30°C. If no phase separation occurred during these period, the samples were supposed 

to be also thermodynamically stable. 

 

 

 

 

 

 

 

 

Figure V-39: Schematic pseudo-ternary phase diagram. 
The red lines represent the continuous titration with 
RTMS in terms of the proceeding of the phase diagram 
determination. w''s/o > w's/o > ws/o. 

Figure V-40 shows the achieved pseudo-ternary phase diagrams of the two in-

vestigated C16mimCl/1-decanol/RTMS/dodecane systems. The multi-phase regions are 

displayed grey and dashed, whereas the transparent 1-phase regions (L) left clear. The 

entire phase diagrams were randomly cross-checked by continuous adding of oil to sev-

eral solutions of different solvent-to-surfactant mass ratios ww/s representatively high-

lighted by the purple line in Figure V-39. It was estimated that the accuracy of the 

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

For the EAN containing system, a large monophasic region extending from oil-

rich to EAN-rich regions was observed. The boundary between the microemulsion area 

L and the multi-phase region is irregular and exhibits an appendage towards 100% 

EAN. The demixing limit of EAN and the pseudo-constituent is 72% (w/w) of EAN. In 

contrast, the L-phase in the bmimBF4 system is significantly smaller compared to the EAN 

system. The amount of bmimBF4 that can be solubilised increases nearly linearly with 

the SLIL/1-decanol concentration until around 60% (w/w). Further, the phase diagram 

ww/s 
w’’’s/o 

w’’s/o 

w‘s/o 

solvent (w) oil (w)

surfactant/co-surfactant (1:4) (w) 
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is regular and no appendage could be observed. The demixing limit of bmimBF4 and the 

pseudo-constituent is 41% (w/w) of bmimBF4,which is one reason for the reduced single-

phase area compared to the EAN phase diagram. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-40: Pseudo-ternary phase diagrams of 
C16mimCl/1-decanol/RTMS (EAN or bmimBF4)/ do-
decane obtained at 30°C. A C16mimCl to 1-decanol 
molar ratio of 1:4 was applied. Additionally, red 
broken lines indicate the experimental paths used 
for the upcoming investigations. 
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It is noteworthy that the shaded regions not necessarily have to be denoted as in-

stable demixing regions. Indeed the intersection between the two regions satisfies the 

real characteristics of the compositions, but those characteristics were not studied to-

wards higher amounts of RTMS. Especially for the determination of eventually present 

Windsor phases, which are normally located in the bottom part of the phase diagrams 

within the multi-phase region, more RTMS should be added to the turbid solutions to 

see if they become clear again 32-34. However, this was not the scope of the present stud-

ies.  

At this point, a reason has to be given for choosing a molar ratio of C16mimCl to 

1–decanol of 1:4, which is approximately related to a mass ratio of 1:2. An explanation 

will be given schematically for the bmimBF4–system, but the same trend was found for 

the EAN–system. Regarding the bmimBF4–system the solubility power of the formula-

tions containing SLIL/co-surfactant mass ratios of 1:1 , 1:2, and 1:3, respectively, with 

respect to bmimBF4 were compared. For this purpose, three samples were prepared 

comprising the particular amounts of SLIL and co-surfactant. Then, each sample tube 

was loaded with dodecane in order to maintain a mass ratio of SLIL/1-decanol to do-

decane of ws/o = 0.65. Following the red line within Figure V-40 (bottom), bmimBF4 

was continuously added until clouding appeared. The corresponding amount of up-taken 

bmimBF4 is highlighted by the cyan bottom areas in Figure V-41, whereas the areas on 

top of it sequentially stand for the amount of oil (purple area), SLIL (yellow area) and 

1-decanol (olive area). The mass ratio of SLIL/1-decanol to oil does not change con-

cerning all of the three systems. By contrast, the different surfactant/co-surfactant ratios 

labelling the x–axis can be identified by comparing the yellow areas with the olive ones 

on the top. The sample containing the same mass of C16mimCl and 1-decanol seems to 

be most promising, since it takes the highest amount of bmimBF4 by remaining a 1-

phase region. The lowest solubility performance showed the sample comprising a mass 

ratio of 1:3. The 1:2 sample lies between. Although the system, containing a mass ratio 

of 1:1, took the highest amount of RTIL until demixing was observed, a mass ratio of 

1:2 (molar ratio 1:4) was used for all further investigations. This decision bases upon 

the fact that C16MIMCl was not completely dissolvable in 1-decanol at a mass ratio of 
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1:1 at 30°C. Additionally, the temperature of the sample solution addition had to be kept 

above 50°C during bmimBF4 in order to obtain an isotropic solution which would make 

an handling of the RTMS-based microemulsions near room-temperature impossible. For 

this reason, the choice of the 1:2 mass ratio is a reasonable trade-off in consideration of 

solubilization efficiency and application. 

 

 

 

 

 

 

 

 

 

 

 

Figure V-41: Comparison of the solubility power of differ-
ent SLIL/1-decanol mass ratios with respect to bmimBF4. 
The mass ratio of SLIL/1-decanol to dodecane was kept 
constant at ws/o = 0.65. 

The broken red lines within the phase diagrams of Figure V-40 represent the ex-

perimental paths used for all upcoming investigations. Consequently, the C16mimCl/1-

decanol amount was kept constant (mass ratio of 0.30 for the EAN-system and 0.65 for 

the bmimBF4-system) during the further studies, whereas the mass ratio of 

RTMS/dodecane was varied. 

3.2 Conductivity: Percolation & charge fluctuation model 

The single-phase region of microemulsions can be divided into different sub-

regions, such as polar solvent in oil microemulsion region, oil in polar solvent microe-
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mulsion region, and bicontinuous region. Following the work of Clausse et al., the dif-

ferent sub-regions can be conveniently evaluated by electrical conductivity measure-

ments 35. In this work, the phase evolution along the experimental pathways presented 

within the EAN phase diagram and the bmimBF4 phase diagram, respectively, was de-

termined by this method. 

The estimation of a microstructure using conductivity measurements is based on 

the percolation theory. The static percolation model, which attributes percolation to the 

appearance of a bicontinuous polar solvent structure, has been proposed to describe the 

mechanism of percolation in polar solvent containing microemulsions. In this descrip-

tion it is assumed that the open polar solvent channels are responsible for electrical con-

duction 31, 36. The polar solvent in oil microemulsion can be regarded as a two-

component system in which conducting spherical droplets of polar solvent covered by a 

surfactant film are embedded in a continuous, insulative oil medium. Connected polar 

solvent paths consequently explain the sharp increase in the electrical conductivity in 

such a microemulsion system. In addition, a dynamic percolation model has also been 

used based on the attractive interactions between the solvent droplets or micelles in or-

der to describe microemulsions 37, 38. In this picture, the approach considers that the at-

tractive interactions between polar solvent globules are responsible for the formation of 

percolation clusters, and that charge transport is assured by hopping of ions on globule 

clusters, which rearrange in time. 

Figure V-42 (top) shows the specific conductivity κ  along the experimental 

paths defined previously for the EAN and bmimBF4 containing microemulsions, respec-

tively. In the case of the EAN-system, the phase evolution could be clearly monitored 

by electrical conduction. At low volume fraction of EAN ( EANΦ  < 0.04) the conductiv-

ity does not change significantly and stays around 10-6-10-5 S m-1. Then, at a defined 

EAN concentration, it suddenly increases linearly and deviates again at higher EAN 

content ( EANΦ < 0.20) from linear behaviour. Following the theory of percolation in mi-

croemulsion systems, these observations can be interpreted as follows (cp. Chapter 

II.2.5.3) 36, 37, 39-44. 
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Figure V-42: 5 / 8κ  vs. volume fraction RTMS. For the two 
C16mimCl/1-decanol/dodecane/RTMS experimental paths, the 
amount of SLIL/1-decanol was constant, 0.30 and 0.65 for the 
EAN-microemulsions and bmimBF4-microemulsions, respectively. 
In the case of the EAN-system, the conductivity clearly shows the 
phase evolution along the experimental path: A-C are EAN in do-
decane micro-droplets, micro-droplet agglomeration, build-up of 
the bicontinuous structure. The percolation threshold of EAN 

P
EANΦ  was found as 0.105. 

In the volume fraction range of EAN, where the conductivity remains nearly constant, 

defined reverse micro droplets are formed consisting of EAN surrounded by a SLIL/co-

surfactant film, which is embedded in a continuous dodecane medium with very low 

conductivity (Figure V-42, top, A). At P
EANΦ = 0.105, the concentration induced percola-
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tion threshold of EAN, a percolation phenomenon occurs that is ascribed to reverse mi-

cro-droplet aggregation/clustering, which enables ion transfer or transport through the 

formed interconnections leading to an abrupt increase in conductance (charge transfer). 

The percolation threshold expressed by the overall droplet volume fraction of core ma-

terial (EAN) and surface-active compounds (C16mimCl/1-decanol) PΦ  is 0.330 and 

equals the theoretically calculated value at which the effective medium theory of con-

ductor-insulator mixtures begins to hold true 36. The following linear increase of κ  is 

the consequence of the formation of further EAN/dodecane micro-domains resulting 

from the partial fusion of associated/clustered reverse micro droplets (Figure V-42, top, 

B). The deviation of the conductivity from linearity at higher EAN concentrations 

( EANΦ ≈ 0.20) reveals that the system begins to undergo a structural transition and be-

comes more bicontinuous due to the progressive growth and interconnection of the 

EAN/dodecane micro-domains (Figure V-42, top, C). 

The conductivity below and above the percolation threshold can be described by 

appropriate asymptotic power laws defined by the two characteristic exponents μ  and 

s . From computer simulations it is known that the exponents μ  and s  vary depending 

on the present percolation type, dynamic and static, respectively 36. Consequently, it is 

possible to distinguish between dynamic or static percolation in microemulsion systems. 

Additionally, it is possible to obtain the width of the percolation transition ∆. For this 

purpose, ln( )κ  was plotted as a function of ( )Pln Φ Φ− . μ  and s  could be deter-

mined from the linear fits of the two linear compartments, whereas ∆ is the intersection 

point of the latter fits (Figure V-43). The values found for the parameters μ , s , and ∆ 

are 1.65, 1.28, and 0.015, respectively. These quantities are inline with values already 

presented for dynamic percolation happened in conventional W/O microemulsions 45, 46. 

Note that one of the conditions to observe percolative behaviour is that the interfacial 

film formed by the surface-active components has to be flexible enough. Additionally, 

considerable attractive interactions together with a subsequent material exchange be-

tween the reverse EAN nanodroplets are a precondition. In the region where κ  is very 

small (10-6–10-5 S m-1) and increases linearly with the volume fraction of the droplet 

forming ingredients Φ , the charge fluctuation range model of Eicke et al. is applicable. 
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Figure V-43: Plot for the determination of the critical exponents 
μ , s , and Δ  based on the theory of percolation 

 

 

 

 

 

 

 

Figure V-44: Plot according to the charge fluctuation model for 
the estimate of the droplet radius from the dilute microemulsion 
regime. 

It allows the estimate of the average radius rd of the reverse EAN droplets, if 

they are diluted enough and thus, the conductivity only corresponds to “Stokes trans-

port” of charged nanodroplets 47. To ensure that the charge fluctuation model is valid, 

Φ  in the range of 0.24 to 0.28 were used together with the physical parameters of the 

continuous phase, dodecane in this case. For the calculation a viscosity η = 0.00123 Pas, 

a dielectric constant rε = 2.2, and a temperature of T = 303.15 K were applied 48, 49. 

Thus, the averaged droplet radius was determined by the slope of the linear fit of the 
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data presented in Figure V-44. A value of 1.91 nm was extracted. However, it is evident 

that the model of Eicke et al. gives only a rough impression about the size of the present 

droplets, since it was found that the radii obtained from this model sometimes deviate 

about some percents from the real radii 37, 50, 51. 

Contrary to the conductivity of the EAN-system from which a lot of information 

could be obtained concerning the phase behaviour and the present interactions, the con-

ductivity of the bmimBF4-system shows no well-defined bend along the experimental 

path with a constant SLIL/1-decanol mass ratio of 0.65 (Figure V-42, bottom). An in-

crease of the electrical conductance with bmimBF4 content is evident and maybe a 

“smeared” percolation transition is indicated between 
4bmimBFΦ = 0.075 and 

4bmimBFΦ = 

0.125. Since, a small and well-defined transition interval ∆ is of fundamental impor-

tance to use the power laws of the percolation theory, a quantitative interpretation of the 
5/8κ -

4bmimBFΦ -plot was not reasonably possible 52. The sharpness of the transition inter-

val is normally connected to the conductivity ratio of the continuous medium (do-

decane) and the solubilised polar solvent, bmimBF4 in this case. If the ratio is large, ∆ 

becomes wide leading to a low resolution around the percolation threshold. For the pre-

sent situation, this explanation cannot be true, because of the high bmimBF4 conductiv-

ity (0.58 S m-1) and the very low dodecane conductivity (< 10-13 S m-1) 53, 54. But an-

other thesis seems to be more probable: Compared to the conductivity of the EAN-

system at low EANΦ , the base conductivity of the bmimBF4-system at low 
4bmimBFΦ  is 

about 20 times higher resulting from the higher amount of present ionic C16mimCl. This 

drastically alters the resolution and smears the transition break eventually occurring 

from the percolation phenomenon and the phase transition, respectively. A further 

speculation, which seems somewhat rational, is that the experimental path chosen for 

the conductivity experiment could be located within the same sub-region (along the path 

where conductivity was measured). Consequently, neither a phase change and nor a 

percolation occurs which can be seen in the electrical conduction measurement. 
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3.3 Viscosity 

The dynamic viscosity η  of the two systems was measured along the same ex-

perimental paths as the conductivity. Within the range of the used shear rates, 10 s-1 to 

400 s-1, Newtonian behaviour of all measured samples was found for both systems (cp. 

Figure V-45, insets), which is in accordance to findings already reported for aqueous 

and waterless microemulsions 15, 55. As can be seen from Figure V-45, η  increases for 

the two investigated C16mimCl/1-decanol/RTMS microemulsions as a function of 

RTMS content. Complementary to the conductivity data, a significant change of the 

slope within the EAN-system is observed at about EANΦ = 0.080 (in good agreement to 

EANΦ = 0.105 extracted from conductivity), which again can be contributed to the perco-

lation phenomenon. However, it was not possible to confirm the dynamic percolation 

behaviour of the EAN-system quantitatively by the application of the appropriate power 

laws, which finally give the critical exponents. Of course, this is because the ratio 

/dodecane EANη η  at 30°C (1.23 cP / 23.10 cP ≈ 0.05) 49, 56 is too large and therefore, the 

transition interval Δ  is wide making a quantitative analysis impossible. Such a problem 

is already well-known for common aqueous as well as for non-aqueous microemulsion 

systems. It has been reported for non-aqueous microemulsions that the ratio of 

/oil polar solventη η  should be in the range of 10-4 to 10-5 52 in order to enable a quantitative 

analysis, which is not the case here. Contrary to the viscosity ratio, the conductivity 

ratio /dodecane EANκ κ  at 30°C is very low (considering dodecaneκ  < 10-13 S m-1 and EANκ = 

2.14 S m-1) 53, 57 leading to a very small (sharp) transition regime. Therefore, an exact 

estimation of the percolation threshold as well as of the critical exponents was only pos-

sible from the conductivity data and not from the viscosity measurements. Nevertheless, 

qualitatively, the sudden increase of the viscosity in the neighbourhood of the threshold 

determined by the study of conductivity is a satisfactory result and basically confirms 

the conclusions drawn from the κ  data. As the conductivity, the viscosity data of the 

bmimBF4 path shows no evaluable features. Only a monotonic raise of η  as a function 

of added RTMS was found, no considerable change in slope was observed. Again, a 
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wide transition interval as well as the location of the experimental path within an un-

changing sub-region may be the reason for this observation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-45: Dynamic viscosity η  in dependence of the volume 
fraction of RTIL, EANΦ  and 

4bmimBFΦ , respectively. For both 
C16mimCl/1-decanol/RTMS microemulsion systems, representa-
tive examples of the Newtonian behaviour are given as insets for 
an EAN-sample ( EANΦ = 0.21) and a bmimBF4-sample (

4bmimBFΦ = 
0.21). The red broken line within the EAN-graph represents the 
appreciated percolation threshold. 
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3.4 Fluorescence-Spectroscopy: Microenvironment 

In order to get more insight to the phase behaviour of the EAN- and bmimBF4-

based microemulsion systems, respectively, fluorometric investigations were addition-

ally performed using the cationic dye Auramine-O (Au.O) as fluorescence probe (cp. 

Figure IV-22). This dye, follows the microviscosity of its environment, and conse-

quently, its fluorescence spectra show changes in intensity and position depending on 

the viscosity of the surrounding solvent 58, 59. For the present case, it is noteworthy that 

the cationic dye Au.O is not soluble in hydrocarbons like dodecane, but it can be readily 

solubilised in polar RTMS such as EAN and bmimBF4, respectively. However, this dye 

can be dissolved in apolar solvents by the help of surfactants (or surfactant/co-surfactant 

mixtures) forming reverse micelles or reverse microemulsion droplets, if the surfactant 

is used together with an appropriate polar solvent. Thus, when a C16mimCl/1-decanol 

mixture is added to dodecane (and the concentration of the C16mimCl/1-decanol mixture 

is above its cac), reverse micelles begin to form. Consequently, Au.O can be considered 

as completely solubilised in the polar cores of reverse micelles, which consist of imida-

zolium head groups, chloride counterions, and OH-groups of the co-surfactant. If EAN 

or bmimBF4 is added to the C16mimCl/1-decanol reverse micelles along the experimen-

tal path, the RTMS/C16mimCl/1-decanol/dodecane microemulsion can form, since the 

RTMS is accommodated into the core of the reverse micelles. When RTMS is added to 

a certain extent, free polar pools may appear and Au.O molecules may move gradually 

from the interfacial layer of the reverse micellar core to the free polar RTMS pools due 

to the electrostatic repulsion with the imidazolium head group of the C16mimCl surfac-

tant 59. Therefore, the strong emission bands are expected to report on the properties of 

the microenvironment inside the aggregates, and additionally on the first formation of a 

free polar RTMS phase within the reverse micelles leading to real microemulsion drop-

lets. 

The effect of successive addition of EAN on the microenvironment in the re-

verse micelles of C16mimCl/1-decanol/dodecane is demonstrated in Figure V-46 (inset) 

by the fluorescence spectra (open circles; note that only every fifth point is shown for 
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clarity). With an increase of the EAN volume fraction, λmax of Au.O increases and si-

multaneously the intensity decreases because of the changing microenvironment. In 

order to quantify this observation and to determine the transition from reverse micelles 

to real reverse microemulsion droplets a plot of λmax as a function of EAN content has to 

be established. However, the estimation of λmax evaluation was difficult, since the fluo-

rescence around the intensity maximum of each sample showed strong fluctuations 

which made an exact determination of the intensity maxima (and therefore of the ac-

cording wavelength) impossible from the raw spectra. For this reason, the raw data were 

fitted to a polynomial of higher degree of order and then the maxima were obtained 

from the second derivative (cp. Figure V-46, inset, lines). 

 

 

 

 

 

 

 

 

 

Figure V-46: Plot of wavelengths of maximum fluorescence vs. 
the amount of added EAN. The inset shows the fluorescence 
spectra (open circles) with the corresponding polynomial fit 
(lines). Note that only every fifth point of the raw data is shown 
for clarity. 

Figure V-46 shows the obtained plot of the wavelengths of the maximum fluorescence 

intensities vs. added EAN amount EANΦ  along the previously defined experimental 

path. λmax raises, until a sharp breakpoint, ω = 0.10, appears, which corresponds to the 

completion of the solvation of the polar groups of the surfactant, and is indicative for 

the first appearance of a free polar EAN pool in the reverse micelle 59. Above ω = 0.10, 

λmax only slightly increases. Interestingly, the value of ω  is very similar to the already 
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presented percolation thresholds which could be extracted from the conductivity and 

viscosity, respectively. 

The measured fluorometric data of the bmimBF4 microemulsions are given in 

Figure V-47. As can be seen, contrary to the EAN-system, the fluorescence maxima do 

not change significantly with bmimBF4 content indicating no change in microviscosity. 

This suggests, together with the previous results for the bmimBF4-system that the cho-

sen experimental path could be located within the same sub-region of the system, and 

therefore no change of the Au.O fluorescence is observed. However, an additional ques-

tion arises: Are the microemulsions formulated with bmimBF4 along the experimental 

path isotropic and stable due to the formation of a structured microemulsion, or are they 

only “molecular” (unstructured) solutions of the components? 

 

 

 

 

 

 

 

 

 

Figure V-47: Fluorescence spectra of samples along the experi-
mental path of the bmimBF4-microemulsion system. The arrow 
illustrates the invariance of the wavelength (≈ 492 nm). 

3.5 Dynamic light scattering: Diffusion & Size 

In order to clearly supply the proof that the present systems are structured, dy-

namic light scattering measurements were carried out at 30°C. It is clear that only if 

particles are present in the isotropic C16mimCl/1-decanol/dodecane/RTMS-solutions a 

considerable amount of scattering intensity should be observed preconditioned that the 

scattering contrast between the aggregates and the continuous medium is high enough. 
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The compositions selected are the same as those previously used for the already pre-

sented measurements. 

High scattering intensities were obtained for all EAN based microemulsions. 

This observation strongly suggests the presence of well-defined self-assembled struc-

tures formed within this system. In the case of the bmimBF4-microemulsions, also scat-

tering could be observed, but with a much lower intensity, which is, in fact, the first 

direct confirmation of structuring of this system. However, it was impossible to accom-

plish a reliable quantitative interpretation of the DLS data due to the lack of intensity, 

which was at most 0.25 in the best case. Therefore, the following section deals only 

with DLS studies carried out on the reverse EAN-microemulsions. 

Figure V-48 shows the normalized autocorrelation function obtained from the 

DLS measurements at an angle of 90° for various samples with different EAN volume 

fractions and the corresponding mono-exponential data fits.  

 

 

 

 

 

 

 

Figure V-48: Normalized autocorrelation functions obtained by 
DLS (at 90°) for all investigated EAN-microemulsions differing 
by the solubilised EAN volume fraction ( EANΦ ). The solid lines 
represent the calculated data fits. 

Note that the DLS curve of EANΦ = 0 (Figure V-48, black open circles) repre-

sents the scattering behaviour of the reverse C16mimCl/1-decanol micelles formed in 
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dodecane at the fixed surfactant/co-surfactant weight fraction of 0.30 (defined by the 

chosen experimental path). Figure V-48 clearly demonstrates that the intensity of the 

autocorrelation function increases as the amount of EAN raises. The low scattering in-

tensity observed for the reverse C16mimCl/1-decanol micelles is the consequence of two 

basic contributions: (i) The optical contrast between dissolved particles and solvent, and 

(ii) the size of the particles (correlated with the volume fraction of the particles within 

the scattering volume). Since the refractive index difference between particles and sol-

vent defines the resolution of a light scattering experiment, it seems most likely that the 

reverse C16mimCl/1-decanol micelles are near the refractive index matching condition, 

i.e. the refractive index of the dispersed micelles is nearly equal to that of dodecane. 

The latter could be also the reason for the very low scattering intensities of the 

bmimBF4-microemulsions. Furthermore, the scattering intensity is directly proportional 

to the sixth exponent of the particle radius and therefore on the quality of the autocorre-

lation function. Thus, the reverse C16mimCl/1-decanol micelles seem to be low in size. 

With increasing EAN content, both, the optical contrast as well as the size, may be ad-

vantageously tuned, because of the gradual accommodation of the EAN within the core 

of the reverse micelles leading to the formation of microemulsion droplets with bigger 

size and good optical contrast leading to higher scattering intensities. 

The fitting of the DLS data allows the determination of the apparent diffusion 

coefficient ( appD ) of the particles in solution, the respective hydrodynamic radii ( app
hR ), 

and the size distributions characterized by the polydispersity ( .PDI ) of the reverse mi-

celles and nanodroplets, respectively. For clarity, it should be pointed out that appD  as 

well as app
hR  denote apparent (app) magnitudes, since they, in general, can contain con-

tributions from interparticle interactions and therefore, they can deviate from the mean 

quantities 60-65. 

The autocorrelation functions of microemulsions with EAN volume fractions 

EANΦ  below 0.128 (including also the reverse C16mimCl/1-decanol micelles) could be 

described very well by a single exponential fitting function, whereas above EANΦ = 

0.128, near the percolation threshold of EAN, a significant departure from single expo-
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nential decay was observed for all correlation functions. In order to quantify the devia-

tion from mono-exponential decay, the correlation functions were additionally analyzed 

by the method of cumulants. It is noteworthy that appD  obtained from the first cumulant 

was always consistent to the quantity obtained from fitting the single exponential func-

tion to the DLS data. The second cumulant achieved from this method is a measure of 

the polydispersity in the system, or with other words, a measure of the departure of the 

correlation function from a single exponential behaviour. The higher the polydispersity 

index, the higher the deviation from a single exponential function. Figure V-49 shows 

the evolution of the PDI. as a function of EAN volume fraction (the broken red line is a 

guide for the eyes). 

 

 

 

 

 

 

 

 

 

Figure V-49: Evolution of the PDI. as a function of EAN volume 
fraction. The broken red line is a guide for the eyes. 

It can be seen that the deviation from single exponential decay as indicated by the sud-

den increase of the PDI. becomes significant when the EAN volume fraction raises 

above about 0.128. Nevertheless, below this value of EANΦ  the PDI. stays approxi-

mately constant around 0.12 demonstrating the suitability of the mono-exponential fit in 

the EAN volume fraction range of 0 < EANΦ < 0.128. Consequently, one may expect that 

in this EAN content range the obtained apparent diffusion coefficients appD  may be 

close to the mean diffusion coefficients, the free-particle values, and hence the mean 

0.00 0.05 0.10 0.15 0.20 0.25
0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

 

 
ΦEAN

PD
I.

DLS, μE-EAN, 30°C



V  Results & Discussion – SLIL/RTMS-microemulsions 387 

hydrodynamic particle radii hR  can be calculated from the Stokes-Einstein relation. For 

the calculation of hR , the viscosity (η = 0.00123) Pas and the refractive index ( Dn = 

1.4135) of the continuous phase, dodecane in this case, for 30°C were used. The viscos-

ity of dodecane at 30°C was obtained from an exponential fit (Vogel-Fulcher-Tamman) 

of the data in Ref. [49], whereas the refractive index of dodecane at 30°C was directly 

taken from Ref. [66]. The evolution of hR  calculated form the extracted appD  in the 

range 0 < EANΦ < 0.128 is given in Figure V-50. 

 

 

 

 

 

 

 

 

 

Figure V-50: Change of the hydrodynamic radius obtained 
from the apparent diffusion coefficient as a function of EAN 
volume fraction in the range 0 < ΦEAN< 0.128. The red line is a 
linear fit to the data (R=0.999). 

hR  of the aggregates increases linearly with dispersed EAN content. It is known from 

the swelling law for microemulsions that the size of the droplets should be a linear func-

tion of the polar phase (at fixed surfactant/co-surfactant concentration) if the droplets 

are spherical 67. Figure V-50 clearly shows that the EAN-microemulsions obey this 

swelling law, indicating a spherical structure of the EAN-droplets in this EANΦ -range. 

The radius of the reverse C16mimCl/1-decanol micelles was found to be 1.74 nm and the 

extracted radius of the microemulsion droplets increases from about 2.66 nm to about 

8.39 nm as EANΦ  raises from 0.020 to 0.128. Thus, the measured radii are in the same 

order of magnitude as already reported for aqueous and non-aqueous reverse microe-
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mulsion droplets 68-74. Additionally, the radii obtained from DLS for very low EAN vol-

ume fractions (0 < EANΦ < 0.05), where the Eicke model was found to be valid are in the 

order of magnitude as the value of 1.91 nm calculated by the charge fluctuation model 

(cp. Chapter V.3.2).  

The hydrodynamic radius of the EAN-microemulsion droplets can only be de-

termined from DLS measurements, with any degree of confidence, for samples with 

correlation functions mono-exponentially decaying, i.e. in the present work for EANΦ < 

0.128. In this region, the effects of interparticle interactions seem to be negligible. For 

this reason, no hydrodynamic radii for the measured EAN-microemulsions with EANΦ > 

0.128 will be presented here. For some colloidal systems, the DLS spectra are found to 

be the sum of two exponentials described theoretically in terms of the collective and self 

diffusions, respectively 75-77. These two diffusion processes have been observed in con-

centrated colloidal suspensions 78, 79, in charged dispersions 80, 81, and in reverse aqueous 

droplet microemulsions 71, 74, 77. In addition, two relaxation modes have been reported in 

bicontinuous microemulsions. However, in the latter, the two diffusion processes have a 

different origin related to the local fluctuations of the topology of the bicontinuous net-

work 82. In order to pay attention to these reports, the relaxation behaviour of the EAN-

microemulsions was checked using the CONTIN program package originally developed 

by Provencher 83. There is a fundamental difference between describing the correlation 

function with multi-exponentials or with CONTIN. In effect, while in the first case 

multi-relaxation processes are assumed, in the second one, distributions of relaxation 

rates are taken into account. If one is sure that the distribution of the relaxation rates 

G(Γ) extracted from the CONTIN-analysis is due to particle polydispersity, G(Γ) can be 

converted into the corresponding distribution of the particle radii. As expected, the 

CONTIN analysis gave always one distribution of the relaxation rates at low EAN vol-

ume fractions in agreement to the previous findings. Consequently, the size distributions 

shown in Figure V-51 could be calculated from G(Γ) for the samples with EANΦ < 0.128. 

Here, the plot of EANΦ = 0 corresponds to the size distribution of the reverse 

C16mimCl/1-decanol micelles, whereas the remaining graphs present the size distribu-

tions of the suspended EAN-droplets.  
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Figure V-51: Size distributions estimated from the distribution of the relaxation rates obtained by 
CONTIN for C16mimCl/1-decanol/dodecane/EAN-microemulsions with EAN volume fractions 0 < 
ΦEAN < 0.128. 
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Rather low polydispersities were found for all measured samples as indicated by the 

width of the distributions. However, the polydispersity seems to increase slightly when 

the EAN volume fraction becomes higher and it is most pronounced for the sample with 

EANΦ = 0.128 denoted by the overhanging decline of the size distribution to bigger parti-

cle radii. This observation is in agreement with the percolation phenomenon happening 

around p
EANΦ = 0.105. As already explained previously, the reverse microemulsion drop-

lets begin to aggregate into clusters at the percolation threshold. For this reason, the 

polydispersity increases as indicated also by DLS. The peak maxima of the size distri-

butions, which mark the main droplet sizes, correspond quite well to those calculated 

from the mono-exponential fits. Figure V-52 shows the distributions of the decay times 

calculated by CONTIN for EAN-microemulsions incorporating EAN volume fractions 

greater than 0.128.  

 

Figure V-52: Distribution of decay times obtained from the CONTIN analysis of the EAN-
microemulsions with EAN volume fractions greater than 0.128. 
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CONTIN clearly detects two modes resulting from a fast diffusion process (small decay 

time) and a slow diffusion process (big decay time), respectively. Thus, the CONTIN 

evaluation confirms the results already obtained from the data analysis performed pre-

viously. As can be seen, the decay time of the fast diffusion process stays nearly con-

stant independently of the EAN volume fraction, whereas the decay time of the slow 

diffusion process simultaneously increases as EANΦ  raises. Further, the amplitude of the 

slow diffusion process increases as the EAN content becomes higher. In Figure V-53, 

the fast and the slow diffusion coefficients, Df and Ds, respectively, are presented as a 

function of EAN volume fraction. Further, the diffusion constants associated to the 

EAN droplets, Dapp, are given for comparison.  

 

 

 

 

 

 

 

 

 

Figure V-53: Diffusion coefficients of the two relaxation processes 
observed for the reverse EAN-microemulsions as a function of EAN 
volume fraction. For comparison, the diffusion constants denoted 
to the EAN droplets are given. The red broken lines are guides for 
the eyes. 

Df stays nearly constant and is in the order of magnitude as Dapp, whereas Ds varies with 

EANΦ  and follows an exponential decay, instead of a power law as expected from Dapp. 

Milner et al. and Peter et al., who investigated very swollen concentrated water in oil 

microemulsions by means of DLS, made very similar observations 82, 84. These authors 

also achieved two relaxation modes for their systems and related their origin to an en-
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ergy-activated process. They suggested that a topological relaxation mode in the mi-

croemulsions by membrane fusion, allowing oil to flow from one region of the space to 

the other, involving fusion of the droplets/domains, might be the reason for the appear-

ance of the slow relaxation mode. For the present case, this theory would be in good 

agreement to the dynamic percolation phenomenon, which also involves partial fusion 

of associated/clustered reverse micro droplets and exchange of droplet material, found 

for the EAN-system. 

3.6 Small angle X-ray scattering: Microemulsion microstructure 

In order to clarify the structuring of the EAN-based microemulsions further, and 

to check the existence of structure within the bmimBF4-microemulsions for which DLS 

was unsuccessful, small angle X-ray scattering measurements were performed on both 

formulated systems along the defined experimental tie-lines with constant amphiphile 

concentration at a temperature of 30°Ci. Figure V-54 shows the SAXS results on abso-

lute scale for the investigated samples of the EAN- and bmimBF4-microemulsions, re-

spectively. As can be seen, all scattering curves, even the compositions without added 

RTMS, show a single broad correlation peak with a characteristic 4q− -decay at large q . 

It is evident that the C16mimCl/1-decanol/dodecane forms reverse micelles considering 

the fact that even without RTMS addition X-ray scattering was observed for the two 

binary compositions of C16mimCl/1-decanol (molar ratio of 1:4) and dodecane incorpo-

rating either 0.30 or 0.65 weight fraction of surface active compound. For the 

C16mimCl–1-decanol (0.30 weight fraction)/dodecane (0.70 weight fraction) composi-

tion, this agrees with the DLS result observed for this sample (cp. Chapter V.3.5). The 

peak location shifts towards lower q -values as the volume fraction of RTMS increases 

and simultaneously the peak becomes more pronounced. This behaviour equals the find-

ings achieved for conventional aqueous microemulsions 85-111 and further, the results of 

Atkin & Warr, who also observed such a peak evolution during their SAXS-

investigations of microemulsions consisting of EAN, non-ionic surfactant, and oil 25. 

                                                 
i The SAXS measurements were performed by Dr. P. Bauduin (CEA, Saclay). 
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Figure V-54: SAXS spectra of EAN- and bmimBF4-
microemulsions as a function of RTMS volume fractions at 
30°C. 

3.6.1 Teubner-Strey model: Length scales 

The obtained SAXS curves were fitted according to the TS-model that has been 

widely used to describe scattering from aqueous and non-aqueous microemulsions (cp. 

Chapter IV.7.2.10). It uses three fitting parameters to describe the observed peak and 
4q− -decay in terms of two lengths; the periodicity TSd  of the oil and polar phase 

(RTMS) domains, and a correlation length TSξ , which can be understood as the length 

scale with which the periodic order decays Eq. (IV-103).  
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Figure V-55: The SAXS patterns of the investigated EAN- and 
bmimBF4-microemulsions, respectively. The solid lines repre-
sent the TS-fit functions. For clarity, ( )I q  of the scattering 
spectra were multiplied by factors of 100, 101, 102, 103, and 104 
(in the order of increasing RTMS volume fractions). 

The fitting results are shown in Figure V-55. For better clarity, all spectra are presented 

on double-log scale and are displaced from each other by multiplication of the scattering 

intensities by an integer number. The TS-model yield quantitative fits to all EAN- and 

bmimBF4-based microemulsions, slight deviations from the experimental data are ob-

served at high q  for the EAN-system with EANΦ ≥ 0.042. Whether these deviations are 

due to experimental limitations or an inadequacy of Eq. (IV-103) is unclear. Looking 

very closely to the bmimBF4-samples, the TS-fits show also some slight deviations at 
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intermediate q . The extracted TS-fit parameters 1a , 1c , and 2c  are summarized in Table 

V-21. Further, the calculated values of the two length scales, the periodicity TSd  (Eq. 

(IV-104)) and the correlation length TSξ  (Eq. (IV-104)), are given together with the 

dimensionless quantities describing the degree of order present in the RTMS-SLIL-

microemulsions, the ratio TSd / TSξ , the amphilicity af  (Eq. (IV-108)), and the 3C -

parameter (Eq. (IV-109)). The peak positions maxq  and the corresponding scattering 

intensities maxI( q )  were determined by fitting Eq. (IV-107) to the experimental data. 

Additionally, the values of maxq  were crosschecked via Eq. (IV-106), which finally lead 

to the same maxq  obtained previously from the data fitting. 

Figure V-56 shows the changes of maxq  and maxI( q )  for the EAN- and 

bmimBF4-microemulsions, respectively, as a function of RTMS volume fraction solubi-

lised in the microemulsion. In general, two fundamental conclusions can be drawn: (i) 

All extracted maxI( q )  are much lower for the bmimBF4-microemulsions compared to 

those of the EAN-microemulsions, and (ii) the peak locations, maxq , are located at 

higher q  for the bmimBF4-based microemulsions than the respective quantities deter-

mined for the investigated EAN-systems. This finding is indicative for smaller Bragg 

spacings present within the bmimBF4-systems in comparison to the EAN-systems 88. 

The change in maxI( q )  with increasing RTMS content is quite different for the two sys-

tems. While there is an increase of maxI( q )  over the whole tie-line of the EAN-system, 

the scattering intensities at maxq  of the bmimBF4-microemulsions increase nearly line-

arly up to a bmimBF4 volume fraction of about 0.064 and then, they stay approximately 

constant (about 1 cm-1). It should be noted that Lichterfeld et al. have been published 

the change in the intensities at maxq  for the system H20/tetradecane/C12E5 as a function 

of added water volume fraction for constant surfactant volume fraction of 0.15 88. They 

observed a “negative parabolic” dependence of maxI( q )  as the amount of water was 

increased in the system (cp. Figure V-57). The magnitude of maxI( q )  reached a maxi-

mum for the composition where equal amounts of oil and water were incorporated (of-

ten connected to the formation of bicontinuous structures) 88-90, 105, 112. 
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 C16mimCl/1-decanol/bmimBF4/dodecane  

4bmimBFΦ  a2 / cm c1 / cm nm2 c2 / cm nm4 BG / cm-1 TSd  / nm TSξ  / nm maxq  / nm-1 maxI( q )  / cm-1 TS

TS

d
ξ  af  3C  

0.000 16.91 -6.19 0.66 0.013 2.85 2.30 2.16 0.41 1.24 -0.93 30.07 

0.023 12.81 -5.24 0.63 0.013 3.02 2.40 2.04 0.53 1.26 -0.92 29.50 

0.044 9.87 -4.49 0.60 0.012 3.19 2.49 1.93 0.66 1.28 -0.92 28.93 

0.064 7.86 -3.75 0.54 0.011 3.28 2.46 1.87 0.77 1.33 -0.91 27.62 

0.111 5.06 -2.71 046 0.011 3.55 2.34 1.72 0.95 1.52 -0.89 23.76 

0.161 3.73 -2.01 0.37 0.012 3.66 2.08 1.65 0.99 1.76 -0.85 19.87 

Table V-21: Fit parameters a2, c1, and c2 obtained by applying the TS-model to the experimental SAXS data of the EAN- and bmimBF4-microemulsions, re-
spectively. Further, the characteristic length scales, TSd and TSξ  are given together with the calculated dimensionless quantities standing for the order of 
the systems, TSd / TSξ , af , and 3C . 

 C16mimCl/1-decanol/EAN/dodecane  

EANΦ  a2 / cm c1 / cm nm2 c2 / cm nm4 BG / cm-1 TSd  / nm TSξ  / nm maxq  / nm-1 maxI( q )  / cm-1 TS

TS

d
ξ  af  3C  

0.000 8.96 -3.81 0.85 0.027 3.79 1.41 1.50 0.22 2.69 -0.69 10.82 

0.021 3.33 -2.11 0.93 0.016 5.11 1.62 1.06 0.47 3.15 -0.60 8.13 

0.042 1.24 -1.13 0.87 0.015 6.54 1.92 0.81 1.16 3.40 -0.55 6.92 

0.062 0.74 -0.87 0.93 0.010 7.60 2.17 0.69 1.86 3.50 -0.53 6.47 

0.105 0.39 -0.80 1.31 0.010 9.64 2.89 0.55 3.75 3.34 -0.56 7.18 

0.152 0.24 -0.77 1.56 0.020 11.15 3.74 0.50 7.08 2.98 -0.63 9.05 
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Figure V-56: Scattering intensity at the peak position maxI( q )  
from the investigated microemulsions as a function of the volume 
fraction of EAN and bmimBF4, respectively. Additionally, the cor-
responding locations of maxq  are given. 

Atkin & Warr also achieved the latter observation for non-ionic surfac-

tant/oil/EAN microemulsions. The comparison of the finding of Lichterfeld et al. and 

Atkin & Warr, respectively, concerning the maxI( q )  evolution found for the present 

RTMS-microemulsion systems, lead to the following assumptions: For both RTMS-

systems, maxI( q )  changes in a similar way to the “negative parabolic” behaviour shown 

by Lichterfeld et al. However, it is clear that the experimental maxI( q )  represent differ-

ent sections of the “negative parabola”. Whereas, the maxI( q )  evolution of the EAN-

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
0

1

2

3

4

5

6

7

8

0.4

0.6

0.8

1.0

1.2

1.4

1.6
SAXS, μE EAN, 30°C

 Imax

 qmax

I(q
m

ax
) /

 c
m

-1

ΦEAN

 q
m

ax
 / 

nm
-1

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

1

1.6

1.8

2.0

2.2

2.4
SAXS, μE bmimBF4, 30°C

 Imax

 qmax

I(q
m

ax
) /

 c
m

-1

ΦbmimBF4

 q
m

ax
 / 

nm
-1



V  Results & Discussion – SLIL/RTMS-microemulsions 398 

microemulsions qualitatively reproduce only the rise, the maxI( q )  evolution of the 

bmimBF4-microemulsions contrarily render the rise as well as the plateau region where 

the bicontinuous structure with equivalent amounts of polar phase and oil is normally 

located. Indeed, the bmimBF4-microemulsion sample, which shows the highest maxI( q )  

and forms the plateau, consists of nearly equal amounts of bmimBF4 and dodecane 

(
4bmimBFΦ = 0.161, dodecaneΦ = 0.169). Figure V-57 schematically represents the findings of 

Lichterfeld et al. and the allocated sections of the maxI( q )  behaviour of the two investi-

gated RTMS-SLIL-microemulsions (cp. also Figure V-56). 

 

 

 

 

 

 

 

 

 

Figure V-57: Schematic representation of the maxI( q )  change 
(black curve) shown by Lichterfeld et al. (the surfactant con-
centration was kept constant) 88. Further, the assumed loca-
tions of the experimental maxI( q )  of both investigated RTMS-
microemulsions are given. 

It is remarked that the assumed location of the EAN-microemulsion intensity behaviour 

correlates also well with the information previously obtained by the conductivity meas-

urement from which a reverse droplet microemulsion at low EAN volume fraction 

(
EAN

pΦ < 0.105)was presumed followed by droplet agglomeration/clustering above the 

percolation threshold (
EAN

pΦ = 0.105) and finally by a smooth transition to the bicontinu-

ous structure ( EANΦ > 0.200) (cp. Chapter V.3.2). The highest EAN volume fraction 

investigated with SAXS is 0.152, which corresponds to an oil volume fraction of 0.559. 
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Therefore, it is evident that this composition must be allocated to the steep rising section 

of the “negative parabola”, where droplet agglomeration takes place, but no bicontinu-

ous phase is formed. The change of maxq  with increasing RTMS volume fraction is very 

similar for both systems. maxq  decreases significantly as the amount of solubilised 

RTMS is increased. This observation is also inline with findings for aqueous microe-

mulsions as well as for EAN-microemulsions 25, 88. The fitted characteristic length 

scales, TSd  and TSξ , achieved for the two microemulsion systems are somewhat 

smaller that those on average found for aqueous microemulsions 89. Atkin & Warr, who 

observed the same results for their non-ionic surfactant/EAN-microemulsions, attributed 

this to the lower surfactant efficiency in EAN-systems (higher interfacial area necessi-

tates smaller domains) 25. It seems very likely that the same explanation holds also true 

for the present SLIL/RTMS-microemulsions, since the C16mimCl efficiency is signifi-

cantly less in EAN and bmimBF4, respectively, than in water (cp. Chapter V.1 and 

Chapter V.1.6). Figure V-58 illustrates the evolution of the two length scales graphi-

cally as a function of volume fraction of EAN and bmimBF4, respectively. As can be 

seen, the TS length scales of the EAN-microemulsions are considerably larger than the 

corresponding values obtained for the bmimBF4-system. In addition, the change of the 

two quantities with RTMS-amount solubilised within the investigated SLIL/RTMS-

systems differs quite a lot. In the case of the EAN-microemulsions, TSd  as well as TSξ  

increase steadily as the EAN content rises, whereas for the bmimBF4-microemulsions 

another trend was observed. First, TSd  increases quite linearly as the bmimBF4-content 

becomes higher (up to 
4bmimBFΦ = 0.044), then a slight deviation from the linear behav-

iour takes place, but TSd  still increases. Interestingly, TSξ  obtained for the bmimBF4-

system increases also quite linearly up to a bmimBF4 volume fraction of 0.044, then it 

suddenly decreases as the bmimBF4 amount further rises. Perhaps, this contains a refer-

ence to the occurrence of a structural rearrangement within the system. For aqueous 

microemulsions, many workgroups reported that 2TS TSd ξ≈  89, 105, 106. This is not true 

for the current case, where the EAN- as well as the bmimBF4-microemulsions show 

considerable deviation from this general result determined for aqueous microemulsions. 
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In the EAN-microemulsions TSd  is about 3 TSξ  for all examined compositions and for 

the bmimBF4-system TSd  approximately equals TSξ . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-58: TS length scales, TSd  and TSξ , are plotted against 
the volume fraction of EAN and bmimBF4, respectively. 

The latter is in good agreement with the results of Atkin & Warr, who also re-

ported that the correlation length of their microemulsions is about the same size as the 

size of the oil or water domains 25. This assumes for the bmimBF4-system that the polar 

and apolar domains remain correlated across further internal interface, and that the mi-

croemulsions incorporating bmimBF4 are more highly structured than the investigated 

EAN-systems. However, it must be noted that until now, it is not completely clear 
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whether the distinctive structure in the bmimBF4-system is due to the different nature of 

the solvent-like RTMS or due to the higher amount of surfactant/co-surfactant weight 

fraction incorporated in the investigated C16mimCl/1-decanol/dodecane/bmimBF4-

samples. In aqueous microemulsions, and also in C14E14/EAN/dodecane-

microemulsions examined by Atkin & Warr, the TSd / TSξ  ratio decreases as the surfac-

tant concentration increases 25, 105. But from the data of Atkin & Warr, the change of 

TSd / TSξ  with increasing surfactant amount (from 45 wt.% to 55 wt.%) at a constant 

temperature of 50°C was found to be very small (1.23 to 0.98). Therefore, the presump-

tion that different types of solubilised molten-salts in microemulsions may lead to vary-

ing interactions between the RTMS and the SLIL is very reasonable. Putting this into 

the present situation, the achieved results would give an indication that the solubilisa-

tion of an imidazolium based solvent-RTMS by an imidazolium based SLIL analogue 

seems more favourable than the solubilization of a “hetero-RTMS”, EAN in the under-

lying case. Although, this thesis appears to be supposable, it has to be verified by addi-

tional scattering experiments, i.e. SAXS measurements along an experimental tie-line 

with a constant C16mimCl/1-decanol weight fraction of 0.65 (as in the case of the 

bmimBF4-system) and varying amounts of EAN and dodecane, respectively. 

Beside the TSd / TSξ  ratio, two additional dimensionless quantities, the amphi-

philicity factor af  and the so-called C3-parameter, describe the structuring of microe-

mulsions (cp. Chapter IV.7.2.10.1) 91, 98, 106. A graphical overview of af  and 3C  for the 

two RTMS-microemulsion systems is given in Figure V-59. As can be seen, af  as well 

as 3C  are self-consistent, i.e. the two parameters show the same trend for the two re-

spective SLIL/RTMS-microemulsions. The amphilicity factors of the EAN-

microemulsion series are found to be in the range -0.53 ≤ af  ≤ -0.69. The lowest af  

(and therefore the highest surfactant strength of C16mimCl/1-decanol) was observed for 

the sample with no added EAN. As the EAN amount is increased, af  increases slightly 

until it reaches a maximum at an EAN volume fraction of 0.062. Above, af  increases 

again. This observation suggests a lowering of the C16mimCl/1-decanol surfactant 

strength as the EAN content is rising (inline with a decreased surfactant efficiency in 

molten-salts). 
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Figure V-59: Amphiphilic factors af  and 3C -parameters calcu-
lated for the EAN- and bmimBF4-microemulsions, respectively. 

In the open literature the magnitude of af  for aqueous systems was related to the 

presence of droplet microemulsions and bicontinuous structures, respectively (cp. Chap-

ter IV.7.2.10.1). Following this examinations, a low value of the amphiphilic factor 

(-0.90 ≤ af  ≤ -0.70) denotes well-structured bicontinuous microemulsions, whereas a 

higher af  makes the occurrence of a droplet microemulsion supposable 110. From the 

obtained af -values ranging between -0.069 and -0.053, a reverse EAN droplet microe-

mulsion at low EANΦ  (≤ 0.062) may be assumed which is in accordance to the conduc-

tivity and DLS measurements. At higher EAN volume fractions ( EANΦ ≥ 0.105), af  
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begins to decrease which may be the consequence of droplet agglomeration and the 

stepwise transition towards a bicontinuous structure. Again, this observation is inline 

with the previous conclusion drawn from conductivity and DLS that at EANΦ ≈ 0.10 ap-

preciable droplet agglomeration, also denoted as percolation, starts involving a transi-

tion towards the bicontinuous phase at higher EAN volume fractions (cp. also Chapter 

V.3.2. and Chapter V.3.5). Therefore, the af -value appears to feasibly reproduce the 

phase evolution within the EAN-microemulsions, because it matches very well the re-

sults achieved from the other techniques. 

In agreement to af , the most distinctive structure denoted by the highest value 

of the 3C -parameter was found for the sample without solubilised EAN. With increas-

ing EAN amount, 3C  indicate the same trend as previously presented for the amphi-

philicity factor. Again, the microemulsions seem to become less structured as the EAN 

content increases up to EANΦ = 0.062, as indicated by the lowering of the 3C -value. 

Above this volume fraction, the 3C -parameter, as af  did, indicates the development of 

higher structured microemulsions. Chen et al. used the 3C -parameter in order to judge 

whether an aqueous microemulsion is bicontinuous or not. From their phenomenologi-

cal observations, they suppose a disordered bicontinuous structure, if 3C -values much 

lower than 10 would be obtained for a given microemulsion system (“rule of ten”) 91. In 

the present work, the determined bicontinuity parameters, 3C , of the EAN-

microemulsions range between 10.82 and 6.47. Hence, considering the work of Chen et 

al., disordered bicontinuous microstructures have to be supposed for the investigated 

EAN-samples except for the mixture in which no EAN was solubilised (cp. Table V-21 

and Figure V-59). This conclusion does not agree with the results already presented for 

the EAN-microemulsions considering conductivity, DLS, and the amphiphilic factor 

from which the existence of separated reverse droplet EAN microemulsions followed by 

a droplet percolation was deduced. Therefore, it must be concluded that the 3C -criterion 

is not valid for the investigated tie-line of the EAN-system. It is noteworthy that Zemb 

et al. already reported such a discrepancy between the value of the “bicontinuity” pa-

rameter and the existence of the bicontinuous phase 113. Hence, the concept involving 
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the amphiphilic factor appears to be the better choice in order to get an idea about the 

microstructure present within the RTMS-microemulsions. 

As already discussed previously by using the TSd / TSξ  ratio, the bmimBF4-

microemulsions seem to be stronger structured than the investigated EAN-

microemulsions. This assumption is confirmed well by af , which ranges between -0.93 

and -0.85. The amphiphilicity factors of the bmimBF4-microemulsions are by far more 

negative than the af s of the EAN-microemulsions indicating the existence of well or-

dered phases (very likely bicontinuous) and also a very good surfactant efficiency of the 

C16mimCl. The lowest af  value (-0.93) was observed for the SLIL/1-decanol reverse 

micelles, as no bmimBF4 was added. As the volume fraction of bmimBF4 increases up 

to 0.064, af  stays nearly constant (below -0.90). However, as 
4bmimBFΦ  is increased fur-

ther, af  also increases. This raise was already reported for the EAN-system and is per-

haps due to lowering of the C16mimCl surfactant strength when RTMS is added. Fur-

ther, an intercalation of the bmimBF4 molecules into the surfactant film as a form of a 

co-surfactant could be possible. The latter assumption is not unusual, because of the 

molecular structure of bmimBF4 composed of a butyl-chain and an imidazolium head 

group, which equals the general structure of alcohols classically used as co-surfactants 

in microemulsions. Another aspect, which affirms this thesis, is the fact that the polarity 

of bmimBF4 reported in the literature matches those of conventional alcohols with in-

termediate chain lengths (C5– to C8–) 114, 115. Note that for EAN a polarity nearly equal 

to that of water is reported 116, which makes a co-solubilisation of EAN more unfavour-

able. However, the increase of af  is not as pronounced as the increase observed for the 

EAN-micromulsions supporting the consideration that the interactions between the sur-

face-active components (C16mimCl/1-decanol) and bmimBF4 are more favourable in 

respect of microemulsion formation than in the case of the EAN-microemulsions. The 

evolution of 3C  shows the same trend as the amphiphilicity factor. At low 
4bmimBFΦ , 3C  

remains nearly constant up to 
4bmimBFΦ = 0.064. Above this value, it drops down indicat-

ing a loss of structure within the system. While the observed 3C -parameters vary from 

30.07 to 19.87 indicating the presence of highly ordered droplet microemulsions, the 

previous results of the conductivity and further the values of af  favour bicontinuous 
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structures. Again, there is a doubt about the coherence of the “bicontinuity” parameter 

as already discussed previously for the EAN-system. Therefore, it must be concluded 

that the absolute values of 3C  are meaningless for both examined RTMS/SLIL-

microemulsion systems. Only, the changes of 3C  denoting the structuring change within 

the systems are inline with the evolution obtained for af . 

3.6.2 GIFT-evaluation: Percus-Yevick effective structure factor 

For the investigated EAN-system, the results obtained by conductivity, DLS, 

fluorescence, and the TS-model analysis of the SAXS data, it was concluded that along 

the experimental path reverse micelles ( EANΦ = 0.000) and reverse EAN microemulsion 

droplets (0.000 < EANΦ ≤ 0.105), respectively, are present. In addition, a percolation 

phenomenon was reported for this system when EANΦ  exceeds 0.105 (cp. Chapters 

V.3.2, V.3.4, V.3.5, and V.3.6.1). On this basis, the SAXS patterns of the EAN-

microemulsions were analyzed further by using the model-free GIFT-technique. In con-

trast to the TS-model, which incorporates features of droplet microemulsions as well as 

of bicontinuous structures, the GIFT evaluation is solely based on the particulate picture 

of microemulsions, no bicontinuity is considered in this analysis 89, 111. 

Figure V-60 shows the SAXS data and the corresponding GIFT-fits. Note that 

the background was subtracted before the data analysis. As can be seen, the fit quality is 

very good for all SAXS patterns (the mean deviation is given in Table V-22). First, the 

extracted ( )p r -functions, which are given in Figure V-61, will be discussed. As reverse 

micelles and reverse EAN microemulsion droplets are supposed for the EAN-system, 

the ( )p r -function can be interpreted in the classical way, as a ‘histogram’ of all the 

possible distances inside the micelle and droplet, respectively, summing over all aggre-

gate sizes. Therefore, the maxima of the ( )p r -functions denoted as maxr  are representa-

tive for the particle dimensions present within the samples. It can be easily recognized 

that maxr  increases nearly linearly as function of added EAN from 1.22 nm up to 4.46 

(cp. also Figure V-63 and Table V-22). This systematic increase of the particle radius is 

the direct result of the droplet swelling according to the swelling law of microemul-

sions. Such a linear swelling is generally observed for systems in which the microemul-
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sion droplets are spherical 67. The presence of spherical EAN droplets is also well con-

firmed by the bell-shaped appearance of the ( )p r -function that is characteristic for 

spherical homogeneous aggregates 117. 

 

 

 

 

 

 

 

 

 

Figure V-60: Fits obtained from the GIFT technique of the EAN-
microemulsions investigated by means of SAXS. For clarity, ( )I q  
of the scattering spectra were multiplied by factors of 100, 101, 
102, 103, and 104 (in the order of increasing RTMS volume frac-
tions). 

Additionally, a polydispersity can be assumed for the droplets incorporating higher 

amounts of EAN. The polydispersity is indicated by the overhanging decline of the 

PDDFs at high r  values leading to a significant asymmetry of the ( )p r -functions (for 

homogeneous monodisperse spheres the PDDF is a highly symmetric bell-shaped func-

tion) 111. From the literature, it is known that in microemulsions the polydispersity is 

often ≈ 25%, and from the GIFT evaluation the mean p(r)-function of all of the particle 

sizes in the solution is obtained. This leads to the general problem that it is not possible 

in a unique way to determine the shape of the aggregates in the systems from such aver-

aged ( )p r -functions, especially in polydisperse systems, since it was already shown by 

Mittelbach and Porod that the scattering pattern of an ellipsoid is identical with the scat-

tering pattern of a system of polydisperse spheres 118. 
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Figure V-61: Pair distribution functions of the EAN-system ob-
tained from the GIFT-analysis (top) and the corresponding nor-
malized pair distribution functions (bottom). 

This means that the exact form of the particles remains unknown from the scattering 

pattern, but together with the DLS results (swelling law), the conclusion that polydis-

perse spherical EAN droplets are formed holds true. Further, one realises that there is no 

significant change in the form of the ( )p r -functions, a fact that is completely independ-

ent of the aggregate shape. This leads to the logical reasoning that there is no essential 

structural variation throughout the experimental path under the given assumptions 

(whatever the shape of the particles is); only the typical sizes and scattering powers 

vary. The extracted radii are somewhat smaller than those quantities obtained from 

DLS. However, this is to be expected, because of the different detection principles of 
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SAXS compared to DLS. For the first technique, it is clear that mainly the droplet core 

of the aggregates is detected due to the contrast conditions of the reverse RTMS-

microemulsions (high electron density of the core forming components and nearly equal 

electron density of the alkyl-chains of surfactant and co-surfactant, respectively, in 

comparison to the continuous dodecane phase). In contrast, the movement of the overall 

droplet is measured in a DLS experiment leading to radii that describe more or less the 

complete particle dimension. 

 

 

 

 

 

 

 

 

 

Figure V-62: Structure factors effS ( q )  extracted from the GIFT-
evaluation for the measured samples along the experimental 
path of the EAN-system. 

In addition to the ( )p r -functions, the effective structure factors ( )effS q  (Table V-22) 

and the correlated parameters, the effective interaction radius effR , the volume fraction 

effΦ  and the polydispersity .PDI , were obtained from the GIFT evaluation for each 

data set. Here, effΦ  denotes the overall effective volume fraction of the components 

(EAN plus C16mimCl plus 1-decanol), which are participating in the aggregate forma-

tion. With other words, effΦ  can be understood as the effective hard-sphere volume 

fraction of droplets in the microemulsion. One problem arises during the evaluation of 

( )effS q  and consequently of its parameters. There is a direct coupling between two pa-

rameters of ( )effS q , namely polydispersity and volume fraction. Allowing a free varia-

tion of these quasi-linear dependent parameters during evaluation leads to unphysical 
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oscillations in the ( )effS q  parameters. At the same time, a too low polydispersity would 

result in a too low volume fraction and vice versa 111. Therefore, two different evalua-

tion procedures are feasible. On the one hand, the polydispersity in the structure factor 

model can be fixed during the evaluation and the volume fraction can be varied or, on 

the other hand, the latter can be fixed and the polydispersity can be varied. Neglecting 

co-solubility of the droplet forming components in the continuous medium (dodecane), 

effΦ  can be calculated from the sample composition. However, it is clear that up to now 

nothing about the partition coefficient p  of EAN, C16mimCl, and 1-decanol between 

the droplets and the surrounding dodecane is known. This may lead to a significant un-

certainty in the calculation of effΦ  from the known microemulsion composition. Never-

theless, ( )effS q  were obtained from the GIFT-evaluation by fixing effΦ  at the values of 

the theoretically calculated volume fractions assuming that all EAN, C16mimCl, and 1-

decanol, respectively, are involved within the reverse microemulsion droplets. To test 

the influence of the fixed effΦ  on the results, especially on the polydispersity, all calcu-

lations were repeated with lower values of effΦ , which should simulate possible co-

solubilisation effects. For this purpose, the theoretic volume fractions were reduced by a 

constant value supposing a constant co-solubility. As expected, the resulting polydisper-

sities were systematically lower, but the trend was preserved. Nearly no influence on the 

absolute value of Reff was observed. It should be noted that by applying the theoretical 

volume fractions in order to determine ( )effS q  (and its parameters), no entirely exact 

values of the polydispersity can be expected; however, it is possible to follow trends in 

the distinct sample line. Figure V-62 summarizes the obtained effective structure factors 

for the investigated samples. The black curve corresponds to ( )effS q  of the reverse mi-

celles, whereas the coloured ones belong to ( )effS q  of the reverse microemulsion drop-

lets formed upon EAN addition. The peak of the structure factor shifts towards smaller 

q-values, as the EAN amount increases. Interestingly, the intensity of ( )effS q  is highest 

for the reverse micelles formed by C16mimCl and 1-decanol, it drops down for the first 

EAN-microemulsion and increases again in a continuous way as the EAN content rises. 

Simultaneously, the peak of the structure factor becomes more pronounced. Considering 

hard sphere interactions, the position of the structure factor peak is in a complex way 
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connected to the effective interaction radius Reff and to the effective volume fraction 

effΦ  and is a rough measure for the mean distance between neighbouring particles. In a 

monodisperse system of hard spheres, Reff is, independent of effΦ , equal to the half dis-

tance between two spheres in contact, this means the radius of the spherical particles, 

and in the polydisperse case Reff is related to the mean value of all of the radii 111, 119, 120. 

For the interpretation of Reff, basically, two possibilities can be considered: (i) In terms 

of the Teubner-Strey model 2Reff is related to the typical repeat distance of the EAN 

domains ( TSd ), and (ii) Reff is the mean distance of the corresponding hard-sphere sys-

tem 111. The obtained values of Reff, .PDI  as well as the underlying Φeff calculated from 

the sample compositions are given in Table V-22.  

 C16mimCl/1-decanol/EAN/dodecane  

EANΦ  maxr  / nm effΦ  effR  / nm PDI .  MD  

0.000 1.22 0.209 1.46 0.21 1.08 

0.021 1.68 0.231 1.67 0.31 0.44 

0.042 2.30 0.255 2.06 0.34 1.38 

0.062 2.70 0.278 2.21 0.37 1.52 

0.105 3.64 0.327 2.65 0.42 1.99 

0.152 4.46 0.377 3.24 0.44 2.83 

Table V-22: Fitting results of the EAN-microemulsions using the GIFT technique. 

Further, Reff is presented graphically in Figure V-63 together with the related rmax 

and TSd /2, respectively. A systematic increase of the Reff values was achieved. This 

finding is in good agreement with the trend already observed for maxr . Further, the ex-

tracted Reff values are in a plausible range as can be seen by the comparison with rmax of 

the corresponding p(r)-functions and consequently, the results arising independently 

from the form factor and the effective structure factor are in good agreement to each 

other. A slight deviation between the half of the domain size TSd  and both effR  and maxr  

can be recognized, however the systematic trend is preserved. The extracted polydisper-

sities are somewhat higher than the quantities reported from the DLS, but the absolute 
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values range within the correct order of magnitude as expected for microemulsion sys-

tems 121-123. Of course, this discrepancy can result from the already discussed coupling 

between the .PDI  and effΦ , and therefore from the uncertainty of the applied assump-

tion concerning the calculation of Φeff from the sample composition. The lowest 

polydispersity was found for the reverse micelles (0.21). As EAN was added, the .PDI  

increases and stays constant at about 0.35 for the samples with ΦEAN = 0.021, ΦEAN = 

0.042, and ΦEAN = 0.062. When ΦEAN becomes higher, the polydispersity further in-

creases as already seen in the PDDFs. Once again, this observation qualitatively con-

firms the droplet agglomeration supposed for an EAN volume fraction of about 0.105. 

The agglomeration/clustering phenomenon at higher ΦEAN is also evident by the com-

parison of the particle radii rmax and the corresponding interaction radii Rhs. For mi-

croemulsions with EANΦ ≥ 0.105, Rhs was found to be considerably lower than the corre-

sponding droplet radius rmax. In accordance to the percolation phenomenon, this indi-

cates that the long alkyl chains of neighbouring inverse droplets can overlap to a certain 

degree without excluded volume effects . This overlapping must cause a steric hin-

drance and increasing friction 125. The latter is in good agreement to the viscosity meas-

urements which show that the viscosity suddenly increases at the percolation concentra-

tion resulting from increasing friction within the microemulsion. 

To summarize, the GIFT-evaluation can be very useful for the interpretation of 

scattering data of complex multi-component systems with a minimum of a priori infor-

mation, since the p(r)-functions are completely model free. Keeping in mind the restric-

tions, which results from the scattering theory, together with the principle of the GIFT-

evaluation, it was possible to follow qualitative trends along the experimental path. 

However, one has to remark that, although all obtained parameters are in very good 

agreement, both from an absolute point of view and from the evolutional point of view, 

to previous conclusions, all values extracted from the GIFT-evaluation have to be un-

derstood as preliminary results, because of the presented problematic concerning Φeff as 

well as the polydispersity. 
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Figure V-63: Comparison between the length scale calculated 
from the data fit via the TS model (dTS) and those quantities ob-
tained via the GIFT evaluation (rmax, Reff). 

3.7 UV/Vis-Spectroscopy: Solubilization of metal salts 

Today, the application of aqueous W/O reverse microemulsions as micro-

reactors is well established. Especially, the synthesis of metallic or semiconductor 

nanomaterials using reverse microemulsions as reaction medium is a very important 

objective in current colloid science. In order to pre-evaluate the suitability of the 

C16mimCl/RTMS-based microemulsions to host metallic salts, which often act as pre-

cursors in nano-material synthesis, one interests of the present work was to proof the 

possibility to solubilise ionic metal compounds in the newly formulated microemulsion 

systems. As reference compounds, Ni(NO3)2 as well as CoCl2 were chosen mainly due 

to the fact that these two salts are suitable as molecular spectroscopic probes because of 

their deep colours in solution, green and blue, respectively. They do not dissolve in do-

decane but will be soluble in the C16mimCl/1-decanol/RTMS/dodecane micro-

emulsions. Consequently, the solubility behaviour of these metal salts in the non-

aqueous systems can be easily monitored by UV/Vis-spectroscopy. Instead of the pure 

RTMS, saturated RTMS solutions of Ni(NO3)2 and CoCl2 were used to prepare the 

C16mimCl/RTMS-microemulsions for the spectroscopic experiments. Figure V-64 (in-
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sets) shows the results from the UV/Vis measurements of Ni(NO3)2 dissolved in the two 

RTMS microemulsion systems.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-64: Maximum absorbance intensities maxA  of Ni(NO3)2 
in the RTMS/SLIL-microemulsions as a function of RTMS con-
tent. For the determination of maxA  wavelengths of 451 nm and 
657 nm were used for the EAN- and bmimBF4-system, respec-
tively. The insets show the corresponding adsorption spectra. 

The maximum absorbance Amax appears at about 415 nm for Ni(NO3)2 in pure 

EAN, whereas Amax is significantly red-shifted for the corresponding reverse EAN-

microemulsions. Here, Amax can be found at about 451 nm. The maximum absorbance 

intensity increases with increasing EAN amount, because of the gradually increased 
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concentration of Ni(NO3)2 in the microemulsion system indicating that Ni(NO3)2 is 

solubilised in the RTMS micro-droplets. Figure V-64 (top) shows the maximum ab-

sorbance of Ni(NO3)2 as a function of EAN volume fraction. As can be seen, the maxi-

mum absorbance increases linearly with solubilised EAN amount and is in agreement 

with the Lambert-Beer law (R=0.999). In the case of bmimBF4-microemulsions, nearly 

the same observations concerning Amax could be made (Figure V-64, bottom, inset). 

Ni(NO3)2 dissolved in pure bmimBF4 shows a single Amax at 426 nm. In the bmimBF4-

microemulsions, the spectra of Ni(NO3)2 are red-shifted and two absorbance peaks ap-

pear at 657 and 706 nm, respectively. The maximum absorbencies at the two wave-

lengths increase linearly with solubilised bmimBF4 (R=0.9997). Figure V-64 (bottom) 

represents the Lambert-Beer plot of the Ni(NO3)2 dissolved in bmimBF4-

microemulsions for λmax = 657 nm. Thus, the UV/Vis spectroscopy clearly confirms that 

the metal salt Ni(NO3)2 could be solubilised in the new RTMS-microemulsions. 

CoCl2 was also used to investigate the solubilization of metal salts in the RTMS 

microemulsions. In addition to the obvious colour and absorption characteristics of the 

Co2+-ion, CoCl2 is chosen as a probe, since the Co element has attracted much attention 

in the preparation and processing of materials, especially nano-scale semiconductors 

and metal materials. Therefore, it is interesting to check the solubilization of this metal 

salt in the RTMS microemulsions and thus explore the feasibility of using the RTMS-

microemulsions as templates for the preparation of nano-scale semiconductor or metal 

materials. Figure V-65 shows the UV/Vis absorption spectra of CoCl2 in the two RTMS 

microemulsions with different amounts of the polar salt component. In pure EAN 

(Figure V-65, top, inset), there is only one absorbance peak appearing at 544 nm. How-

ever, when CoCl2 is solubilised in the EAN-microemulsions, the absorbance spectra are 

red-shifted and three absorbance peaks appear at 629, 667, and 696 nm, respectively. 

The absorption spectra of CoCl2 in pure bmimBF4 as well as of the bmimBF4-

microemulsions are shown in Figure V-65 (bottom, inset). The Amax of the characteristic 

band of CoCl2 in the pure bmimBF4 was found at 544 nm, which accords with that re-

ported for the pure EAN. As shown previously for the EAN-microemulsions, the ab-

sorption spectra of CoCl2 in the bmimBF4-microemulsions also show three bands at 
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632, 669, and 696 nm. Thus, the solubilization states of CoCl2 in the EAN- as well as in 

the bmimBF4-microemulsions may be quite similar. Again, the solubilization of the Co-

salt in the two types of RTMS-microemulsions can be well described by a Lambert-

Beer-plot (R=0.9998 and R=0.9506 for the EAN-system and bmimBF4-system, respec-

tively) (Figure V-65). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure V-65: Maximum absorbance intensities maxA  of CoCl2 
in the RTMS/SLIL-microemulsions as a function of RTMS 
content. For the determination of maxA  wavelengths of 696 
nm were used for the EAN- as well as for the bmimBF4-
system, respectively. The insets show the corresponding 
adsorption spectra. 
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The possibility to dissolve metal salts in the RTMS/C16mimCl/1-

decanol/dodecane microemulsions is clearly confirmed from these results, and there-

fore, it can be supposed that the reverse RTMS-microemulsions could have potential 

application in the production of metallic or semiconductor nanomaterials. 

The discrepancy between the spectra obtained for Ni(NO3)2 and CoCl2 dissolved 

in the pure RTMS compared to the corresponding microemulsions can be attributed to 

the different properties of the free/pure RTMS molecules surrounding the metal ions 

compared to those of the microemulsion pool. 

3.8 High-temperature measurements 

As for the binary SLIL/RTMS-mixtures, the aim of the present study was to es-

tablish the proof that the reverse C16mimCl/RTMS-microemulsios will be also stable at 

elevated temperatures. If one is able to show that the reverse SLIL/RTMS-based mi-

croemulsions are also structured and stable at temperatures far beyond 100°C, the gen-

eral conclusion can be drawn that such SLIL/RTMS-based systems can significantly 

extend the very limited application temperature of aqueous microemulsions. In order to 

define the maximum stability temperature of the C16mimCl/RTMS-microemulsions, the 

latter were investigated visually up to 150°C. Additionally, DSC measurements were 

carried out to check the thermal stability quantitatively. Further on, the structuring and 

high-temperature stability of the two SLIL/RTMS-systems, was verified using high-

temperature small-angle neutron scattering (HT-SANS). 

3.8.1 Differential scanning calorimetry: Upper stability limit 

In order to get an idea about the upper application limit of the high-temperature 

stable microemulsions, the decomposition temperatures of two microemulsion mixtures 

incorporating EAN (ΦEAN = 0.042) and bmimBF4 (
4bmimBFΦ = 0.044), respectively, were 

determined via DSC measurements. These experiments were carried out using a special 

high-pressure DSC. The measurements were performed by Dr. Didier Dalmazzone at 

the Ecole Nationale Supérieure de Techniques Avancées, France. The thermograms 

obtained with both samples are presented in Figure V-66. The heat flow signals are ex-
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pressed on a watt (W ) per gram basis and plotted on the same scale so that the results 

may be easily compared. An exothermic peak is observed for the EAN-microemulsion, 

beginning at approximately 150 °C and sharply accelerating over 220°C. The maximum 

heat flow evolution is 0.35 W/g at 250 °C. Integrating the peaks between 150 and 

285°C gives an enthalpy change of -196.5 J/g (Al seal) and 199.5 J/g (Ni seal). At 

higher temperature, especially between 370 and 460°C, a mildly exothermic flow pro-

ceeds evolving. Above 460°C, a second peak seems to be forming but could not be re-

corded integrally since it is not finished at 500°C. No significant heat evolution can be 

observed below 270°C for the bmimBF4-sample. Above this temperature, an exothermic 

flow is evidenced, which slightly increases with temperature up to 440°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure V-66: DSC-thermograms obtained for the two RTMS-
microemulsions. 

EANΦ = 0.042 

4bmimBFΦ = 0.044 
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A stronger exothermic peak begins to form from 470°C to the limit of the ex-

periment. At high temperature, both compositions have a very similar behaviour, which 

can be interpreted as a slow thermal degradation above 270°C, followed by a sharper 

and stronger decomposition above 470°C. The main difference is the ≈ 200 J/g exo-

thermic peak that takes place between 150 and 280°C. It can be attributed to the decom-

position of ethyl ammonium nitrate in the microemulsion that contains this compound. 

On a 6 weight percent basis, this represents 3.3 kJ per gram of EAN. Therefore, the mi-

croemulsion composition incorporating bmimBF4 provides a higher thermal stability as 

the EAN-sample does, as expected from the fact that PILs are less stable than AILs (cp. 

Chapter II.1.4.2). Nevertheless, both types of microemulsions are stable up to 200°C 

and further, no demixture temperatures were monitored for the two compositions via 

DSC leading to the assumption that these SLIL/RTMS-microemulsion systems provide 

very good temperature stabilities. Thus, they will be very interesting for high-

temperature applications, if they are still structured and not only “molecular mixed” 

solutions at such high temperatures. 

3.8.2 Visual characterisation: Demixing behaviour 

The first impression about the high-temperature stability of the formulated 

RTMS-microemulsions was achieved by visual inspection of several samples along the 

previously defined experimental tie-lines at various temperatures from 30°C up to 

150°C. This procedure was performed for the EAN-system and the bmimBF4-system, 

respectively. During this experiment, the limit of thermal stability was defined as the 

temperature at which phase separation occurred for the first time denoted by a demixing 

of the microemulsion solution. Up to an EAN volume fraction of about 0.060 no demix-

ing was observed for the EAN-system, however for ΦEAN > 0.060 phase separation oc-

curred between 120 and 130°C, possibly due to an destabilization of the 

RTMS/dodecane-interface caused by higher solubility of the surfactant/co-surfactant-

mixture in the oil and RTMS, respectively. However, additional experiments showed 

that the thermal stability of the EAN-microemulsions could be significantly improved 

further by increasing the mass fraction of the surface-active compound (C16mimCl/1-



V  Results & Discussion – SLIL/RTMS-microemulsions 419 

decanol) from 0.3 to 0.4. By this modification, reverse microemulsions could be formu-

lated which were isotropic and monophasic at 150°C, even when they carried EAN vol-

ume fractions greater than 0.060. Due to this fact, the assumption that the C16mimCl/1-

decanol content in the reverse EAN-microemulsions defines the upper thermal applica-

tion limit of the system seems reasonable. In contrast, all investigated bmimBF4-

samples along the experimental path defined previously remained clear up to 150°C, no 

modification had to be made in order to increase the thermal stability. The solubility 

increase of the C16mimCl/1-decanol-mixture in dodecane and in bmimBF4 with increas-

ing temperature may be of less consequence for the thermal stability of this system due 

to the very high surfactant/co-surfactant mass fraction (0.65) incorporated in the com-

position.  

 

 

 

 

 

 

Figure V-67: Representative illustration of the high-temperature 
stabilities of the RTMS-microemulsions by means of the EAN-
microemulsion incorporating an EAN volume fraction of 0.042. The 
two pictures clearly indicate the isotropic appearance of the mi-
croemulsion at 30°C (left) and at 150°C (right). 

Figure V-67, which is also representative for reverse EAN-microemulsions with 

a higher amount of surface-active component (0.4) and for the bmimBF4-

microemulsions, respectively, exemplifies the high temperature stability of the microe-

mulsions on the basis of a reverse EAN-microemulsion (ΦEAN = 0.042) with a surface-
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active component content of 0.30 mass fraction. The two pictures clearly indicate the 

isotropic appearance of the microemulsion at low (30°C) and high (150°C) temperature. 

Already from this easy experiment, very good high-temperature stabilities can be sup-

posed for both formulated SLIL/RTMS-systems. However, this experiment does not 

confirm the existence of a self-assembled structure within the samples at 150°C. 

3.8.3 High-temperature small-angle scattering 

In order to establish the proof clearly that the newly formulated reverse 

C16mimCl/RTMS-microemulsions are also structured at temperatures beyond 100°C, 

HT-SANS, measurements of various C16mimCl/1-decanol/dodecane/RTMS-

microemulsions were carried out using the D22 small-angle neutron scattering spec-

trometer at the LLB Grenoble. In the case of the C16mimCl/bmimBF4-system, samples 

along the experimental path defined previously were used for the experiments. For the 

C16mimCl/EAN-system, samples with constant C16mimCl/1-decanol (molar ratio of 1:4) 

mass fraction of 0.4 and varying EAN volume fractions were investigated due to their 

higher thermal stability compared to the EAN-microemulsions incorporating lower 

mass fraction of surface-active component (0.3).  

At this point, it must be noted that in the following only a small part of the HT-

SANS results will be shown and interpreted just qualitatively. Dipl.-Chem. Oliver Zech 

will give a detailed analysis of the whole HT-SANS data in an upcoming work. Further, 

he will present results of the EAN-microemulsions along the newly defined experimen-

tal path where the HT-SANS measurements of C16mimCl/EAN-system were obtained. 

Figure V-68 shows the temperature dependent neutron scattering behaviour of 

the C16mimCl/1-decanol/dodecane/EAN-sample and the C16mimCl/1-decanol/dode-

cane/bmimBF4-sample incorporating RTMS weight fractions of 0.06. Both graphs 

clearly show a scattering peak arising from the presence of structure within the scatter-

ing volume in the temperature range between 30°C and 150°C.  
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Figure V-68: Scattering pattern of RTMS-microemulsions (RTMS 
weight fraction is 0.06) measured at various temperatures. The 
C16mimCl/1-decanol-weight fraction was 0.40 and 0.65 for the 
EAN- and the bmimBF4-system, respectively. The structure peak 
of the two microemulsions still persists at higher temperatures. 

The widths of the microemulsion peaks of both systems increase as the tempera-

ture became higher indicating a lower correlation of the internal structures and there-

fore, a decreasing order. The peak position in both microemulsions decreases monotoni-

cally with increasing temperature indicating an increase in the characteristic length scale 

of the system and a decrease in the internal surface area 124. This may arise from simple 

effects such as higher solubility of the surface-active components in dodecane and/or 
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RTMS at higher temperatures, or to an increase of the molar volumes of dodecane and 

RTMS, respectively. Both effects would reduce the amount of surfactant available to 

stabilize internal interfaces. The assumption that the higher solubility of the 

C16mimCl/1-decanol-mixture in the oil and RTMS at higher temperatures may be the 

reason for the loss of structuring within the microemulsions would be in good agree-

ment with the visual observations for the C16mimCl/EAN-system from which also a 

solubility increase of the surfactant/co-surfactant component with raising temperature 

was assumed. Interestingly, the value of maxI( q )  obtained for the EAN-sample at 150°C 

is considerably higher than the corresponding quantities at lower temperatures. Until 

now, it is not clear, what is the reason for this observation. Nevertheless, the HT-SANS 

results confirm that the upper application limit (demixing temperature) of SLIL/1-

decanol/dodecane/RTMS-microemulsions is defined by the solubility behaviour of the 

surface-active compounds in the polar and apolar phases. These results clearly demon-

strate that the structures of the newly formulated SLIL/RTMS-based systems still persist 

at very high temperatures and furthermore, that these formulations can extend the ther-

mal stability range of conventional aqueous microemulsions. This was not possible by 

using the already known RTMS-microemulsions formed with nonionic surfactants due 

to the occurrence of the cloud point phenomenon at higher temperatures 29, 126. 
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VI. Summary 

In this thesis the formation of colloidal systems involving long-chain ionic liq-

uids of the imidazolium type, which exhibit surfactant properties (surfactant-like ionic 

liquids, SLIL), was studied. The investigations included the characterisation of 1-

dodecyl-3-methylimidazolium chloride (C12mimCl), 1-tetradecyl-3-methylimidazolium 

chloride (C14mimCl), and 1-hexadecyl-3-methylimidazolium chloride (C16mimCl) in 

aqueous solution (Chapter V.1) and non-aqueous solution (Chapter V.2). In this context, 

non-aqueous means another ionic liquid, which was already liquid at room temperature 

and acted as water substitute. For this purpose, ethylammonium nitrate (EAN) and 1-

butyl-3-methylimidazolium tetrafluoroborate (bmimBF4) were chosen, because these 

room-temperature molten salts (RTMS) differ quite significantly from each other in 

consideration of their physico-chemical solvent properties, such as polaritiy and cohe-

sive energy density. Due to this disparity, a substantial difference of the out-coming 

aggregation/phase behaviour was supposed leading to a fundamental understanding of 

the influence of the RTMS type on SLIL aggregation. Further, the comparison of the 

non-aqueous data with the aqueous results was a central part in the underlying work, 

since it adresses the old question which fundamental requirements of the solvent have to 

be considered to promote surfactant self-assembly in solution. As the investigation of 

new amphiphiles concerning their properties in solution is always a very important topic 

in colloid science, both scientifically, and from the application point of view, another 

aim of this work was to differentiate the imidazolium SLILs with respect to the well 

investigated alkyl trimethylammonium and alkyl pyridinium analogues in aqueous solu-

tion. For this purpose, the results obtained for the three aqueous SLILs systems were 

related to literature data of the common cationic surfactant. The third segment of the 

examinations was attributed to the formulation and characterization of non-aqueous 

SLIL/RTMS-based microemulsions using C16mimCl as surfactant, 1-decanol as co-

surfactant, RTMS (EAN or bmimBF4) as polar phase, and dodecane as the oil phase. 

Such pseudo-ternary systems formed with the help of a cationic surfactant and a co-
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surfactant are not reported in the open literature until now. Only RTMS-microemulsions 

incorporating non-ionic surfactants are reported. In this context, the special interest was 

the investigation of regions in the phase digram of the two systems where reverse drop-

let microemulsions may be located, since these type of microemulsions are very inter-

esting from the application point of view as micro-reactors for chemical recations, e.g. 

nano-particle synthesis. Beside the studies of the SLIL/RTMS-systems and 

C16mimCl/RTMS-microemulsions at low temperatures (room temperature and near 

room temperature), the applicability of the latter systems at temperatures beyond 100°C 

was evaluated. Ionic liquids, the SLILs as well as the RTMS, show excellent tempera-

ture resistances and negligible vapour pressures, and they are consequently very suitable 

substances for the application at high temperatures. The possibility to formulate colloi-

dal systems, which are stable also at temperatures far beyond 100°C, would extend the 

limited thermal stability range of aqueous micellar and microemulsion systems without 

applying pressure. 

1 Aggregation of surfactant-like ionic liquids in aqueous solu-
tion 

Many different techniques were used to characterize the binary SLIL/water sys-

tems including (i) solubility measurements of the SLILs, (ii) surface tension, (iii) con-

ductivity, (iv) fluorescence quenching, and finally (v) small-angle neutron scattering 

experiments. The data thus obtained were employed in order to obtain the Krafft tem-

perature, maximal areas/surfactants at the liquid/gas interface, the critical aggregation 

concentrations, the degrees of counterion dissociation (and therefore the degree of coun-

terion binding), aggregation numbers, and finally micellar properties, e.g. aggregate size 

and shape. In addition, thermodynamic parameters including the Gibbs free energies of 

adsorption and micellization, were calculated for C12mimCl, C14mimCl, and C16mimCl, 

respectively. From Gibbs free energies of micellization, the contributions of enthalpies 

and entropies of micellization were extracted. The obtained values were related to litera-

ture data of conventional surfactant analogues, i.e. alkyl trimethylammonium chlorides 

(CnTACl) and alkyl pyridinium chlorides (CnPyCl), respectively. 
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 Considerable differences of the CnmimCl surfactants in aqueous media com-

pared to their conventional counterparts were found in terms of all estimated surfactant 

parameters. In general, the SLILs show lower critical aggregation concentrations and 

lower free energies of adsorption and micellization, respectively, than the corresponding 

CnTACl and CnPyCl salts. This observation clearly indicates that the adsorp-

tion/aggregation tendency of the CnmimCls is more favourable than that of the respec-

tive common surfactant chlorides. In addition, different packing behaviour of the SLIL 

monomers at the water surface as well as in the self-assembled aggregates was supposed 

for the imidazolium surfactants compared to CnTACl and CnPyCl, respectively. This 

conclusions are based on the disparities of the required areas per SLIL molecule at the 

(l/g) interface as well as of the achieved aggregation numbers of the SLIL aggregates 

reffered to the quantities reported for conventional amphiphiles. Furthermore, a signifi-

cat higher tendency of aggregate growth was found for the SLILs which gives reason to 

assume a high tendency of the CnmimCl surfactants to reduce the curvature of the 

formed aggregates at higher concentrations (in water). All observations made for the 

SLILs reflect a smaller repulsion of the head groups compared to the analogues with 

ammonium and pyridinium ones, which makes self-aggregation more favourable for the 

CnmimCl salts. There may be two effects, which both reduce unfavourable head group 

repulsion in the case of the CnmimCl surfactants leading to higher aggregation tenden-

cies. One effect is the delocalized charge of the imidazolium head group and the other a 

lower counter-ion dissociation of the SLILs as indicated by conductivity measurements 

compared to other cationic surfactant types without or different charge delocalized head 

groups. Theoretical calculations taken from the literature concerning the charge local-

ization within ammonium, pyridinium and 1-methylimidazolium head groups suggest 

that the high aggregation tendency of the SLILs is mainly due to the highly acidic H-

atom at C(2) of the imidazolium ring, which coordinates the chloride counter ion by 

hydrogen bonding. Therefore, the head group charge is more effectively screened com-

pared to the other two surfactant heads leading to lower repulsion forces. However, an 

attempt to relate the lower counterion dissociation of the SLILs to hydrogen bonds be-

tween the H(2) of the imidazolium head and the chloride ion, as proposed in the litera-
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ture, was not successful by application of the low concentration chemical model to the 

conductivity data below the cac of the SLILs. Finally, it could be shown that all conclu-

sions drawn from surface tension measurements, conductivity measurements, and fluo-

rescence quenching are inline with the results obtained from small-angle neutron scat-

tering experiments, which have been analyzed in terms of a ellipsoid form factor model 

in combination with a Hayter-Penfold structure factor of interacting charged hard-

spheres. Using the latter model, it was possible to extract the evolution of the particle 

shapes and dimensions for all three aqueous SLIL-systems. 

2 Aggregation of SLILs in solution of room-temperature 
molten salts 

The second part of this work was focused on the possibility to form micellar ag-

gregates in two RTMS (ethylammonium nitrate and 1-butyl-3-methyimidazolium tetra-

fluoroborate) by admixing SLILs. The investigations included DSC, surface tension, 

density, SAXS, and SANS measurements. From these techniques, the solubility behav-

iour, the critical aggregate concentrations, the partial molar volumes, and structural in-

formation of the formed SLIL aggregates in the two RTMS were obtained. Addition-

ally, thermodynamic parameters including the surface excess concentrations, the mini-

mum areas occupied per SLIL molecules at the RTMS/gas interface, the contributions 

of the SLIL discrete segments to Gibbs free energies of adsorption, and the Gibbs free 

energies of micellization were calculated from the surface tension isotherms measured 

for the SLIL/EAN- and SLIL/bmimBF4-systems at 25°C and 40°C, respectively. Beside 

the investigations at ambient and near ambient temperature, further studies of the 

SLIL/RTMS-mixtures were carried out at higher temperatures (up to 150°C) in order to 

verify the high-temperature stability of the formulated systems taking advantage of the 

wide temperature range, over which ionic liquids are liquid and stable.  

It could be shown by surface tension as well as by small ange neutron scattering 

that SLILs form self-assembled aggregates in both types of RTMS. Compared to the 

results obtained in aqueous solution, the SLILs show higher cacs and also higher free 
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energies of micellization. Consequently, aggregate formation seems to be less favoured 

bmimBF4. Interestingly, the finding of aggregates in bmimBF4 are not in agreement to 

the postulation of Evans et al. who postulated a minimum cohesive energy density of 

1.3 J/m3 required to promote self-aggregation of amphiphiles in a solvent. Since 

bmimBF4 possesses a considerably lower cohesive energy density of 0.75 J/m3, it is 

clear, as already proposed in the literature, that the old claim of Evans et al. must be 

updated to the recent situation. The results obtained for the C16mimCl/EAN- and 

C16mimCl/bmimBF4- system from small-angle scattering experiments, which were ana-

lyszed in consideration of a spherical form factor and a Percus-Yevick hard-sphere 

structure factor, also permit some interesting information: The aggregate evolution of 

C16mimCl in RTMS is quite different to that in water, i.e. only spherical aggregates 

were formed and no aggregate growth was observed over the concentration range stud-

ied, and further, the size of the formed spherical micelles depends on the RTMS em-

ployed as solvent. 

Unfortunatly, no quantitative analysis of the scattering data achieved at 150°C 

could be performed, because no absolute intensities in the case of the SAXS patterns 

were obtained. Further, problems concerning the neutron detector during the SANS ex-

periments made an fitting of the scattering curves impossible. Although this situation is 

not satisfactory, the qualitative interpretation of the scattering patterns, however, estab-

lished clearly the proof that C16mimCl forms aggregates in both solvent-RTMS also at 

high temperatures (up to 150°C, perhaps more). Consequently, it could be demonstrated 

that it is possible to extend the limited temperature range of aqueous surfactant systems 

by the present C16mimCl/RTMS-systems.  

3 Formulation and characterisation of surfactant-like ionic 
liquid/room temperature molten salt -based microemulsions 

The third part of this thesis dealed with the examination of reverse C16mimCl/1-

decanol/RTMS/dodecane microemulsions. In this context, the realms of existence of 

clear and monophasic areas of two pseudo-ternary systems only differing by the RTMS 
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(EAN or bmimBF4) used as water substitute will be presented. The phase behaviour of 

the two systems along defined experimental paths, which are located in the region of the 

phase diagrams where reverse RTMS nanodroplets may be assumed, was characterized 

at 30°C by means of conductivity, viscosity, dynamic light scattering, UV-Vis spectros-

copy, steady-state fluorescence spectroscopy, and SAXS. Furthermore, preliminary in-

vestigations concerning the high-temperature stability of the microemulsions were car-

ried out by means of visual observations, DSC, and high-temperature SANS. 

Both microemulsion systems show huge isotropic monophasic regions denoted 

as microemulsion areas (L-phase), when the molar ratio of the pseudo-constitute, surfac-

tant and co-surfactant, was 1:4. This molar ratio was chosen, because it provided the 

best trade-off in consideration of solubilization efficiency and application. The experi-

ments were caried out along two defined experimental paths incorporating constant sur-

factant/co-surfactant weight fraction, 0.30 and 0.65 for the EAN-microemulsions and 

bmimBF4-microemulsions, respectively, and varying RTMS/dodecane ratios. The 

measurements carried out for the EAN-system showed very interesting features con-

cerning the phase evolution along the experimental path. It could be demonstrated that 

at low EAN volme fractions separated reverse droplets are formed within the system 

followed by an dynamic percolation phenomenon at an EAN volume fraction of about 

0.10. When higher amounts of EAN (volume fractions greater than 0.22) are solubi-

lised, the system undergoes a steep transition towards a more bicontinuous-like phase. 

Below the percolation threshold determined for the EAN-system, DLS measurements 

gave monoeponentially decaying autocorrelation functions (only one relaxation process) 

from which the hydrodymamic radii of the reverse EAN micro-droplets were obtained. 

The radii increase and follow the linear swelling law of reverse microemulsions. The 

dimensions were found to be in the range of normal reverse aqueous microemulsion 

systems, i.e. between 2 and 10 nm. Further, DLS was able to monitor the occurance of 

an second relaxation process above the EAN percolation concentration. This observa-

tion was attributed to a topological relaxation mode in the microemulsions by mem-

brane fusion, allowing oil to flow from one region of the space to the other, involving 

fusion of the droplets/domains. The latter is in good agreement to the dynamic percola-
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tion theory. The buil-up of defined microemulsion droplets were further analyzed by 

determination of the microviscosity of the droplet cores using fluorescence technique 

and a suitable dye. A defined transition of reverse micelles to real reverse EAN hosting 

microemulsion droplets was observed. Contary to the EAN-system for which a lot of 

information could be achieved from conductivity and viscosity measurements, the 

bmimBF4-system showed no special features in the data plots, only a monotonical raise 

of conductance and viscosity could be observed. Also the fluorescence measurements 

on microemulsions of the bmimBF4 type did not show any characteristics. The obtained 

maximum fluorescence intensity as well as the corresponding wavelength showed no 

variance. Also DLS failed for this system, perhaps due to refractive index matching of 

solubilised and continuous phase. However, it was possible to establish the proof of 

structure within the bmimBF4-microemulsions by SAXS, which gave characteristic 

scattering for both microemulsion types, EAN and bmimBF4, respectively. The scatter-

ing curves were anylazed according to the Teubner-Strey-model from which two char-

acteristic length scales, the periodicity and the correlation length, were attained. From 

this two quantities, the amphilicity factor, which can be related to the structure present 

within the system, was calculated. The values of the amphilicity factor showed that re-

verse droplet structures are formed within the EAN-system, whereas a bicontinuous 

structure is present in the case of the bmimBF4-system. Additionally, it is supposable 

from the SAXS results that the investigated bmimBF4 microemulsions seem to be more 

highly structured than the EAN microemulsions. However, it must be noted that until 

now, it is not completely clear whether the distinctive structure in the bmimBF4-system 

is due to the different nature of the solvent-like RTMS or due to the higher amount of 

surfactant/co-surfactant weight fraction incorporated in the investigated C16mimCl/1-

decanol/dodecane/bmimBF4-samples compared to the EAN microemulsions. Due to the 

fact that along the experimental path of the EAN-system reverse droplets were formed, 

the SAXS curves of this system were additionally evaluated in terms of the model-free 

GIFT-method using a Percus-Yevick structure factor. Contrary to the TS-model, which 

incorporates features of droplet microemulsions as well as of bicontinuous structures, 

this evaluation is solely based on the particulate picture of microemulsions, no biconti-
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nuity is considered in this analysis. It was possible to extract the shape and the dimen-

sion of the particles present within the measured samples from the GIFT evaluation. 

The results confirm the presence of spherical objects as well as the swelling law already 

observed from DLS. For the estimation of the structure factor parameters, the hard-

sphere volume fraction was restricted to the theoretically calculated values using the 

assumption that EAN, C16mimCl, and 1-decanol are completely involved in the forma-

tion of the reverse microemulsion droplets. The latter directly affects the polydispersity 

value extracted from the structure factor, but not the quantity of the hard-sphere interac-

tion radius of the reverse EAN droplets. Keeping in mind this restriction, which results 

from the scattering theory, together with the principle of the GIFT-evaluation, it was 

possible to follow qualitative trends of aggregate evolution along the experimental path. 

Although all obtained parameters are in very good agreement to previous conclusions, 

one has to remark, however, that all values extracted from the GIFT-evaluation have to 

be understood as preliminary results, because of the exclusion of cosolubility of the 

droplet components in the continuous phase during the GIFT evaluation. In order to pre-

evaluate the suitability of the C16mimCl/RTMS-based microemulsions to host metallic 

salts, which often act as precursors in nano-material synthesis, one interests of the pre-

sent work was to proof the possibility to solubilise ionic metal compounds in the newly 

formulated microemulsion systems. For this purpose, UV/Vis-spectroscopy was ap-

plied. It was found that Ni(NO3)2 and CoCl2, both acting as reference metal salts due 

their deep colours, can be easily solubilised within the two C16mimCl/RTMS-systems. 

Therefore, it can be supposed that the reverse RTMS-microemulsions could have poten-

tial application in the production of metallic or semiconductor nanomaterials. 

Beside the characterisation of the RTMS-microemulsions at 30°C, another major 

task was to show that these systems are also suitable for the application at temperatures 

far beyond 100°C. This was accomplished via high-temperature small angle-neutron 

scattering measurements, performed at 30°C, 60°C, 90°C, and 150°C. The obtained 

scattering curves show that the features, which are characteristic for structure in mi-

croemulsions, still persist at 150°C. Consequently, the C16mimCl/1-decanol/ 
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RTMS/dodecane microemulsions will be also very interesting for high-temperature ap-

plications for which common aqueous microemulsions are unsuitable. 
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