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Chapter I. 
Introduction and Strategy 

 

In this thesis, mainly the surfactant octaoxyethylene octyl ether carboxylic acid and its 

metal salts are examined. Chapters II. and III. are concerned with the phase behavior and 

microstructures in binary mixtures with water. In Chapters IV. and V., this surfactant is 

mixed with dioxyethylene oleyl ether carboxylic acid, utilizing the vastly different areas 

per molecule of the two surfactants, to form a special bicellar nematic gel. In Chapter VI., 

a different topic is presented. The fibrillar structures formed by the natural sweetener and 

hydrogelator glycyrrhizic acid ammonium salt in water and in water/ethanol mixtures are 

elucidated. 

Each of these chapters is a self-contained study, and the vast majority of the presented re-

sults is already published. Therefore, each chapter is written and organized like a research 

article with the following general organization: Abstract, Introduction, Experimental Sec-

tion, Results and Discussion, Conclusion and Outlook, and References. In addition, each 

chapter has its own Appendix containing supplementary material. On the first page of each 

chapter, the respective publications are referenced , and the contributions of all authors are 

declared. A complete list of publications as well as poster presentations at national and 

international conferences is given at the end of this thesis. 

The following introduction is written for the main topic of this thesis, the self-assembly of 

single and mixed surfactant systems containing octaoxyethylene octyl ether carboxylic acid 

(Chapters II. to V.). Since Chapter VI., though also concerning self-assembly, is not the-

matically connected to the other chapters, the introduction given in Section VI.2. of said 

chapter should suffice.  
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I.1. Scientific Dogmata in Surfactant Self-Assembly 

Self-assembly of surfactant molecules into molecular aggregates, called micelles, is a con-

sequence of the surfactant’s inner conflict imposed by its amphiphilic molecular structure. 

A surfactant molecule comprises at least one hydrophilic and at least one hydrophobic part, 

which would not stay together but separate, were they not covalently bound together. Since 

the hydrophilic headgroup and the hydrophobic tail are bound together, the only way to 

resolve the conflict is to self-assemble into micelles to form hydrophobic domains of tails 

and hydrophilic domains of headgroups to minimize the contact area. In modern physical 

chemistry, resolving a conflict means minimizing Gibbs free energy within the possibilities 

set by sterical constraints since molecules cannot overlap. In water, the situation is the same 

as the hydrophilic headgroups interact with water molecules and form a polar domain, 

while water is excluded from the nonpolar domain made of the hydrophobic tails. 

Though soaps have been used for cleaning purposes by humans for at least 4800 years 

without understanding the mechanisms behind their functionality [1], the scientific explo-

ration of surfactant self-assembly started in 1913, when McBain [2] first suggested the ex-

istence of self-assembled aggregates in aqueous soap solutions. Throughout the more than 

100 years long history of surfactant science, many scientists contributed towards the un-

derstanding and prediction of surfactant self-assembly, continuously improving models and 

theories. A clear and extensive overview of the most important milestones was given by 

Nagarajan in 2014 [3]. 

Self-assembly of surfactants proves to be a complex phenomenon, governed by a subtle 

interplay of many different forces, such as hydration, electrostatic, Van der Waals, and en-

tropic forces, and geometric constraints imposed by the molecular structure. The introduc-

tion of pseudo-phases by Tanford [4,5] in the 1970s has clarified the situation and allowed 

explicit calculation. Micelles and bound species and the bulk solvent are considered as non-

separated but distinct phases, i.e., the chemical potential of each constituent is equal in each 

pseudo-phase. When the bulk (solvent) phase does not contain any surfactant monomers, 

the sterical packing of the molecular surfactant films introduced by Israelachvili et al. [6,7] 

dominates over entropic effects. 

Despite the significant progresses made by using free energy minimization within the con-

straints of packing, the huge variety of surfactants with different structures of more or less 



I.1. Scientific Dogmata in Surfactant Self-Assembly 
 

 3 

complex headgroups and tails further complicates the development of a unified theory of 

micellization to predict concentration-dependent self-assembly, still leaving a vast play-

ground for both experimentalists and theoreticians in the future. 

When entropy plays no role, a molecular packing model for self-assembly can be quantified 

at first order in a manner described by Israelachvili et al. [6,7], considering not only basic 

thermodynamics and interaction free energies, but also geometrical packing constraints. 

This model allows for the prediction of the size and shape of micelles through a simple 

spontaneous molecular packing parameter p0. 

p0 = 
ν

a0·lc
 , (I.1.1) 

where ν is the partial molecular volume of the hydrophobic tail, lc is the critical length 

limiting the radius or the thickness of the aggregate, and a0 is the equilibrium surface area 

per surfactant molecule at the hydrophobic-hydrophilic interface. A more detailed discus-

sion of the packing parameter is given in Appendix A.3, where also the difference between 

the spontaneous packing parameter p0 and the effective packing parameter p is discussed. 

Since lc is given by the effective conformational average length of the hydrophobic tail, the 

ratio ν/lc is constant for common alkyl chains, independently of their length [8]. As a result, 

the magnitude of p0 only depends on a0, which is not simply a geometrical area of the 

molecule but depends on intermolecular interactions and is obtained by minimizing the free 

energy in the surfactant film. a0 only depends on the headgroup and the influence of the tail 

length is neglected, leading to p0 and therefore the aggregation properties being determined 

by the headgroup exclusively. Nagarajan [9] extended the model by additionally consider-

ing the free energy of tail deformation, which explicitly depends on the tail length, in the 

calculation of a0. Due to its simplicity combined with its relative success in predicting the 

preferred shapes of surfactant self-assemblies, the packing parameter is still regularly used 

in the literature to predict the equilibrium aggregates of surfactants, where 0 ≤ p0 ≤ 1/3 for 

spheres, 1/3 ≤ p0 ≤ 1/2 for cylinders, and 1/2 ≤ p0 ≤ 1 for bilayers. Note that in this packing 

model, the surfactant molecule is approximated to have a conical shape, i.e., the hydropho-

bic tail ends in a point. In reality, the end of the hydrophobic tail is of finite size, in the case 

of a straight alkyl chain given by the size of the CH3 group. A direct extension of the initial 

packing concept, using a truncated cone with a second area per molecule, called the  chain 

splay area, assigned to the hydrophobic tail, was proposed by Kulkarni [10] in 2019. The 
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consideration of the chain splay area is of importance when the packing parameter adopts 

higher values, especially when reverse structures are formed. In this thesis, the concept of 

the packing parameter is used as a convenient approximation by a dimensionless number 

to distinguish between surfactants with different general properties and behavior. 

The purpose of this introduction is not to give an overview of the progressions made in 

self-assembly theory in general, as for example given in ref. [3], but to give an overview of 

some important surfactant classes and their self-assembly, identifying the dominant molec-

ular driving forces and citing some of the seminal papers that had a significant contribution 

towards the understanding of these surfactant classes. Further, the research conducted in 

this thesis will be assessed for its contribution to the field of surfactant self-assembly. Sur-

factants can be anionic, cationic, nonionic, or zwitterionic. Common surfactants consist of 

one headgroup and one tail, where the tail is typically one alkyl chain, but can also consist 

of two or, in principle, even three chains, as for example in phospholipids or triglycerides. 

Other types of surfactants, such as gemini surfactants or bola surfactants are not considered 

here. Gemini surfactants are made of two surfactant molecules that are covalently bound 

together by a molecular bridge, therefore comprising two tails and two headgroups. Bola 

surfactants have two headgroups bound to both sides of the same hydrophobic chain. 

 

I.1.1. Membrane Lipids 

One of the best studied surfactant families is that of membrane lipids, as they play a crucial 

role in life by forming bilayer membranes and their physicochemical understanding is an 

important contribution towards the understanding of biological processes. Membrane lipids 

comprise two acyl chains as hydrophobic part, and depending on their headgroup they can 

be zwitterionic, e.g., phosphatidylcholines such as 1-palimitoyl-2-oleoylphosphatidylcho-

line (POPC) or phosphatidylethanolamines such as 1-palimitoyl-2-oleoylphosphatidyleth-

anolamine (POPE), anionic, e.g., phosphatidyl-L-serines such as dioleoylphosphatidyl-L-

serine (DOPS), cationic, e.g., 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP), or 

nonionic, e.g., glycero-glycolipids such as digalactosyldi-(9Z,12Z,15Z)-octadeca-

trienoylglycerol (DGDG). The common feature of all membrane forming lipids in water is 

that the large double tail hydrophobic part imposes a spontaneous packing parameter p0 

close to 1, which leads to the formation of bilayers, i.e., lamellar phases and vesicles 
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(liposomes). 

When trying to understand the molecular driving forces governing the membrane lipid self-

assembly, a variety of different contributions must be considered. Two equations of state 

are required for a full description. On the one hand, the perpendicular equation of state, 

which includes the inter-bilayer forces determining the swelling. On the other hand, the 

lateral equation of state, linking the area per molecule of the lipid in the molecular layer to 

the free energy [11]. 

The perpendicular equation of state includes the following forces. Attractive van der Waals 

forces between bilayers, described by Ninham and Parsegian [12], are opposed by a strong 

repulsive hydration force, first measured accurately by LeNeveu et al. [13], see Fig. I.1, 

and theoretically described by Marčelja and Radić [14]. In the case of charged bilayers 

(formed by anionic or cationic lipids, or by ion adsorption to zwitterionic lipids), electro-

static repulsion also comes into play. To some surprise, Cowley et al. [15] have shown that 

electrostatic repulsion only dominates at large inter-bilayer distances, whereas the domi-

nant repulsive short-range (≤ 3 nm) force, even in charged systems, is the hydration force. 

An additional contribution to the bilayer interactions is a steric repulsion caused by ther-

mally excited mechanical undulations, which was first pointed out by Helfrich [16–18]. 

Counter-intuitively, this is a long-range interaction, acting over similar distances as elec-

trostatic repulsions. In addition to the random Helfrich undulations, electrostatically cou-

pled, correlated undulations can be found in the case of ionic lipids, giving rise to the “oys-

ter shell phase” described by Demé et al. [19,20]. The dominant molecular driving force 

governing self-assembly differs for charged and uncharged lipids. While the hydration 

force dominates for uncharged lipids (zwitterionic and nonionic), electrostatic forces cou-

pled to undulations dominate the behavior of charged lipids (anionic and cationic). The 

former was confirmed especially by studies concerning the paradox swelling of multi-

layered systems when adding salts or nonionic solutes, which lead to a positive swelling 

mainly due to screening of van der Waals attraction [21,22]. 

Aspects to consider for the lateral equation of state, which is directly linked to the packing 

parameter p0, are conformational packing constraints [23], lateral lipid compressibility, and 

interfacial free energies of hydrophobic-hydrophilic interfaces [24], as first established by 

Marcelja and Wolfe [25]. Headgroup interactions, such as hydration or electrostatic inter-

actions, directly influence the equilibrium area per molecule a0, which is obtained by 
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minimizing the lateral equation of state. A more detailed lateral equation of state for lipids 

was established by Marsh [26], see Fig. I.2. 

 
Fig. I.1. First measured perpendicular equation of state for zwitterionic bilayers in units of osmotic pressure 
and chemical potential of water as a function of the bilayer separation, i.e., the water layer thickness dw, and 
the mole ratio of water and lipid. It was also the first proof of the repulsive hydration force between bilayers. 
Reproduced with permission from [13] (Copyright © 1976 Springer Nature Limited). 

 
Fig. I.2. Generic lateral equation of state of lipids as established by Marsh [26]. The bilayer surface free 
energy Fb is given as a function of the area per lipid molecule ab, indicating the contributions of the hydro-
phobic and repulsive interactions. The equilibrium area per molecule ab0 is obtained at the minimum of the 
free energy. The surface pressure Πb in a single monolayer (dashed line) is also given and arbitrarily shifted 
upward by 55 mN·m-1. The surface pressure Πb = 0 at ab0. Adapted with permission from [26] (Copyright © 
1996 Elsevier B.V.). 
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The first description of combined lateral and perpendicular equations of state was given by 

Dubois et al. [27] for the lipid-mimicking cationic surfactant didodecyldimethylammonium 

bromide (DDAB). The same principles can be applied to other surfactant classes, the only 

significant difference being the respective dominant molecular driving force. 

 

I.1.2. Alkyl Carboxylates 

Since fatty acids are the hydrophobic structural units of membrane lipids and have a simple 

molecular structure comprising only a hydrocarbon chain, in the simplest case an alkyl 

chain, and a small carboxylic acid headgroup, they attracted some attention as model com-

pounds for lipid membranes even before those were understood in detail [28]. As the acidic 

form alone is usually insoluble in water, alkyl carboxylate salts, i.e., soaps, or mixtures of 

fatty acids and alkyl carboxylates, or mixtures of alkyl carboxylates and long-chain alcohol 

co-surfactants are studied. The smaller volume of the single-chain hydrophobic part com-

pared to double-chain membrane lipids in combination with electrostatically repelling 

headgroups leads to a spontaneous packing parameter p0 that is not strictly close to 1 but 

can be significantly smaller than 1. As a consequence, not only bilayer structures but also 

different micellar shapes are feasible, the most common phases being cubic, hexagonal, 

and lamellar phases. Mandell et al. [29] extensively studied ternary systems of alkyl car-

boxylates, fatty acids or long-chain alcohols, and water. Not only did they identify and 

describe various different (liquid crystalline) phases, but their work was one of the first 

instances of (ternary) phase diagrams, which were common in metallurgy, being used for 

surfactant systems. The most important, thoroughly studied system in the process of under-

standing the self-assembly of alkyl carboxylates is arguably the sodium octanoate – oc-

tanoic acid – water system, to which Ekwall and co-workers devoted a series of 14 publi-

cations on “Solutions of alkali soaps and water in fatty acids”, published between 1969 and 

1989. Instead of citing the whole series, the 1993 overview published by Fontell and Man-

dell [30] is here referenced. The phase diagram of the ternary system, as represented by 

Fontell and Mandell, is shown in Fig. I.3. Early reviews of the rich phase behavior of alkyl 

carboxylates in general were given for example by Tiddy [31], Fontell [32], or Ekwall [33]. 



Chapter I. 
 

 8 

 
Fig. I.3. Ternary phase diagram of the sodium octanoate (NaC8) – octanoic acid (HC8) – water system, in the 
representation given by Fontell and Mandell [30]. L1: Aqueous isotropic phase. L2: Octanoic acid isotropic 
phase. B, C, and D: Lamellar phases. E: Hexagonal phase (H1). F: Reverse hexagonal phase (H2). Phase 
domains that are not marked with a letter are either biphasic or triphasic, the larger ones typically being 
biphasic and the very small ones being triphasic. Tie lines are omitted for improved readability. In the sodium 
octanoate-rich corner, crystals are formed, or crystals coexist with the other phases, see Ekwall and Mandell 
[34] for more details. Reproduced with permission from [30] (Copyright © 1969 Steinkopff-Verlag). 

Naturally, all of the forces governing the self-assembly of lipids, described in Section I.1.1., 

are also involved in the self-assembly of alkyl carboxylates., and only the main molecular 

mechanism is different. A recent, very extensive overview of the thermodynamics of mi-

cellization, focusing mainly on short-chain alkyl carboxylates, was given by Rosenholm 

[35]. Surface charge regulation, as initially proposed in 1971 by Ninham and Parsegian [36] 

for interacting surfaces bearing ionizable groups, turned out to be the dominant mechanism 

responsible for alterations in aggregation size and shape. Experimental evidence of surface 

charge regulation was possible by a quantitative deconvolution of charge and structure fac-

tor by small-angle neutron and X-ray scattering [37], allowing the determination of charge, 

hydration, and average aggregation number in a given sample without ambiguity. Results 

obtained from small-angle scattering can be supported by a complementary dynamic light 

scattering study, if not only the correlation time but also the Rayleigh ratio of the average 

static light scattering can be measured in the absence of any dust. One of the first examples 

was given in 1982 by Hayter and Zemb [38], who studied the structure of sodium octanoate 

micelles using small-angle neutron scattering. The results of the study were supported by a 
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complementary light scattering study conducted by Zemb et al. [39] one year later. At a 

time when the aggregation number was still thought to be independent of concentration, 

they found that globular sodium octanoate micelles grow in size with increasing concen-

tration, while keeping a rather constant surface charge. This is only possible, if the addi-

tionally incorporated sodium octanoate molecules are neutral, i.e., associated. In 1984, Ev-

ans et al. [40] proposed the “dressed micelles” model for ionic micelles with the counterion 

association as a key parameter, which was later refined and confirmed by Hayter [41], who 

demonstrated good agreement of model predictions and various experimental results, see 

Fig. I.4. Probably the first study demonstrating charge regulation was given not for an alkyl 

carboxylate but for the binary system sodium octylphosphate – water at varying pH values 

by Chevalier et al. [42]. The fact alone, that micellar shapes are altered by addition of un-

charged fatty acids or alcohols [29] or the addition of salt [43], shows that surface charge 

regulation is a decisive factor. 

 
Fig. I.4. A plot of the theoretical (δTheory), according to the “dressed micelles” model, versus experimental 
(δExperiment) degrees of ionization of micelles formed by various surfactants at different ionic strengths, demon-
strating the good agreement between experiment and theory. Reproduced with permission from [41] (Copy-
right © 1992 American Chemical Society). 

Another important observation was the isotropic but flow birefringent locally lamellar 

sponge phase. In 1988, Ekwall and Fontell [44] reported a multitude of small-angle X-ray 

scattering data, recorded throughout the isotropic L2 phase of the sodium octanoate – 
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octanoic acid – water system (Fig. I.3). In the same year, Ekwall [45] documented for the 

first time the “anomalous” linear (one-dimensional) swelling in the L2 phase along dilution 

lines towards the water corner, passing the critical point (TrP) of the biphasic domain, see 

Fig. I.3. Since the experimental work for these publications was conducted in the 1960s, 

this was probably the first documentation of the locally lamellar structure of the “anoma-

lous” phase, which was later called sponge phase or L3 phase. The locally lamellar structure 

was also identified by other authors in the same year [46,47]. A more detailed description 

of the microstructure was given for example by Roux et al. [48] a few years later. It should 

also be noted that such anomalous phases were reported independently by many different 

authors in various surfactant systems, without knowing the microstructure, including Fon-

tell [49] in 1975 or Lang and Morgan [50] in 1980, who explicitly called the phase “anom-

alous”. 

 

I.1.3. Catanionic Surfactants and Catanionic Mixtures 

A catanionic surfactant, as defined by Jokela et al. [51] in 1987, is an equimolar mixture of 

a cationic and an anionic surfactant without any other counterions, i.e., the cationic surfac-

tant is the counterion of the anionic surfactant and vice versa. In their second study on the 

matter, Jokela et al. [52] investigated the sodium octanoate – octylammonium octanoate – 

water system, which is an example of a catanionic mixture since there is no longer equimo-

larity of anionic and cationic surfactant and sodium ions are present. Notably, Fontell, who 

had worked a lot on alkyl carboxylates (Section I.1.2.), is one of the authors of the second 

study. The authors found striking similarities between the self-assembly of catanionic sur-

factants, where both surfactants possess a single hydrocarbon chain of similar length, and 

zwitterionic lipids, both forming uncharged bilayers, i.e., p0 ≈ 1, the spacing of which is 

dominated by the hydration force. However, when deviating only slightly from equimolar-

ity, the bilayers become charged and the spacing changes dramatically due to inter-bilayer 

electrostatic repulsion. A similar effect is observed when adding charged species to un-

charged lipid bilayers, as pointed out for example by Gulik-Krzywicki et al. [53]. 

Kaler et al. [54] studied catanionic mixtures of various different cationic and anionic sur-

factants in water including their respective counterions, confirming that lamellar phases or 

stable vesicles are the predominant structure, though other shapes are possible far from 
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equimolarity. In 1994, Khan et al. [55] have shown by comparing the available phase dia-

grams at the time that this is true if both cationic and anionic surfactant have only one 

hydrocarbon chain each. Since anionic and cationic headgroups form ion pairs, even in 

presence of other inorganic counterions, each ion pair essentially behaves like a double-

chain surfactant, resembling zwitterionic lipids with a spontaneous packing parameter 

p0 ≈ 1. If, however, at least one of the two ionic surfactants has two hydrocarbon chains, 

the ion pairs effectively have at least three hydrocarbon chains, which leads to p0 > 1 and 

the formation of reverse structures. Many different authors published a multitude of studies 

on different catanionic surfactants or catanionic mixtures, confirming the same principal 

physicochemical properties. A review of all the available studies and the physicochemical 

properties was given by Khan and Marques [56] in 1997, yet many studies followed there-

after. 

After the presentation of evidence for the formation of thermodynamically stable unilamel-

lar “equilibrium” vesicles in a catanionic mixture by Kaler et al. [57] in 1989, various stud-

ies thereafter supported this idea. Whether these vesicles are actually thermodynamically 

stable or just metastable, as most other vesicles prepared from lamellar phases, was an on-

going debate throughout the following decade, see for example Laughlin [58] in 1997. It is 

now understood that thermodynamically stable vesicles do not exist for nonionic surfac-

tants, but indeed do exist for ionic surfactants. Since electroneutrality must be maintained, 

the counterion concentration on the inside of the vesicle is significantly increased compared 

to the outside solution, leading to the average inside concentration exceeding 0.1 M. As a 

result, the electrostatic repulsions between the headgroups are screened and the equilibrium 

area per molecule slightly decreases, which leads to a spontaneous curvature towards the 

inside [20]. 

Especially in the dilute regime, catanionic surfactants and catanionic mixtures close to 

equimolarity usually exhibit a strong tendency to precipitate. In catanionic mixtures, the 

surface charge varies with the mixing ratio of the two surfactants, which not only influences 

micellar structures in the liquid state, but also crystalline structures. Dubois et al. [59,60] 

identified hollow icosahedra and nanodiscs, for which Meister et al. [61] later measured 

the perpendicular equation of state. A phase prism of the tetradecanoic acid (C13COOH) – 

cetyltrimethylammonium hydroxide (CTAOH) – water system studied by Dubois et al. was 

constructed by Zemb and Dubois [62], and is shown in Fig. I.5. Since the hydroxide 
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counterion of CTAOH and the proton of C13COOH together form a water molecule, the 

system can be considered a true catanionic surfactant system. Above the chain melting tem-

perature, lamellar phases and stable unilamellar vesicles are formed, as expected for such 

a catanionic surfactant system. When the vesicle phase is cooled below the chain melting 

temperature, icosahedra and discs are formed and coexist with crystalline lamellar phases. 

 
Fig. I.5. Phase prism for the ternary system tetradecanoic acid (C13COOH) – cetyltrimethylammonium hy-
droxide (CTAOH) – water, as given by Zemb and Dubois [62]. The top triangle represents the molten state at 
temperatures above the chain melting temperature, where around equimolarity of the two surfactants lamellar 
phases or thermodynamically stable vesicles are formed. The bottom triangle shows the formed crystalline 
phases, when the mixtures are cooled below the chain melting temperature (cooling is indicated by the arrow). 
Icosahedra (Ico) or discs coexist with crystalline lamellar phases. L1: Isotropic micellar phase. Lα+ and Lα-: 
Liquid lamellar phases with excess cationic surfactant or anionic surfactant, respectively. V: Unilamellar ves-
icles. Lβ+ and Lβ-: Crystalline lamellar phases with excess cationic or anionic surfactant, respectively. Taken 
with permission from [62] (Copyright © CSIRO Publishing). 

As mentioned above, the perpendicular equation of state for (uncharged) bilayer structures 

of catanionic surfactants is essentially identical to that of uncharged zwitterionic lipid bi-

layers and dominated by the hydration force, whereas that of non-equimolar catanionic 

mixtures also includes electrostatic repulsion. An early theoretical model of the latter was 

given by Jokela et al. [63]. A detailed perpendicular equation of state was given by Ricoul 

et al. [64] for a lamellar cationic surfactant – nonionic glycolipid – water system, where 

surface charge regulation is achieved by varying the fraction of the nonionic glycolipid. 
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Though this system is not a catanionic mixture, it is thus analogous to non-equimolar catan-

ionic mixtures. However, in catanionic mixtures, where both surfactants initially have an-

other (halide or metal) counterion, the release of these ions into the solution upon mixing 

of the surfactants leads to a state of significant electrostatic screening due to relatively high 

salt concentrations. 

It is also important to note that the role of the counterions is not independent of the coun-

terion species, i.e., ion effects are specific. The degree of association of the headgroup and 

the ion and the adsorption of the ion in general depends both on the ion and the chemical 

structure of the headgroup, which in turn has an influence of the effective surface charge 

of micelles and influences intermicellar forces. Vlachy et al. [65] proposed an ordering of 

anionic headgroup types and cations based on their tendency to form ion pairs, see Fig. I.6, 

building on the well-known Hofmeister-Collins law of matching water affinities. These 

effects apply to all ionic surfactant systems, and due to adsorption effects also to uncharged 

systems in presence of salt, e.g., zwitterionic lipids. 

 
Fig. I.6. Tendency of some anionic surfactant headgroups and their respective counterions to form close ion 
pairs. The ions and ionic headgroups are ordered based on their polarizability, i.e., their “softness” or “hard-
ness”. The figure was taken with permission from [65] (Copyright © 2008 Elsevier B.V.). 
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I.1.4. Dialkyl Sulfosuccinates, Alkyl Sulfates, and Alkyl Ether 

Sulfates 

All principles described in the previous sections for charged surfactants of course apply to 

any ionic surfactant. Other examples are alkyl sulfates with the model compound sodium 

dodecyl sulfate (SDS), alkyl ether sulfates with the model compound sodium lauryl ether 

sulfate (SLES), and dialkyl sulfosuccinates with the model compound sodium 

bis(2-ethylhexyl) sulfosuccinate (AOT). 

The aqueous phase diagram of AOT with and without sodium chloride was first determined 

by Fontell [49] and later by Ghosh and Miller [66]. Since the molecular structure of AOT 

with two lightly branched alkyl chains somewhat resembles that of a short chain anionic 

lipid, p0 ≈ 1 and it is not surprising that lamellar structures are favored. The perpendicular 

equation of state of AOT in lamellar phases was measured by Antelmi and Kékicheff [67], 

confirming stabilizing undulation forces, as already mentioned in Section I.1.1. for ionic 

lipids. 

Alkyl sulfates, especially SDS, received a lot of attention from fundamental research. One 

of the most detailed phase diagrams available for any binary mixture of surfactant and water 

is that constructed for SDS – water (D2O) by Kékicheff and co-workers [68,69], see Fig. 

I.7. Kékicheff and Cabane [70], a few years later revisited by Kékicheff [71], identified 

various intermediate structures between the classical hexagonal phase made of “infinite” 

cylinders and the classical lamellar phase made of extended bilayers, see Fig. I.7. These 

intermediate phases usually extend only over small concentration ranges compared to the 

classical liquid crystalline phases. They are a consequence of a change in the spontaneous 

packing parameter p0 through a change in electrostatic screening or counterion dissociation 

and hydration. Cylinders first transform into ribbons, i.e., “flattened” cylinders with an el-

lipsoidal cross-section or a flat inner part and hemispherical edges, which then connect to 

each other to form a three-dimensional array of rods with various unit cells, until they merge 

into “infinite” bilayers and form the classical lamellar phase. 

Cylindrical micelles can also be flexible, i.e., “worm-like”, and branched to form isotropic 

viscous networks of giant entangled “thread-like” micelles. The first direct experimental 

evidence of connected thread-like micelles was given by Danino et al. [72].These networks 

are responsible for the viscosity peaks often found in aqueous mixtures of ionic surfactants 
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as a function of salt concentration. While cylinders require a p0 around 0.5, the junctions 

require p0 ≈ 0.8 (intermediate between cylinders and bilayers), which can be adjusted by 

adjusting inter-headgroup interactions. When salt is added to a micellar solution, electro-

statics are screened and the repulsion between charged headgroups decreases depending on 

the salt concentration. Consequently, p0 also changes with the salt concentration and the 

formation of a network of entangled worm-like cylinders can be induced. A detailed de-

scription and explanation, also including specific ion effects, was recently given by Pleines 

et al. [73]. 

 
Fig. I.7. Binary phase diagram of the SDS – D2O system, as constructed by Kékicheff et al. [68]. Terminology 
used by the authors: Hα: Hexagonal phase. Mα: Two-dimensional monoclinic phase. Rα: Rhombohedral phase. 
Qα: Cubic phase. Tα: Tetragonal phase. Lα: Lamellar phase. Cx: Crystalline SDS hydrate with x water mole-
cules per SDS molecule. The transition from the hexagonal phase made of long cylinders (Hα) to the lamellar 
phase made of extended bilayers (Lα) is found to progress via the formation of (connected) ribbons, which 
are organized in various three-dimensional arrays with different unit cells (Mα, Rα, Qα, and Tα). Taken with 
permission from [68] (Copyright © 1989 Elsevier Inc.). 

Based on the concept of pseudo-phases, in which the micelle and the monomeric solution 

are treated as two pseudo-phases, each with a defined surfactant chemical potential, intro-

duced by Tanford already in 1973 [4,5], Missel et al. [74,75] developed a so-called “ladder” 

model for a thermodynamic description of the growth of spherical SDS micelles into worm-

like micelles in presence of a 1:1 electrolyte, see Fig. I.8. 

The cylindrical parts coexist with their hemispherical endcaps, and since the packing 
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condition is different in those two regions, surfactant molecules can be assigned a different 

chemical potential in these two “pseudo-phases”. The free energy of the system then de-

pends on the distribution of the surfactant molecules in the two regions, i.e., on the length 

of the cylinders and the aggregation number. Since the chemical potential difference be-

tween the two pseudo-phases is fixed, the free energies of the aggregates as a function of 

the aggregation number resemble a “ladder”. The expressions for the mean aggregation 

number and the size distribution of cylindrical micelles obtained from the ladder model are 

in good agreement with experimental results. Kralchevsky and co-workers worked a lot 

with alkyl ether sulfates, especially lauryl ether sulfates, which have the advantage of a 

lower tendency to crystallize compared to SDS due to the additional ethylene oxide units. 

They extended the ladder model to 2:1 [76] and 3:1 [77] electrolytes, to mixed surfactant 

systems [78], as well as to disc-like micelles [79,80]. Recently, Danov et al. [81–84] pub-

lished a four papers long series to propose a general molecular-thermodynamic theory for 

the growth of cylindrical micelles made of ionic surfactants or surfactant mixtures contain-

ing ionic surfactants, identifying the “micelle scission” energy, i.e., the excess free energy 

of the hemispherical endcaps, as the decisive factor for the micellar size. 

The existence of a “second critical micelle concentration”, where macroscopic properties 

of micellar solutions such as viscosity, conductivity, or solubilization change abruptly was 

already shown in the 1940s and 50s. It is known for a long time that these changes are 

linked to the transition from globular to worm-like micelles, but it is the ladder model and 

its extensions that can explain why the transition from globular micelles above the critical 

micelle concentration to worm-like micelles at a “second critical micelle concentration” is 

usually relatively sharp. The excess free energy of the endcaps is responsible for very short 

spherocylinders being energetically unfavorable. Thus, the “initial growth”, i.e., the for-

mation of smaller spherocylinders, is skipped and predominantly longer worm-like mi-

celles are formed. A more detailed description is given by Leermakers et al. [85]. 
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Fig. I.8. The “ladder” model for the chemical potential differences between the three pseudo-phases in a 
solution of spherocylindrical micelles: 1) The bulk solution, in which the surfactant molecule is dissolved as 
a monomer. 2) Hemispherical end caps containing n0/2 surfactant molecules each. n0 is the aggregation num-
ber of the minimum sized spherical micelle formed close to the critical micelle concentration. 3) The cylin-
drical domain of the spherocylinder, containing n-n0 surfactant molecules. µ!" is the chemical potential of a 
surfactant molecule in the solvent, µ#!

"  is the chemical potential of n0 surfactants forming a minimum spher-
ical micelle, and µ" is the chemical potential of a surfactant molecule in the cylindrical region of the micelle. 
The gap spacing Δ is the gain in free energy by forming a minimum spherical micelle out of n0 surfactant 
molecules in solution. The ladder spacing δ is the gain in free energy by transferring a surfactant monomer 
from the bulk solution to the cylindrical region of the micelle. Since δ is constant for each of the n-n0 surfac-
tant molecules added to the cylindric part of the micelle, the chemical potentials form an “infinite ladder” as 
a function of the aggregation number n. The size distribution of the micelles is given as a Boltzmann distri-
bution over all chemical potential levels, where Xn is the likelihood of a given aggregation number, X1 being 
the mole fraction of surfactant monomers in the solution. A schematic drawing of a spherocylindrical micelle 
is shown at the top, where the hemispherical end caps are colored in red, while the cylindrical part is colored 
in blue. The figure was adapted with permission from [74] (Copyright © 1980 American Chemical Society). 

 

I.1.5. Nonionic Surfactants – Polyoxyethylene Alkyl Ethers 

An early systematic study of the phase behavior of monoglycerides was given by Lutton 

[86] in 1965, who compared the phase behavior to that of alkyl carboxylates and found 

similar liquid crystalline phases. However, among the multitude of nonionic surfactant 
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molecules, polyoxyethylene alkyl ethers, CiEj, are the most important and best studied. The 

equilibrium area per molecule and the spontaneous packing parameter p0 of course depend 

both on the alkyl chain length [9] and the number of ethylene oxide groups. Thus, the phase 

behavior can be varied strongly by adjusting those two molecular features. An extensive 

study of CiEj surfactants with a systematic variation of i and j was given by Mitchell et al. 

[87], also considering previously published data, including those presented for C8E4, C8E5 

by Chakhovskoy [88] as early as 1956. Liquid crystalline phases in these nonionic surfac-

tant systems, i.e., micellar shapes, are found to be much more sensitive to temperature var-

iations compared to those found in systems of ionic surfactants, as is easily seen when 

comparing the phase diagram of C12E5 [87], see Fig. I.9, to the phase diagram of SDS [68], 

see Fig. I.7. In the liquid state, the latter usually exhibits no phase transitions when varying 

temperature, whereas the former shows various phase transitions when increasing temper-

ature at a constant surfactant concentration. A feature that is usually not observed for ionic 

surfactants, but is common to all nonionic ethoxylated surfactants, is the “cloud point” at 

higher temperatures, where a surfactant-rich (micellar) phase separates from a dilute aque-

ous phase. At temperatures slightly below the cloud point, a single micellar phase is found. 

This means that intermicellar interactions switch from repulsive to attractive at the cloud 

point. As shown experimentally in various studies, e.g., Zulauf et al. [89], micelles typically 

also undergo shape transitions as the temperature approaches the clouding temperature. The 

strong temperature dependence of the micellar shape of CiEj surfactants, both in liquid 

crystalline phases and in micellar phases, was attributed to the hydration of the ethylene 

oxide headgroups at least since 1978, when Staples and Tiddy [90] proposed that the dom-

inant repulsive force between these micelles is the hydration force, linked to the water mol-

ecules bound to the ethylene oxide groups and to the conformational free energy of the 

headgroups, which is adversely affected by steric hindrance as micelles come closer to each 

other [87]. This was inspired by the experimental proof of the hydration force between lipid 

bilayers in the late 1970s [13]. The less water molecules are bound to the ethylene oxide 

headgroup, the lower is not only the intermicellar repulsive hydration force, but also the 

volume of the hydrated headgroup. Dehydration of the headgroups is achieved either by 

increasing the temperature or by increasing the surfactant concentration, leading to a de-

creasing area per molecule and an increasing p0, as discussed in ref. [87]. 

Worm-like micelles, as discussed in the previous section, also exist in solutions of nonionic 

surfactants. Since nonionic surfactants bear no charge, electrostatic interactions, charge 
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regulation, and other counterion effects are not responsible for micellar growth. Instead, 

the ladder model of the chemical potential, initiated by Missel et al. [74], was extended to 

nonionic surfactants accounting for the temperature effects (hydration) by Kato et al. [91]. 

Thomas et al. [92] extended the model to mixed nonionic micelles and a general molecular-

thermodynamic theory was proposed by Danov et al. [93] in 2018. 

 
Fig. I.9. Phase diagram of the C12E5 – water system, as reported by Mitchell et al. [87]. L1: Isotropic aqueous 
micellar phase. L2: Isotropic surfactant-rich phase. L3: Isotropic phase, later identified as the locally lamellar 
sponge phase [48]. H1: Hexagonal phase. V1: Bicontinuous cubic phase. Lα: Lamellar phase. S: (Semi-)crys-
talline phase of neat or hydrated surfactant. Taken with permission from [87] (Copyright © 1983 Royal So-
ciety of Chemistry). 

 

I.1.6. Extended Surfactants 

Extended surfactants were developed by Salager and co-workers in the process of trying to 

improve the solubilization of oils in aqueous surfactant solutions. Graciaa et al. [94,95] 

have shown that adding a very hydrophobic amphiphilic compound, which they called “lip-

ophilic linker”, to a microemulsion containing classical nonionic surfactants can greatly 

improve the oil solubilization. By inserting a polyoxypropylene chain as the linker directly 

into the surfactant molecule, in this case in between the alkyl chain and the headgroup of a 

SLES molecule, an extended surfactant was obtained and tested by Miñana-Perez et al. 
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[96]. Excellent performance in oil solubilization was confirmed, allowing even the solubil-

ization of triglycerides. A review of the “lipophilic linker effect” was given by Salager et 

al. [97] in 2005. Note that the ethylene oxide groups in the headgroup may be referred to 

as “hydrophilic linker”, the number of which can be adjusted to influence phase behavior. 

However, the vast majority of published studies concerning extended surfactants dealt with 

mixtures of oil and water, not with their aqueous phase behavior. The only binary phase 

diagram available for an extended surfactant containing both a lipophilic and a hydrophilic 

linker so far was constructed by Klaus et al. [98,99] for an alkyl polyoxypropylene ether 

sulfate (C12–14–PO16–EO2–SO4Na), identifying a lamellar phase, a bicontinuous cubic 

phase, and inverse phases. The polyoxypropylene chain is rather hydrophobic, though not 

as hydrophobic as the alkyl chain, and serves as an extension of the hydrophobic tail. The 

length of the alkyl chain cannot be increased indefinitely as crystallization will be favored. 

Polyoxypropylene groups on the other hand are much more flexible and do not crystallize 

as easily, allowing the hydrophobic part of the surfactant to be much larger. Klaus et al. 

have also demonstrated that the polyoxypropylene chain is not extended, making the hy-

drophobic part bulkier, which in turn increases the equilibrium area per molecule and the 

spontaneous packing parameter to p0 ≥ 1 in most cases. Though, the conformational free 

energy contribution of the polyoxypropylene chains is expected to be the main additional 

contribution compared to other ionic or nonionic surfactants, an extension of a molecular-

thermodynamic model to extended surfactants is still missing. 

 

I.1.7. Intramicellar Molecular Segregation 

In liquid mixed surfactant systems, containing at least two different surfactant species, all 

surfactant species are usually statistically distributed throughout the micelles. Even though 

the segregation of surfactant molecules into locations enriched in either one of the species, 

be it intermicellar or intramicellar, comes with a significant entropic penalty, molecular 

segregation was evidenced in some cases. Since full random mixing is accompanied by a 

significant gain in entropy, i.e., the free energy of mixing, molecular segregation is rather 

rare. Considering packing constraints, one can expect intramicellar segregation in mixtures 

of surfactants with significantly different spontaneous packing parameters, where one sur-

factant favors high curvature and the other surfactant favors low curvature, as long as the 
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gain in free energy by adopting the preferred packing exceeds the loss in free energy due 

to the entropic penalty of molecular segregation. 

Molecular segregation was first evidenced in lipid vesicles, e.g., by Papahadjopoulos et al. 

[100], which can be rationalized by the two different packing conditions on the inside (neg-

ative curvature) and outside (positive curvature) layers of the vesicle. Apart from the case 

of ionic surfactants, where counterion release leads to different electrostatic screening con-

ditions in the vesicle interior and in the bulk, see Section I.1.3., a single surfactant molecule 

cannot adopt two different packings at the same time, as one of them would be energetically 

unfavorable. In mixed surfactant systems, the coexistence of these two different packing 

conditions can be achieved by molecular segregation, where the outer surfactant layer and 

the inner surfactant layer have different molecular compositions. Such an intra-aggregate 

segregation also occurs in thermodynamically stable vesicles in catanionic surfactant mix-

tures, where negative curvature is achieved by alternating anionic and cationic surfactants 

in the inside layer, and positive curvature is realized by an excess of one of the two species 

[56]. Intramicellar molecular segregation in a catanionic surfactant system, producing var-

ious different shapes, including discs and icosahedra, as a function of the mixing ratio, was 

also shown by Dubois et al. [101]. 

Another prominent example of intramicellar segregation is that found when mixing two 

lipids with vastly different spontaneous packing parameters to obtain “bicelles”. Classical 

“bicelles” are disc-like micelles with molecular segregation into a flat bilayer part and a 

curved rim, but a multitude of other morphologies were found in such systems. For further 

information, including synthetic surfactant systems mimicking classical bicelles, the reader 

is referred to the introduction of Chapter IV. (Section IV.2.). Notably, the chains are semi-

crystalline in the majority of these systems. However, there are also several studies sug-

gesting intramicellar segregation with liquid chains. Early examples are the studies reported 

by Hendrikx and co-workers [102,103] and Pope and Doane [104] in the case of discs or 

ribbons, which are surprisingly rarely cited in the literature. 

According to theory and practical observation, without molecular segregation of two spe-

cies disc-like micelles are limited to low aggregation numbers and a small concentration 

range, i.e., larger discs are energetically unfavorable [79]. The fact that intramicellar mo-

lecular segregation can overcome these limitations and enables the coexistence of domains 

with different packing conditions, in turn giving rise to otherwise instable micellar shapes, 
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demonstrates the importance of intramicellar segregation. 

 

I.1.8. Overview 

An overview of all the mentioned surfactant classes in the previous sections, for which the 

general phase behavior is well established in the literature, is presented in Table I.1. The 

main molecular driving force governing the self-assembled structures as well as important 

experimental observations that significantly contributed to the understanding of both the 

self-assembly of the respective surfactant class and the self-assembly of surfactants in gen-

eral are stated. Some seminal works, which either presented important new findings or the-

ories or culminated and extended existing knowledge into a generalized theory, are also 

given. 
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Table I.1. Overview of surfactant classes, which were studied in detail by many scientists to reveal the mo-
lecular driving forces involved in their self-assembly, thus contributing significantly to the general under-
standing of surfactant self-assembly. Footnotes represent short descriptions of the given seminal papers. 

surfactant class main molecular 
driving force 

important observed 
shape transitions 

key experimental 
observation seminal papers 

zwitterionic and 
nonionic lipids hydration force 

restricted to bilayers 
(lamellae or vesi-

cles) 

osmotic equilibrium 
between multilamel-
lar vesicles and the 

solvent 

LeNeveu et al. 
[13] a), Marčelja and 
Wolfe [25] b), Marsh 

[26] c) 

ionic lipids 
electrostatics and 

electrostatically cou-
pled undulations 

restricted to bilayers 
– correlated undula-
tions in the oyster 

shell phase 

oyster shell phase 
Cowley et al. [15] d), 

Demé et al. 
[19,20] e) 

alkyl carboxylates electrostatic charge 
regulation 

shape transitions 
(globular-cylindri-
cal-lamellar) in-
duced by surface 
charge variation 

locally lamellar 
structure of the 
sponge phase 

Mandell et al. 
[29] f), Evans et al. 

[40] g), Ekwall 
[45] h) 

catanionic 
surfactants/mix-

tures 

hydration 
force/headgroup 

pairing and release 
of counterions 

mainly bilayers; 
thermodynamically 

stable vesicles 

osmotic equilibrium 
between catanionic 

microcrystallites 

Jokela et al. [51] i), 
Meister et al. [61] j), 
Kaler et al. [57] k) 

alkyl sulfates 
electrostatic charge 
regulation and head-

group packing 

ribbon phases and 
other intermediate 

phases 

continuous transition 
from cylinders to bi-
layers via intermedi-

ate phases 

Kékicheff and 
Cabane [70] l), 
Kékicheff et al. 

[68,69] m) 

alkyl ether sulfates 

electrostatic charge 
regulation and head-

group packing – 
“ladder” model of 

the chemical poten-
tial 

sphere-to-rod transi-
tion – micellar 

growth and branch-
ing of worm-like mi-

celles 

“second critical mi-
celle concentration” 
and viscosity maxi-
mum as a function 

of salinity 

Danov et al. [84] n), 
Pleines et al. [73] o) 

polyoxyethylene al-
kyl ethers headgroup hydration 

shape transitions in-
duced due to head-
group dehydration 

cloud point and tem-
perature sensitivity 
of liquid crystalline 

phases 

Mitchell et al. 
[87] p), Danov et al. 

[93] q) 

a) First accurate measurement of the hydration force and the perpendicular equation of state. 
b) First established lateral equation of state. 
c) Detailed description of the lateral equation of state. 
d) Measurement of the perpendicular equation of state: Hydration force dominates for small spacings, while electrostatic repulsion 

dominates for larger spacings. 
e) Identification and description of the oyster shell phase with electrostatically coupled undulations. 
f) Construction of multiple phase diagrams of alkyl carboxylate – fatty acid/long-chain alcohol – water systems and identification of 

various mesophases. 
g) Formulation of the “dressed micelle” model including counterion binding, i.e., charge regulation, as a parameter. 
h) First documentation of the linear swelling of the sponge phase. 
i) Pioneering work on catanionic surfactants. 
j) Measurement of the perpendicular equation of state for catanionic surfactants/mixtures. 
k) First identification of thermodynamically stable vesicles in a catanionic mixture. 
l) Identification of various intermediate phases between a hexagonal phase made of cylinders and a lamellar phase made of bilayers. 
m) Determination of a detailed binary phase diagram of SDS and water, identifying not only large known phase domains, but also 

intermediate phases. 
n) Construction of a general molecular-thermodynamic model describing micellar growth of ionic micelles into worm-like micelles, 

building upon the “ladder” model of the chemical potential initiated by Missel et al. [74] and its various extensions, mainly given by 
Kralchevsky and co-workers (see text). 

o) Modelling of the viscosity maximum as a function of salt concentration observed in ionic surfactant systems due to worm-like micelle 
formation, including specific ion effects and branching of worm-like micelles. 

p) Systematic study of polyoxyethylene alkyl ether surfactants, giving a qualitative explanation of the phase behavior with headgroup 
hydration effects on the packing parameter and other forces involved. 

q) General molecular-thermodynamic model describing the growth of nonionic micelles into worm-like micelles, building upon the 
“ladder” model of the chemical potential and its extensions, including all known important contributions to the free energy. 
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I.2. Concept of Melting Point Lowering due to Ethoxy-

lation 

The COncept of Melting Point Lowering due to EThoxylation (COMPLET) was estab-

lished by Kunz and co-workers as an alternative method to obtain room temperature ionic 

liquids [105–107]. To obtain ionic liquids, i.e., “liquid salts”, the melting point must be 

lowered by increasing the Gibbs free energy of the solid state and/or lowering the Gibbs 

free energy of the liquid state. In classical ionic liquids, this is achieved by increasing the 

free energy of the solid state through molecular asymmetry. Typically, bulky cations such 

as imidazolium, pyrrolidinium, or phosphonium derivatives hinder crystallization [108]. 

The COMPLET is a different approach, schematically depicted in Fig. I.10: Instead of in-

creasing the free energy of the solid state, mainly the free energy of the liquid state is de-

creased by introducing ethylene oxide groups. Ethylene oxide groups are not only readily 

hydrated, increasing water solubility, but also bring about a significant conformational en-

tropy contribution even in absence of water. Ethylene oxide groups can be introduced into 

both anions and cations, making plenty of combinations of anions and cations possible, 

many of which are more easily accessible and less toxic than classical ionic liquids. It is 

important to note that finding an adequate number of ethylene oxide groups is a compro-

mise between increasing the conformational entropy and decreasing the free energy of eth-

ylene oxide crystallization, see melting temperature minimum in Fig. I.10. Simply increas-

ing the number of ethylene oxide groups also facilitates a crystalline packing of the ethylene 

oxide chains, which is easily seen by the increasing melting temperatures of polyethylene 

glycols with increasing number of ethylene oxide groups per molecule [109]. 

Since the ions are often organic compounds, they can also be surfactants, if there is a large 

enough hydrophobic group [110–113]. Ionic liquids including a surfactant as cation or an-

ion are often referred to as surface active ionic liquids (SAILs). Polyoxyethylene alkyl ether 

carboxylates, marketed for example under the tradename Akypo® by Kao Chemicals, are 

examples of such anionic surfactants. With a sufficient number of ethylene oxide groups, 

the entropy of the ethylene oxide chain results in low melting points, usually below room 

temperature, even with trivalent metal cations [110,111]. The surfactant primarily used in 

this thesis, octaoxyethylene octyl ether carboxylic acid (Akypo® LF2), is such an anion if 

transformed into a salt, and its ethoxylation explains why the surfactant and its metal salts 
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are liquid at room temperature. Though the salts of this surfactant may be considered as 

ionic liquids, the focus of this study is not focused on their properties as ionic liquids but 

on their properties as surfactants. 

 
Fig. I.10. Schematic visualization of the COMPLET for an arbitrary surfactant (sodium tetradecanoate; left). 
Bottom: The chemical potential of the molecule in the liquid state µ$%&'%("  (dashed red line), the chemical 
potential of the molecule in the solid state µ)*$%("  (dotted blue line), and the chemical potential difference 
Δμ0 = µ$%&'%("  - µ)*$%("  (solid black line) are sketched as a function of the number of ethylene oxide (EO) groups 
inserted into the headgroup, n(EO), at a constant temperature below the melting temperature of the surfactant 
at n(EO) = 0. As n(EO) is increased, µ$%&'%("  initially exhibits a strong decrease as a consequence of the con-
formational entropy of the inserted EO-chains in the liquid state. At the same time, µ)*$%("  slightly increases 
initially due to hindrance of molecular packing by the EO groups. When inserting even more EO groups, 
µ)*$%("  decreases again because crystalline packing of the EO chains is the easier the higher n(EO) is, i.e., the 
enthalpy of fusion of the EO chains increases with increasing n(EO). Δμ0 therefore assumes a minimal value 
at an “ideal” number of EO groups, where the liquid state is favored the most. Consequently, the melting 
temperature of the (ethoxylated) surfactant, sketched in the top (solid black line) is also minimal for this 
“ideal” n(EO). Note that, due to a lack of available data on melting points at varying degrees of ethoxylation, 
the “ideal” n(EO) is arbitrarily chosen roughly based on the few data available to the author. The limiting 
melting temperature at n(EO) = 0 is given by the melting temperature of the non-ethoxylated surfactant, and 
the limiting melting temperature for large n(EO) is given by the rather constant melting temperature of poly-
ethylene glycols above a certain number of EO groups (typically ≈63°C for n(EO) > 100). The melting point 
lowering due to ethoxylation, ΔΤm,EO, at an arbitrary n(EO) is also indicated. 
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It should be noted that the principle of the COMPLET has been used for a long time, a 

prominent example being SLES as an ethoxylated version of SDS. The ethylene oxide 

groups of SLES lower the melting temperature of its crystalline state compared to SDS. 

Another beneficial effect of the ethoxylation is that the ethoxylated surfactants are less 

prone to precipitation in presence of multivalent cations compared to their non-ethoxylated 

counterparts. This is easily demonstrated when comparing Akypo® surfactants with classi-

cal soaps, the former being liquid at room temperature even with multivalent cations, 

whereas the latter precipitate in hard water. 

These types of surfactants can also be used to overcome a typical problem of catanionic 

surfactants and mixtures, the high tendency to precipitate around equimolarity of the two 

ions, see Section I.1.3. Using ethoxylated anionic and/or cationic surfactants, liquid catan-

ionic systems can be obtained that would otherwise be crystalline, extending the possibili-

ties for applications [113]. A visual demonstration of this concept is given in Fig. I.11. 

 
Fig. I.11. Optical appearance of catanionic mixtures with varying degrees of ethoxylation of the cationic 
surfactant at various mass ratios and a constant total surfactant concentration of 1 g·L-1, as reported in [113]. 
Left: Sodium dodecyl sulfate (SDS) and cetyltrimethylammonium chloride (CTAC). Note that the tendency 
to precipitate is even more pronounced with dodecyltrimethylammonium chloride (DTAC), not shown here. 
Middle: SDS and C12EO1Ch. Right: SDS and C12EO3Ch. The photographs and information were taken with 
permission from [113] (Copyright © 2022 Elsevier B.V.). 
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I.3. Contributions of This Thesis 

The work presented in this thesis deals mainly with octaoxyethylene octyl ether carboxylic 

acid (C8E8CH2COOH) and its mixture with dioxyethylene oleyl ether carboxylic acid 

(C18:1E2CH2COOH). Both surfactants can be assigned to the surfactant class of alcohol 

ether carboxylates (AECs), reviewed several years ago by Chappisi [114], who pointed out 

that only few studies concerning the behavior of these surfactants are available. Thus, this 

work expands the knowledge on this neglected surfactant class. Since some neat metal salts 

of the surfactants are examined (Chapter III.), especially concerning their microstructures, 

this work also gives some insight into the self-assembly of such surfactant ionic liquids. 

An important aspect regarding self-assembly science in general, is the fact that 

C8E8CH2COOH comprises a large headgroup and a significantly smaller hydrophobic tail. 

Apart from the terminal acetic acid group, the surfactant closely resembles a classical 

nonionic surfactant with the generic structure CiEj. This type of surfactant allows the free 

variation of the relative volumes of the hydrophobic and hydrophilic parts. As a result of 

the interest in liquid crystalline phases and shape transitions, usually surfactants with i ≈ 2·j 

were studied [115]. Remarkably, only in rare cases surfactants with i ≤ j were considered 

[87,116–118]. The interesting aspect is not merely that i ≤ j, but the ability or inability to 

undergo micellar shape transitions and to form liquid crystalline phases. The larger i is, the 

larger j needs to be in order to prevent shape transitions and the formation of liquid crys-

talline phases. For example, C8E8 does not form any liquid crystalline phases [87], whereas 

C16E20 (Brij® 58) forms a multitude of liquid crystalline phases [118], despite i < j. As will 

be shown in this thesis by determination of phase diagrams and small-angle scattering, 

C8E8CH2COOH does not form any liquid crystalline phases and completely resists a 

sphere-to-rod transition, i.e., the packing parameter never exceeds 1/3 and the free energy 

required to change the micellar shape is too high (Chapters II. and III.). This is due to 

steric constraints imposed by the large headgroup, which can only be overcome by freezing 

or similar ordering of the headgroups. Above the freezing point of water, the latter is only 

possible if the headgroups are only weakly hydrated and is hindered in this case by the large 

conformational entropy of the headgroup’s ethylene oxide chain combined with a low 

enough number of ethylene oxide groups to avoid favoring their crystallization. To the au-

thors knowledge, so far, the only other surfactant shown to completely resist a sphere-to-

rod transition by backing up the binary phase diagram with small-angle scattering data is 
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C12E23 (Brij® 35) [116,117]. Though any surfactant, which exhibits no liquid crystalline 

phases or only a discontinuous micellar cubic phase in its full binary aqueous phase dia-

gram, is expected to resist a sphere-to-rod transition, only few such phase diagrams are 

published and usually the microstructures were not elucidated [87]. 

In addition to giving a detailed study of a surfactant resisting the classical sphere-to-rod 

transition (and consequently other shape transitions), this property is utilized when mixing 

C8E8CH2COOH with C18:1E2CH2COOH (Chapter IV.). In contrast to C8E8CH2COOH, the 

latter favors bilayer formation, i.e., p0 ≈ 1. This significant mismatch of preferential curva-

ture leads to intramicellar molecular segregation and the formation of rather large disc-like 

“bicelles”, which is, as mentioned above, a rare form of self-assembly. Nematic alignment 

of these discs results in a new type of a strongly shear thinning, viscoelastic gel. Even 

though intramicellar molecular segregation had been identified several times, see Section 

I.1.7., it is still a phenomenon in self-assembly that is rather rarely considered and still lacks 

full theoretical explanation. Thus, the extensive study given in this work may aid in com-

pleting this task by providing experimental data. 

Having the potential of the nematic gels for application in mind, the effects of some addi-

tives commonly used in formulation in industry on the microstructures of the mixed sur-

factant system were also examined (Chapter V.). The mechanisms revealed in this study 

should in principle be applicable to other ethoxylated nonionic surfactants, thus extending 

the scientific background of the effects of these additives in general. 
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Chapter II. 
Simple Aqueous Phase Behavior of 

Octaoxyethylene Octyl Ether Carboxylic Acid 

(C8E8CH2COOH) 

 
Schematic drawing of the water-poor headgroup interdigitated micellar phase (L1’) with 

confined hydrocarbon cores (yellow) surrounded by a polar medium of (hydrated) head-

groups (green), found at surfactant concentrations above 60 wt%. There is no bulk water, 

only a hydration layer, which is indicated with a blue color. 

Note: 
A large portion of this chapter is already included in the author’s master thesis (P. Denk, Phase Behavior and 
Simple Coacervation of Akypo™ LF2 in Aqueous Solutions, [unpublished] master thesis, University of Re-
gensburg, 2020.). The data presented in the master thesis were also published a few months later (P. Denk, A. 
El Maangar, J. Lal, D. Kleber, T. Zemb, W. Kunz, Phase diagrams and microstructures of aqueous short alkyl 
chain polyethylene glycol ether carboxylate and carboxylic acid triblock surfactant solutions, J Colloid Inter-
face Sci 590 (2021) 375–386.) [1]. The author of this thesis is the first author of the publication, wrote the 
original draft, evaluated the data, and conducted most of the experiments. The co-author Dr. Asmae El 
Maangar performed the SWAXS measurements, the treatment of the raw scattering data, and assisted in ed-
iting the original draft. The co-authors Prof. Dr. Thomas Zemb and Prof. Dr. Werner Kunz reviewed the draft 
and provided scientific input throughout the work. The co-author Dr. Jyotsana Lal assisted in fitting of the 
SAXS data. The co-author David Kleber conducted preliminary work and prepared the samples used for 
SWAXS. Some aspects presented in this chapter are also discussed in two other publications (M. Rothe, E. 
Müller, P. Denk, W. Kunz, Ionic Liquids Based on the Concept of Melting Point Lowering Due to Ethoxyla-
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II.1. Abstract 

The surfactant octaoxyethylene octyl ether carboxylic acid (C8E8CH2COOH) is examined 

in this chapter. Its extraordinarily simple aqueous phase behavior distinguishes this surfac-

tant from the vast majority of surfactants. As a consequence of its small hydrophobic part 

and significantly larger hydrophilic part, a significant steric constraint is expected during 

micellization. In addition, fine-tuning via electrostatic interactions should be enabled by 

the terminal carboxylic acid group of this “essentially nonionic” surfactant. 

Phase diagrams of binary mixtures of water and C8E8CH2COOH are established over large 

concentration and temperature ranges, and in the presence of sodium and calcium ions, as 

well as hydrocarbon oils. Surface tensions and osmotic pressures are measured to under-

stand the systems. To evaluate the microstructures, also dynamic light scattering (DLS), 

cryogenic transmission electron microscopy (cryo-TEM), and small-angle X-ray scattering 

(SAXS) are performed. 

Apart from the formation of coacervates at very low surfactant concentrations, spherical 

micelles persist over the whole concentration and temperature range and do not change in 

size and shape. At very high surfactant concentrations, above 60 wt%, where the head-

groups are no longer fully hydrated, the standard core-shell structure of micelles (L1 phase) 

vanishes and highly stabilized aggregates of 8–26 octyl chains are suspended in interdigi-

tated polyoxyethylene layers and form an ‘‘osmotic brush” (L1’ phase). When the acid is 

partially transformed into its sodium salt, the repulsion between the micelles increases, 

whereas bridging between micelles prevails, when calcium cations are available with suf-

ficient electrostatic screening. Remarkably, the negative charges of the headgroups seem to 

be randomly distributed in the hydrophilic ethylene oxide shell in the case of sodium as 

counterion. Altogether, a phase diagram without lyotropic liquid crystalline phases, similar 

to the phase diagram of C8E8 already known in the literature, and an extreme shift of the 

cloud point in temperature and composition is found. The phase properties can be explained 

by the curvature and packing constraints together with the Lindemann rule applied to short 

hydrocarbon chains.  
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II.2. Introduction 

Usually, aqueous surfactant solutions show a rich phase behavior as a function of compo-

sition and temperature. Beyond spherical micelles, typically other micellar shapes occur 

and, at higher surfactant concentrations, also various liquid crystalline phases and reversed 

phases can be found [4]. Further, for nonionic surfactants, also a significant dependence on 

temperature is observed. This is especially the case for nonionic surfactants containing eth-

ylene oxide (EO) groups as polar heads. Depending on the conditions and the location in 

the phase diagram, the headgroups can be more or less dehydrated. As a result, the size and 

the shape of the micelles can significantly vary in the L1 phase. At higher surfactant con-

centrations, different liquid crystalline phases, as well as phase separations at higher tem-

peratures, may occur. However, there are some exceptions, for which a remarkably simple 

phase behavior is found over a large composition and temperature range. This is for exam-

ple the case for C8E8 and C8E12 surfactants, as mentioned by Mitchell et al. in 1983 [5], and 

as early as 1971 for C8E6 [6]. Other examples are C12Ex(CO2CH2CH2)yOH surfactants, as 

recently found by Spiering et al. [7]. 

In the present chapter, aqueous solutions of a relatively simple and commercially available 

surfactant, which is liquid at room temperature under ambient pressure, are investigated. It 

shows a very simple phase behavior over nearly the whole composition range with water 

and over the whole temperature range, similar to C8E8 [5]. The only exception is a small 

concentration range at surfactant concentrations below the critical micelle concentration 

(CMC), where a coacervate is formed. Coacervation is termed a special liquid-liquid phase 

separation of colloidal systems, where the separation is between a concentrated colloid-rich 

fluid phase that forms in the absence of any precipitation and a very dilute phase. The re-

sulting colloid-rich liquid phase, called coacervate, is more viscous than the supernatant 

[8]. Coacervation is linked to the counter-intuitive ‘‘concentrating by dilution” phenomena 

[9]. This has been extensively studied for polymers, lipids, and proteins more than fifty 

years ago, much less in the case of surfactants [10]. It occurs sometimes in polyelectrolyte 

solutions, and especially in protein solutions or mixtures of polymers with surfactants [11–

15]. Very few and somewhat exotic examples are known, in which more or less complex 

surfactants can form coacervates under certain conditions, even in the absence of polyelec-

trolytes [16]. 
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The surfactant octaoxyethylene octyl ether carboxylic acid (C8E8CH2COOH), with its com-

mercial name Akypo® LF2 from Kao Chemicals, considered in the present chapter is a 

triblock, when the acidic proton is exchanged with a counterion, such as sodium. In its 

acidic form, it resembles nonionic surfactants. Surfactants with three or even four different 

blocks, consisting of a hydrophobic part, a second, slightly less hydrophobic part (propyl-

ene oxide, PO), and a hydrophilic one (either EO or a charged end group or both together) 

have been known since a long time, for example as phosphoric acid or ester derivatives 

[17] or as extended surfactants [18–24]. 

The latter ones, in which the middle part usually consists of hydrophobic PO groups, are 

particularly interesting, since they (a) allow the miscibility of water and long-chain triglyc-

erides, such as olive oil, and (b) they are liquid at room temperature, because of the high 

chain flexibility, induced by the large number of PO groups, despite the charged groups at 

the end of the molecule. This relative insensitivity to the charged head group makes the 

surfactant thermosensitive and quite insensitive to the presence of even large amounts of 

divalent cations. In fact, the area per molecule does not vary by more than 5–10%, whether 

ionized or not. As such, the lateral equation of state (EOS) linking the area per headgroup 

to the osmotic pressure is poorly dependent on pH and therefore on the degree of ionization 

of the surfactant [25].  

Most nonionic surfactants studied in detail so far, are of the type CiEj (polyoxyethylene 

alkyl ethers) with i ≈ 2·j, probably because in this case, the spontaneous packing parameter 

p0 is close to 1. A precise definition of the used spontaneous packing parameter p0 and a 

comparison with other types of packing parameters appearing in the literature are given in 

Appendix A.3. By contrast, in the case of C8E8CH2COOH, the volume of the headgroup 

(E8 + COO– or COOH) is much larger than the volume of the alkyl chain. The important 

consequences are a) that a sphere-to-rod transition is impossible even at high temperatures, 

and b) the spontaneous packing parameter p0 can never be close to 1, even at very high 

surfactant concentrations and temperatures [26]. Thus, only a spherical core-shell micellar 

structure is possible. The interesting question is, how such a structure can be maintained 

over the whole temperature (below the clouding temperature) and concentration range 

(above the CMC), since there is a complete miscibility of water and surfactant. This is true 

not only for Na+, Ca2+, and H+ as counterions to the C8E8CH2COO- surfactant, as studied 

in detail in this thesis, but also for transition metals and rare earth metals. 
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In this chapter, first the phase diagram of the aqueous surfactant solutions is given and 

discussed together with results of dynamic light scattering (DLS), then surface tensions and 

osmotic pressures are discussed. Finally, the underlying structures of the solutions are in-

ferred from small-angle X-ray scattering (SAXS) experiments and confirmed by cryogenic 

transmission electron microscopy (cryo-TEM). Finally, the consequences of the packing 

constraints on the phase behavior in presence of hydrocarbon oils are explored. The also 

observed coacervate region will not be discussed in detail in this chapter, but in Chapter 

III. 

 

II.3. Experimental Section 

II.3.1. Materials 

The surfactant Akypo® LF2, octaoxyethylene octyl ether carboxylic acid 

(C8E8CH2COOH), was a generous gift from Kao Chemicals (Emmerich am Rhein, Ger-

many). The surfactant is received with 90 wt% actual matter, the main impurities being 

water (9.0 wt%) and sodium chloride (0.9 wt%). A more detailed analysis of the impurities 

contained in the used batch is given in Table A.1. Note that besides the small carboxylic 

acid impurities given in Table A.1, some impurities are counted as “active matter”. Those 

are carboxymethylated polyethylene glycols as well as nonionic polyoxyethylene alkyl 

ethers, polyethylene glycols, and various esters of the type C8ExCH2COOEyC8. 

C8E8CH2COOH was used as received for the determination of the phase diagrams. For 

other experiments, C8E8CH2COOH was dehydrated at 90°C up to a concentration of at least 

99.5 wt%. In the process, a white precipitate formed, which was removed by simple vac-

uum filtration. The precipitate is mainly NaCl. 

To obtain the sodium salt of C8E8CH2COOH, NaOH was added in excess to previously 

dehydrated C8E8CH2COOH as an aqueous solution containing 1 mol·L-1 NaOH. The re-

sulting solution with roughly 30 wt% C8E8CH2COOH was stirred over night to allow a 

complete reaction of C8E8CH2COOH with NaOH. Subsequent removal of water by vacuum 

distillation resulted in a liquid of high viscosity and lead to the formation of a white pre-

cipitate. In order to remove the precipitate, the liquid was dissolved in acetone and the 

resulting suspension was filtered using a 0.2 μm PTFE syringe filter. After separation by 



II.3. Experimental Section 
 

 43 

distillation of acetone and vacuum drying, a clear, and highly viscous liquid was obtained. 
1H-NMR proved that the structure of C8E8CH2COOH was maintained, while the peak of 

the carboxylic acid hydroxyl group diminished, suggesting the formation of 

[Na+][C8E8CH2COO-], see Fig. A.1. Full deprotonation is also suggested by a slightly basic 

pH of aqueous [Na+][C8E8CH2COO-] solutions. [H+]0.5[Na+]0.5[C8E8CH2COO-] was then 

obtained as a 1:1 mixture of [Na+][C8E8CH2COO-] and C8E8CH2COOH. 

CaCl2 (≥94%), NaCl (p.a., ≥99.5%), and n-dodecane (≥95%) were purchased from Carl 

Roth (Karlsruhe, Germany). NaOH (p.a., ≥98%) as well as acetone (p.a., ≥99.5%) and n-

hexane (p.a., ≥99%) were supplied by Sigma-Aldrich (St. Louis, Missouri, USA). Ultrapure 

water from a Millipore purification system (resistivity >18 MΩ·cm) was used for all sys-

tems containing water. 

 

II.3.2. Phase Diagram Determination 

For the determination of the phase diagrams, various samples containing 0.009 wt% to 

90 wt% of C8E8CH2COOH in water were heated in a water bath from 0°C to 100°C under 

continuous stirring. The phase boundaries were determined by visual observation. The ac-

curacy in temperature is ±1°C. Generally, the heating rate was about 15°C per hour. Close 

to the phase boundary, the samples were equilibrated for at least 30 min per degree Celsius. 

This rather short equilibration time was chosen because the cloud point transition is very 

fast and no other phase transitions were observed. Subsequent cooling below the phase 

boundary showed no noticeable temperature hysteresis of the phase transition. Similarly, 

two additional phase diagrams of C8E8CH2COOH in water were recorded after addition of 

CaCl2 and NaOH, respectively. CaCl2 was added in a mole ratio of 0.25 relative to 

C8E8CH2COOH, while NaOH was added in a mole ratio of 0.5. 

[H+]0.5[Na+]0.5[C8E8CH2COO-] could also be prepared in a concentration of about 99.2 wt% 

as a clear liquid by a different approach. The phase behavior above 90 wt% was checked 

using the prepared [H+]0.5[Na+]0.5[C8E8CH2COO-] and vacuum dried C8E8CH2COOH. 

Ternary phase diagrams of H2O/C8E8CH2COOH/oil were recorded by stepwise addition of 

oil to binary mixtures of water and surfactant at room temperature (T ≈ 23°C) and visual 

observation. Other points in the phase diagrams were checked by preparing respective 
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samples. 

 

II.3.3. Density Measurements 

The physical densities were measured using a density meter DMA 5000 M from Anton Paar 

(Graz, Austria), which operates with the oscillating U-tube method. A condition for each 

measurement was temperature stability with a maximum deviation of ±0.002°C. 

 

II.3.4. Surface Tension Measurements 

A pull-force tensiometer K100MK2 from Krüss (Hamburg, Germany) equipped with a plat-

inum-iridium ring and an automatic dosing system Dosino 800 from Metrohm (Herisau, 

Switzerland) was used to measure equilibrium surface tension isotherms at 25°C of (a) 

C8E8CH2COOH, (b) C8E8CH2COOH with 10 mM CaCl2 added to the initial solution with 

the highest concentration, resulting in 0.054 Ca2+ ions per C8E8CH2COOH molecule at any 

given concentration, (c) C8E8CH2COOH with 0.25 CaCl2 per surfactant molecule, and (d) 

[H+]0.5[Na+]0.5[C8E8CH2COO-]. Prior to surface tension measurements, the glassware was 

soaked in a KOH bath, followed by a HCl bath for at least 24 h and subsequently rinsed 

thoroughly with water. 

To measure the equilibrium surface tensions at 25°C of samples with higher 

C8E8CH2COOH concentrations, a pendant-drop tensiometer PAT1M from Sinterface (Ber-

lin, Germany) was used. For each sample, at least three separate drops were measured. The 

densities of the samples are necessary to derive the correct surface tension from the shape 

of the drop, which is determined by the force balance between gravity and surface tension. 

Thus, the densities were measured using a density meter DMA 5000 M, see Section II.3.3.  
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II.3.5. Equilibrium Vapor Pressure Measurements to Deter-

mine Osmotic Coefficients 

Vapor pressure osmometry (VPO) was performed using an Osmomat K-7000 from Knauer 

(Berlin, Germany) to determine the water activity of several binary mixtures of 

C8E8CH2COOH and water at a temperature of 25°C. The C8E8CH2COOH content ranged 

from 20 wt% (mole fraction x(H2O) = 0.9917) up to 99.5 wt% (x(H2O) = 0.1311). The K-

7000 is equipped with two thermistors protruding into a thermostated (accuracy ±0.001°C) 

measurement chamber. A saturated solvent atmosphere is provided inside the chamber, con-

taining a reservoir of water and wetted paper wicks. VPO is an indirect method to measure 

the vapor pressure of a liquid. To this purpose, a single drop of the sample is attached to 

one of the thermistors, while a drop of pure water is attached to the second thermistor. Since 

the water activity and consequently the vapor pressure is lower for the sample drop, water 

will condensate on the drop, increasing its temperature. The difference in temperature be-

tween both drops results in a voltage change between the two thermistors, which is trans-

lated into a measurement reading. In order to extract any information from this reading, a 

calibration is needed. Seven sodium chloride solutions in the concentration range from 

0.1 mol·kg-1 to 4.0 mol·kg-1 were measured to get a calibration curve, relating each meas-

urement value to a specific sodium chloride molality mNaCl possessing the same water ac-

tivity. A set of equations developed by F. Gibbard and G. Scatchard was used to calculate 

the osmotic coefficient ΦNaCl for each molality mNaCl [27,28]. The osmotic coefficient of 

the surfactant solution ΦS is then given by 

ΦS = 
νNaClmNaClΦNaCl

νSmS
 , (II.3.1) 

where mNaCl is the molality of a sodium chloride solution showing the same measurement 

reading. The stoichiometric number νNaCl equals 2, and the stoichiometric number for the 

surfactant νS is assumed to be equal to 1 within the examined concentration range. By def-

inition, ΦS is related to the water activity aw as 

ΦS = -
ln(aw)

νSmSMw
 , (II.3.2) 

where Mw is the molecular weight of water (MW = 18.015 g·mol-1). For each sample, at 



Chapter II. 
 

 46 

least six measurements with individual drops were performed and the mean value was used 

for further calculations. Overall, the maximum deviation from the mean value was about 

2%, usually being about 1%. Preceding each measurement, a zero-point adjustment was 

done by attaching two drops of pure water and setting the instrument reading to zero after 

an equilibration time of 5 min. As the temperature change and thus the instrument reading 

underlies kinetic effects, the measurement value was always taken exactly after 5 min. To 

ensure equal conditions for each measurement, special care was taken to keep the drop size 

and shape as constant as possible and, most importantly, equal on both sides. 

The obtained water activity can be easily converted to the excess chemical potential of 

water μw
ex. 

μw
ex = RT·ln(aw) , (II.3.3) 

where R is the ideal gas constant and T is the temperature in K. Further, it can be converted 

to an osmotic pressure Πosm using the Van’t Hoff formula. 

Πosm = -
RT
Vw

·ln(aw) , (II.3.4) 

where Vw is the molar volume of water. 

Once the osmotic pressure is determined by vapor pressure osmometry and the correspond-

ing water layer thickness is determined by SAXS, the experimental result is equivalent to 

a molecular force determination obtained with a surface force apparatus (SFA) [29] or the 

colloidal probe protocol [30]. To make the conversion from the osmotic pressure to the 

surface free energy per unit area, the Derjaguin approximation in the case of sphere-sphere 

is used [31,32]. In a solution containing spherical micelles, the measured osmotic pressure 

can be interpreted as the osmotic pressure between micelles. Assuming that each micelle is 

in average surrounded by twelve other micelles, the osmotic pressure between two spheres 

ΠS-S can be calculated by dividing Πosm by a factor of 12 [33]. The radius of the hydrocarbon 

(HC) core is taken as the radius of the interacting surfaces.  
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II.3.6. Dynamic Light Scattering 

Dynamic light scattering (DLS) experiments were performed at 25°C, using a CGS-3 go-

niometer system from ALV (Langen, Germany) with a vertically polarized 22 mW HeNe 

laser (λ = 632.8 nm), as well as the ALV-7004/FAST Multiple Tau digital correlator system. 

Samples were measured within a cylindrical light-scattering cell with an outer diameter of 

10 mm in a temperature-controlled bath of toluene. The homodyne correlation functions 

⟨I(0)I(τ)⟩, τ being the correlator delay time, were recorded at an angle of 90° for 120 s. Due 

to the high dilution of the samples, the refractive index and viscosity of pure water at 25°C 

were used as solvent properties. Dust was excluded from the sample vial by exhaustive 

rinsing with acetone, utilizing an acetone washing apparatus and filtration of all samples 

with 0.2 μm PTFE-membrane filters. 

 

II.3.7. Small- and Wide-Angle X-Ray Scattering 

Small- and wide-angle X-ray scattering experiments were carried out on a bench built by 

Xenocs (Grenoble, France), using X-ray radiation from a molybdenum source (λ = 0.71 Å), 

delivering a 1 mm large circular beam of energy 17.4 keV. The scattered beam was recorded 

by a large on-line scanner detector MAR Research 345 from marXperts (Norderstedt, Ger-

many), which was located 750 mm from the sample stage. Off-center detection was used 

to cover a large q-range simultaneously (0.2 nm-1 < q < 30 nm-1), where q = sin(θ/2)·4π/λ. 

Collimation was applied using a 12:∞ multilayer Xenocs mirror (for Mo radiation), coupled 

to two sets of Forvis Technologies (Santa Barbara, California, USA) scatterless slits, which 

provides a 0.8 mm × 0.8 mm X-ray beam at the sample position. A high-density polyeth-

ylene sample from Goodfellow (Huntingdon, UK) was used as a calibration standard to 

obtain absolute intensities. Silver behenate in a sealed capillary was used as scattering vec-

tor calibration standard. Integration of the 2D spectra was performed using the software 

FIT2D. Data were normalized taking into account the electronic background of the detector, 

transmission measurements, and empty cell subtraction. 

Fitting of the spectra was done with the SasView package (version 5.0.2) [34], assuming 

two different models. On the one hand, a core-shell-sphere model with a Hayter-Penfold 
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RMSA structure factor [35,36] and a Schulz polydispersity distribution was used to fit 

mainly the spectra of lower concentrated samples, on the other hand, a simple sphere model 

with a Hayter-Penfold RMSA structure factor was used to fit the spectra of higher concen-

trated samples without applying any polydispersity. More detailed information on the mod-

els can be found in the SasView manual [34]. 

 

II.3.8. Cryogenic Transmission Electron Microscopy 

Specimens for cryogenic transmission electron microscopy (cryo-TEM) imaging were pre-

pared in a controlled environment vitrification system (CEVS), at 25°C and 100% relative 

humidity. These controlled conditions are essential for the preservation of the native state 

of the specimen during its preparation. Before specimen preparation, a carbon-coated per-

forated polymer film supported on a 200 mesh TEM grid was plasma-etched in a PELCO 

easiGlow glow-discharger (Ted Pella Inc., Redding, California, USA) to increase its hydro-

philicity. Inside the CEVS, the etched grid was held by tweezers. A small drop of the sample 

was applied onto the grid, and the excess solution was blotted with a filter paper supported 

on a metal strip, to form a thin film of the solution suitable for cryo-TEM imaging. All the 

specimens were prepared by blotting the grid twice from the back and then touching a clean 

area of the filter paper. After blotting, the grid was quickly plunged into liquid ethane at its 

freezing point. That provided a high cooling rate needed for the vitrification of water. The 

specimens were kept in liquid nitrogen until transferred into the TEM for imaging.  

The specimens were imaged by a FEI (Hillsboro, Oregon, USA) Tecnai T12 G2 TEM, 

equipped with a LaB6 electron gun and operating at 120 kV, and a Thermo-Fisher Scientific 

(Waltham, Massachusetts, USA) Talos 200C, FEG-equipped, 200 kV, high-resolution 

TEM. To enhance image contrast, the Volta "phase-plate" (VPP) system of the Talos was 

used.  
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II.4. Results and Discussion 

II.4.1. Phase Diagrams 

The recorded binary phase diagrams of C8E8CH2COOH in water and 

[H+]0.5[Na+]0.5[C8E8CH2COO-] in water, as well as the pseudo-binary phase diagram of 

C8E8CH2COOH in water in presence of 0.25 CaCl2 per C8E8CH2COOH molecule, are 

given as a function of the surfactant concentration in wt% in Fig. II.1, as a function of the 

surfactant mole fraction in Fig. A.2, and as function of the molar surfactant concentration 

in Fig. A.3. It is important to note that C8E8CH2COOH was used as received, i.e., including 

0.9 wt% NaCl and 9.0 wt% H2O, for recording the phase diagrams up to 90 wt% 

C8E8CH2COOH. While no concentrations above 90 wt% were considered for 

C8E8CH2COOH with 0.25 CaCl2 per C8E8CH2COOH, higher concentrations were checked 

using vacuum dried C8E8CH2COOH, where most of the NaCl is removed as a precipitate, 

and neat [H+]0.5[Na+]0.5[C8E8CH2COO-]. C8E8CH2COOH is sometimes denoted as 

[H+][C8E8CH2COO-]. The green dashed line at higher concentrations indicates the solubil-

ity limit of CaCl2. Mixtures with concentrations above this limit were suspensions of solid 

salt particles. Phase behavior reported above the dashed line applies to the otherwise clear 

liquids in which the salt particles were suspended. Thus, the mole ratios of CaCl2 and 

C8E8CH2COOH differ beyond the dashed line. 

All three phase diagrams are remarkably simple, showing a large monophasic domain over 

nearly the whole concentration range up to 90 wt% C8E8CH2COOH and over a wide tem-

perature range. Macroscopically, the monophasic samples are colorless, clear, and isotropic 

liquids of relatively low viscosity. The only exceptions are the clouding phenomenon at 

higher temperatures, typical for nonionic surfactants, and the liquid-liquid-phase separation 

in a small concentration range at very low C8E8CH2COOH concentrations. Clouding is 

observed for the pure acid C8E8CH2COOH with and without 0.25 CaCl2 but is almost com-

pletely suppressed after half neutralization of C8E8CH2COOH with NaOH. The disappear-

ance of clouding can be explained by the transformation of the pseudo-nonionic surfactant 

C8E8CH2COOH to a more ionic one, giving rise to repulsive electrostatic forces between 

the charged carboxylate moieties that counteract the aggregation of micelles. 

C8E8CH2COOH exhibits a lower critical solution temperature (LCST) of 66°C between 

16–24 wt% (0.006 ≤ x(C8E8CH2COOH) ≤ 0.009) of surfactant. The addition of CaCl2 
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lowers the LCST to a temperature of 49°C. The lowering of the cloud point is especially 

significant at higher concentrations, shifting the LCST to a one order of magnitude larger 

C8E8CH2COOH mole fraction of 0.09 (72 wt%). On the one hand the cloud point is lowered 

due to a salting out effect induced by the addition of CaCl2, which dehydrates the surfactant 

headgroups, and on the other hand Ca2+ ions can induce attractive bridging between adja-

cent micelles. 

 
Fig. II.1. Binary phase diagrams of C8E8CH2COOH (here denoted as [H+][C8E8CH2COO-]), C8E8CH2COOH 
with 0.25 CaCl2 per C8E8CH2COOH molecule, and [H+]0.5[Na+]0.5[C8E8CH2COO-] in water. The 
C8E8CH2COOH concentration is given in wt% on a logarithmic scale. Compositions between 0.009 wt% and 
90 wt% surfactant in water were visually investigated from 0 to 100°C in all three cases. For C8E8CH2COOH 
and [H+]0.5[Na+]0.5[C8E8CH2COO-], higher concentrations up to almost 100 wt% surfactant were also inves-
tigated. The precision of the phase boundaries in temperature is ±1°C. The red dashed line at a higher con-
centration indicates the solubility limit of CaCl2, above which the mole ratio of CaCl2 and surfactant in the 
examined liquid deviates from 0.25. Black dashed circles indicate the lower critical solution temperatures. 
The colored arrows at the top x-axis indicate the respective critical micelle concentrations at 25°C. 1ϕ I: 
Single isotropic phase. 2ϕ I/I: Two isotropic phases in equilibrium. Lβ: Semi-crystalline lamellar phase. The 
same phase diagrams are shown as a function of the surfactant mole fraction in Fig. A.2 and as a function of 
the surfactant concentration in mol·L-1 in Fig. A.3. 

Yet, in all cases, the extremely broad range of the monophasic low-viscous domain is re-

markable. Apart from a small semi-crystalline Lβ phase at low temperatures and high sur-

factant concentrations (≥ 90 wt%), which will be further described in Chapter III., no liq-

uid crystalline (LC) phases can be detected. This is similar to the phase diagram of C8E6, 

where only a small hexagonal domain at around 60 wt% of surfactant and below 20°C has 

been detected [6], and even more similar to C8E8 and C8E12, for which no LC formation is 

reported [5]. 
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If C8E8CH2COOH is compared to the well-studied nonionic C12E5 [5,37], the differences 

are striking: 

(i) Unlike C12E5, C8E8CH2COOH cannot form lyotropic liquid crystals at any temper-

ature or composition (with the exception of a semi-crystalline Lβ phase at very high 

surfactant concentrations and low temperatures). 

(ii) Moreover, the LCST that is usually observed at a few wt% surfactant concentra-

tion, and in the case of C12E5 at a temperature around 30°C, is found at 66°C at a 

ten times higher surfactant concentration (≈20 wt%) for C8E8CH2COOH. 

(iii) Finally, there is a seldom described miscibility gap occurring at low 

C8E8CH2COOH concentrations without any additive, which is insensitive to tem-

perature. A rare example of a similarly shaped biphasic region at very low surfac-

tant concentrations of a single surfactant was reported by Yan et al. [38] for the 

perfluorinated tetrabutylammonium perfluorooctanoate. 

The absence of zones with hexagonal or cubic phases is a strong hint towards the absence 

of sphere-to-cylinder growth, and therefore also towards interdigitation of headgroups be-

tween neighboring micelles. Indeed, the alkyl chain length is small: C8 carboxylate solu-

tions have been studied by SAXS/SANS combinations: The hydrocarbon core is always 

small (with a radius of around 1 nm), its size depends on concentration, and the aggregation 

number cannot go outside the range of 30–40 because of steric hindrances and since there 

cannot be a void in the center and, at the same time, the cross-sectional area per hydrocar-

bon chain cannot be less than 0.6 nm2 in the absence of crystallization [39]. 

In all three cases (i.e., with and without the presence of Na+ or Ca2+), there is a special 

liquid-liquid phase separation at very low C8E8CH2COOH concentrations, yielding colloi-

dal droplets. At room temperature, this coacervation domain ranges from 0.009 wt% to 

0.52 wt% (3.00·10-6 ≤ x(C8E8CH2COOH) ≤ 1.69·10-4) of surfactant in the acid form. 

Within that regime, the turbidity decreases with decreasing surfactant concentration, until 

it can be seen only as a very light blueish haze. Note that the given lower limit corresponds 

to the limit of visual observability of any turbidity, and thus is somewhat arbitrary. The 

actual limit is even lower than that, but was not determined. Dynamic light scattering ex-

periments at 25°C, see Fig. A.4, confirm the presence of aggregates with an average hy-

drodynamic radius in the order of 120–140 nm after an equilibration time of 17 h through-

out the biphasic domain. As can be seen in Fig. A.4A, these droplets are also detectable at 
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0.0009 wt% C8E8CH2COOH, below the limit of visual observability. With increasing equi-

libration time, the average size of the droplets increases through coalescence or Ostwald 

ripening, as demonstrated in Fig. A.4B. Adding CaCl2 does not influence the phase bound-

aries of this biphasic regime, whereas the addition of NaOH slightly broadens the biphasic 

regime. In presence of 0.5 NaOH per surfactant molecule, the upper limit increases to 

0.63 wt% (x([C8E8CH2COO-]) = 2.11·10-4) at room temperature. Note that the notation 

[C8E8CH2COO-] includes all surfactant species, i.e., those with H+ as “counterion” as well 

as those with Na+ as counterion. This indicates a pH-dependence of the phase boundaries 

of the biphasic regime, which will be explained in Chapter III. 

From the phase diagrams, it is evident that the miscibility gap, i. e., the liquid-liquid phase 

separation at very low C8E8CH2COOH concentrations, is not linked to the cloud point phe-

nomenon that occurs at higher concentrations and temperatures with a critical point around 

20 wt% and 66°C. The latter is well known and understood in the case of numerous non-

ionic surfactants of generic formula C2jEj, for which a sphere-to-rod transition can be ob-

tained without molecular packing constraints [40–42]. As will be confirmed in Chapter 

III., the miscibility gap is caused by surfactant auto-coacervation with a mechanism differ-

ing from the classical clouding phenomenon. The appearance of coacervates in simple bi-

nary surfactant systems is very unusual, usually only appearing in the case of gemini, i.e., 

double chain, surfactants [16,43,44]. This phenomenon occurring with a simple, commer-

cially available, cheap surfactant is of particular interest. Therefore, it will be considered in 

detail in Chapter III. The present chapter is instead focused on the structures in the large 

monophasic region of the phase diagrams. 

 

II.4.2. Surface Tension 

The equilibrium surface tensions of aqueous surfactant solutions at 25°C are shown as a 

function of the mole fraction of C8E8CH2COOH in Fig. II.2A. From the initial slope, as-

suming a dissociation factor of 2, an area per headgroup of about 0.97 nm2 can be inferred 

by the Gibbs adsorption isotherm. According to literature [45] on alkyl-EO8-polyoxyeth-

ylene glycol ethers, the area per headgroup is between 0.5 nm2 and 0.8 nm2 at 25°C. This 

is in rough agreement with the value measured here. However, the value depends on the 

film geometry (curved versus planar), volume conservation, and film flexibility [26,46] so 
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that it is difficult to infer more precise information from this value. Surprisingly, the surface 

tension increases again after the minimum related to the CMC, see also Fig. II.2B. Usually, 

this increase is the consequence of surface-active impurities. In this case, remaining non-

ethoxylated or only lightly ethoxylated surfactant molecules or esters of the type 

C8ExCH2COOEyC8 would be possible candidates for “impurities” that are more surface 

active than the average surfactant. Using purification procedures such as suggested by 

Lunkenheimer et al. [47] with a fully automated apparatus, no significant differences in the 

surface tension minimum were observed. Since there is no reason for the dissociation of 

the carboxylic acid group to increase on increasing the surfactant concentration beyond the 

CMC, this phenomenon is rather ascribed to some excess surfactant beyond the monolayer, 

including an ‘‘interphase”, where the monolayer is completed by some adsorbed vesicles 

or hemi-micelles. A review of such effects has been published by Thomas and Penfold [48]. 

Interestingly, the interphase, which is thicker than a simple dense monolayer, does not 

evolve at higher concentrations, as can be inferred from the pendant drop tensiometry re-

sults, also shown in Fig. II.2A. The best description of the air water ‘‘interphase” for 

C8E8CH2COOH is the Gibbs monolayer plus a significant number of micelles, adsorbed on 

the monolayer with interdigitation of the micelles and the headgroup in the monolayer. The 

increase of surface tension with increasing concentration is possible only if something ad-

sorbs below the monolayer condensing it. This has been demonstrated by Langevin and 

coworkers in the case of added polyelectrolytes [49]. In the present case, there is no other 

possibility than adsorbing micelles that are present in the bulk. 

From additional surface tension measurements, see Fig. II.2B and II.2C, it can be deduced 

that neither the CMC values, i.e., the free energy of micelle formation, nor the subsequent 

increase in surface tension above the CMC linked to interphase formation, is significantly 

affected after titration with sodium hydroxide or calcium chloride. That the increase in sur-

face tension is roughly independent of counterions, has been shown and explained by Ber-

geron et al. [50]. The rather small effect of sodium and calcium on the CMC was also 

expected, since the terminal carboxylic head group is only a very minor part of the whole 

hydrophilic part of the surfactant. Its charge influence on the solubility of the monomers is 

negligible, as it is on the area per headgroup. In fact, the triblock copolymer behaves more 

like a nonionic surfactant rather than an ionic one, at least, as far as the CMC is concerned. 

The correlation of the CMC and the upper limit of the coacervate regime is striking, see 
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Fig. II.2C, suggesting that the coacervation only occurs below the CMC. The CMC found 

for C8E8CH2COOH is 9.4 mmol·L-1 (0.51 wt%), which is close to the CMC reported for 

nonionic C8E8 [51,52], while the CMC of [H+]0.5[Na+]0.5[C8E8CH2COO-] is measured to be 

only slightly higher at 11.3 mmol·L-1 (0.62 wt%), as expected for introducing charge. An 

explanation of this correlation will be given in Chapter III. 

 
Fig. II.2. (A) Equilibrium surface tension γ as a function of the C8E8CH2COOH (here also denoted as 
[H+][C8E8CH2COO-]) mole fraction x([H+][C8E8CH2COO-]). Data points were obtained by pull-force or pen-
dant drop tensiometry at 25°C in a concentration range from 0.085 wt% (x(C8E8CH2COOH) = 2.9·10-5) to 
78.95 wt% (x(C8E8CH2COOH) = 0.11111), where eight water molecules are available for each surfactant 
molecule. (B) Equilibrium surface tension γ obtained by pull-force tensiometry at a temperature of 25°C as a 
function of the natural logarithm of the surfactant mole fraction. Isotherms are shown for C8E8CH2COOH, 
C8E8CH2COOH in presence of 0.054 CaCl2 per surfactant molecule, and C8E8CH2COOH after half neutrali-
zation with NaOH. The vertical solid blue line indicates the upper limit of the coacervate regime for 
C8E8CH2COOH with and without CaCl2, while the dotted green line indicates the upper limit for 
[H+]0.5[Na+]0.5[C8E8CH2COO-]. (C) Equilibrium surface tension γ isotherms at 25°C of C8E8CH2COOH, 
C8E8CH2COOH in presence of 0.25 CaCl2 per surfactant molecule, and [H+]0.5[Na+]0.5[C8E8CH2COO-] 
around the minimum corresponding to the CMC. The obtained CMCs are 
c([H+][C8E8CH2COO-]) = 9.4 mmol·L-1 (0.51 wt%), c([H+][C8E8CH2COO-] + 0.25 CaCl2) = 9.7 mmol·L-1 
(0.52 wt%), and c([H+]0.5[Na+]0.5[C8E8CH2COO-]) = 11.3 mmol·L-1 (0.62 wt%). Note that in (C) 
[H+]0.5[Na+]0.5[C8E8CH2COO-] was used as obtained by mixing [Na+][C8E8CH2COO-], obtained by the ap-
proach described in Section II.3.1., and C8E8CH2COOH, whereas in (B) NaOH was added to the initial aque-
ous solution of C8E8CH2COOH. 

 

II.4.3. Osmotic Pressure 

The osmotic pressure as well as the excess chemical potential of water in mixtures of 

C8E8CH2COOH and water at 25°C are shown as a function of the mole fraction of water in 

Fig. II.3. This representation is equivalent to the equilibrium relative humidity [53]. If ap-

plicable, the micellar repeat distance D*, as obtained from SAXS data given in Section 

II.4.4., is also given. Surprisingly, the osmotic pressure of the ‘‘dry”, i.e., nearly hydration-

water-free C8E8CH2COOH in its acidic form is so high that this surfactant would easily dry 

potassium chloride or potassium sulfate, but not calcium chloride. This is very peculiar for 

a large, uncharged molecule (0.85 nm3), and can only be explained, once the microstructure 
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is known, see Section II.4.4. As seen in Fig. II.3, two different regimes can be distin-

guished. The osmotic pressure increases more rapidly as a function of x(H2O) below 

60 wt% C8E8CH2COOH than it does at higher surfactant concentrations. If Fig. II.3 is 

replotted as a function of the mole ratio of water and C8E8CH2COOH, see Fig. A.5, it can 

be easily seen that the osmotic pressure increase is much stronger for lower ratios than it is 

for higher ratios. A transition from a small increase to a rather sharp increase can be located 

around 10 to 30 water molecules per surfactant molecule (containing eight EO groups), 

which is in good agreement with the typical number of three hydrating water molecules per 

EO group, with a first hydration layer of 1–2 water molecules per EO group [54–57]. If 

there are only eight water molecules available per surfactant molecule, there is no longer 

any bulk water and only hydration water remains. 

 
Fig. II.3. The decadic logarithm of the osmotic pressure Πosm, as well as the decadic logarithm of the negative 
excess chemical potential of water µwex, are plotted as a function of the mole fraction of water x(H2O) of 
several binary mixtures of C8E8CH2COOH and water. If known, the correlation length D* for the sample, 
calculated from the respective peak position in the SAXS spectrum (D* = 2π·q-1), is shown on the non-linear 
top-axis. Note that D* values for samples containing 20 wt% or 30 wt% surfactant were calculated from the 
structure factors S(q) obtained from model fits, see Section II.4.4., because no pronounced structure factor 
peaks are visible in the spectra. Πosm was calculated from the water activity aw , obtained by vapor pressure 
osmometry, according to eq. (II.3.4). The segment with 0.8 ≤ x(H2O) ≤ 1.0 is magnified in the insert. The 
excess chemical potential of water µwex is given by eq. (II.3.3). See Fig. A.5 for the x-axis showing the mole 
ratio of water and C8E8CH2COOH. 
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The excess chemical potential of water reflects the repulsive force between micellar cores, 

which have an average contact distance tw. 

tw = D* - 2Rc , (II.4.1) 

where D* is the center-to-center distance of two micelles, as obtained from the SAXS peak 

position in Section II.4.4., and Rc is the radius of the hydrophobic hydrocarbon core. To 

get a deeper insight into the structure, the same data can be replotted with another x-scale. 

Similar to the data representation used to present atomic force microscopy (AFM) or sur-

face force apparatus (SFA) data, one can use as x-axis the value tw, i.e., the minimum dis-

tance between two hydrocarbon cores of two adjacent micelles or, in other words, the thick-

ness of the hydrophilic pseudo-‘‘interphase”, see Fig. II.4. 

 
Fig. II.4. Decadic logarithm of the osmotic pressure and of the negative excess chemical potential of water 
µwex as a function of the respective thickness between hydrocarbon chain-head group interfaces of adjacent 
micelles tw = D* - 2Rc for different mixtures of C8E8CH2COOH and water. A graphical illustration of tw is 
shown as a schematic drawing, where orange spheres represent hydrocarbon cores dispersed in a hydrophilic 
medium (green). D* was obtained from the peak positions in the SAXS spectra (D* = 2π·q-1). D* values for 
samples containing 20 wt% or 30 wt% surfactant were calculated from the structure factors S(q) obtained 
from model fits, see Section II.4.4., because no pronounced structure factor peaks are visible in the spectra. 
Rc was derived from the core-shell-sphere model and sphere model fits of the SAXS data, respectively, as 
will be shown in Section II.4.4. Πosm was calculated from the water activity aw, obtained by vapor pressure 
osmometry, according to eq. (II.3.4). The excess chemical potential of water µwex is given by eq. (II.3.3). 

Note that below 20 wt% C8E8CH2COOH, which is not shown in Fig. II.4 due to a lack of 

osmometry data, the minimum distance tw between one micellar sphere and the surrounding 

12 micellar spheres (in average) first increases as a result of an interplay between aggrega-

tion number and changes in the headgroup conformation, reflecting also the electrostatic 
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repulsion of the partially charged micelles. This has been discussed by Hayter and Pynn 

[58] and calculated by Sow-Hsin Chen in the form of a decoupling approximation [59,60]. 

Surprisingly, above 20 wt% of C8E8CH2COOH, the osmotic pressure goes up with increas-

ing concentration, but the distance tw significantly goes down. This is a first hint at inter-

digitation, related to the low cost in free energy of interdigitation and consequently to a 

structure that may be called ‘‘osmotic brush”. For short polymers grafted at surfaces, the 

‘‘mushroom”, ‘‘osmotic brush” and ‘‘dense layer” regimes are commonly found [61,62]. 

Considering the EO8 headgroup as a short polymer, the interdigitation regime corresponds 

to the case of an “osmotic brush”. In C8E8CH2COOH, the transfer of a free water molecule 

to the first hydration layer of the ethoxy group costs about 1.5 kB·T, which is the rotational 

entropy of a water molecule. 

Interdigitation is known to occur in liquid crystalline Lβ gel phases made of lipids [63], but 

is here evidenced, to our knowledge for the first time, for micellar solutions. This situation 

is also common for interdigitated polyelectrolytes [64], but in the present case of 

C8E8CH2COOH, interdigitation is encountered with a relatively simple triblock surfactant, 

comprising one COOH group and 8 EO groups. 

The increase of the osmotic pressure relative to tw is especially sharp above 50 wt% 

C8E8CH2COOH, suggesting that a significant degree of interdigitation starts to occur 

around this concentration. Note that the typical hydration layer of 3 H2O molecules per EO 

group is exceeded only at surfactant concentrations below 55 wt%, which is why significant 

interdigitation is to be expected at higher surfactant concentrations. Above roughly 70 wt% 

C8E8CH2COOH, where 13 H2O molecules are available per surfactant molecule, the os-

motic pressure increases sharply, whereas the distance tw remains roughly constant. Beyond 

this surfactant concentration, there is not enough water present to fully form the first hy-

dration layer of the EO groups (1.5 H2O/EO, i.e., 12 H2O/C8E8CH2COOH). This is also 

reflected by the deviation from the linear relation between physical density and concentra-

tion above 60 wt%, see Fig. A.6 and Table A.2.  
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II.4.4. Small- and Wide-Angle X-Ray Scattering – Inference of 

Microstructures 

Naive fitting of SAXS spectra with adjustable radii of micelles and taking the repulsive 

contact potential as parameters always produces excellent fits of the scattering patterns, 

however, with scattering length densities (SLDs) and radii that are not consistent with any 

realistic packing [65]. This danger of producing excellent fits via unphysical packings dis-

appears when spectra are fitted over large concentration ranges and with self-consistent 

values of scattering length densities and micellar radii, since molecular volumes and elec-

tronic densities are known and cannot be freely varied. In this example of constrained 

fitting, the only free fitting parameters are the aggregation numbers for the form factor, so 

the number of molecules per micelle, and the hydration of the headgroups, i.e., the number 

of water molecules bound by more than 1 kB·T of free energy to a headgroup. Consequently, 

here this approach is used, as initiated by Hayter [66] to infer quantitative information over 

a large q-range and in absolute scale (cm-1), along the whole dilution line. 

In Figs. II.5 and A.7, the SWAXS spectra obtained for salt-free C8E8CH2COOH solutions 

are plotted in linear and logarithmic scale, respectively. Note that broad peaks in the WAXS 

region (q ≥ 8 nm-1) are linked to intermolecular distances, i.e., to packings of water, hydro-

carbon chains, and headgroups, as well as their conformations, in the liquid state. The 

WAXS regime is not further considered here, but shows that there is no crystallization in-

volved. In the SAXS regime, only a broad peak of the form factor P(q), produced by the 

sensitivity of SAXS to the internal core-shell contrast, is observed at 10 wt% and 20 wt% 

C8E8CH2COOH. At 30 wt%, a peak of the structure factor S(q) emerges, which becomes 

more pronounced with increasing surfactant concentration. Up to 60 wt% C8E8CH2COOH, 

the underlying form factor peak is clearly visible, before it starts to vanish at around 70 wt% 

of surfactant. The form factor also presents a characteristic shoulder at lower surfactant 

concentrations with a local minimum around q = 0.6 nm-1 at 50 wt% C8E8CH2COOH, 

which vanishes at higher surfactant concentrations (≥60 wt%). This oscillating behavior 

within the low q-range is characteristic of a classical core-shell structure in an aqueous 

medium (L1 phase), i.e., here, a compact hydrocarbon core surrounded by hydrated head-

groups [67]. The absence of these oscillations at higher surfactant concentrations is char-

acteristic of a two-component system: All hydrocarbon chains are confined in small com-

pact hydrocarbon droplets that are surrounded by more or less hydrated headgroups. There 
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is no more bulk solvent surrounding the micelles and the headgroups must interdigitate. 

The micelles are no longer present as separated entities, and the microstructure rather con-

sists of small confined liquid C8 hydrocarbon cores, separated by incompressible films con-

taining the EO chains, the COOH groups and at most a number of water molecules neces-

sary to fully hydrate the headgroups. This solvent-free phase will be denoted as L1’. The 

transition from a classical aqueous core-shell phase to an interdigitated phase without bulk 

solvent also explains the vanishing of the form factor peak due to the change in contrast, 

i.e., only smaller hydrocarbon cores remain dispersed in a hydrophilic medium, instead of 

a core-shell structure in a solvent. It is also important to note that the decrease of the inten-

sity observed at very low q is often an artifact from the subtraction of the empty capillary. 

 
Fig. II.5. SWAXS data of binary mixtures of 10 wt% to 80 wt% C8E8CH2COOH and water in linear scale. 
The inset is a magnification of the the SAXS q-range of the same data, where a peak occurs. The same data 
are presented in logarithmic scale in Fig. A.7. 

Extending the data to even higher concentrations, the SWAXS spectra of neat 

C8E8CH2COOH (≥99.5 wt%, ≤0.15 H2O molecules per surfactant molecule) and neat half-

neutralized [H+]0.5[Na+]0.5[C8E8CH2COO-] (≥99.2 wt%, ≤0.30 H2O molecules per surfac-

tant molecule) are given in linear scale in Fig. II.6 and in logarithmic scale in Fig. A.8. For 

comparison, the spectra of the same surfactants in presence of 8 H2O molecules per surfac-

tant molecule, i.e., in presence of one hydrating water molecule per EO group, forming the 

inner hydration layer, are also shown. 8 H2O molecules per surfactant molecule are availa-

ble at a concentration of 79 wt% C8E8CH2COOH, thus the spectrum is almost identical to 
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the spectrum of 80 wt% C8E8CH2COOH given in Figs. II.5 and A.7. In all four cases it is 

evident that the structure is not core-shell but resembles the interdigitated L1’ phase. If half 

of the carboxylic acid groups are deprotonated and have Na+ as their counterion, the shape 

of the peak remains identical. The scattering intensity increases due to an increase in scat-

tering contrast. A slight shift of the peak position to lower q, which is more pronounced in 

presence of water, suggests that aggregates are slightly bigger with sodium as counterion. 

Nevertheless, no significant structural change is induced by transforming half of the sur-

factant molecules to their sodium salt. Another important consequence of the identical peak 

shape is that the sodium ions are not bound to an interface but are dispersed in the hydro-

philic headgroup layer, i.e., the carboxylate groups with their sodium counterions can move 

freely. Note that Rothe et al. [68] suggested that di- and trivalent metal cations are confined 

to linear channels within the interdigitated headgroup medium in the case of a similar sur-

factant with a slightly smaller headgroup, C8E5CH2COOH. While this cannot be fully ex-

cluded without further investigations in the present case, there is no direct indication of 

such a confinement. 

 
Fig. II.6. SWAXS data of the neat surfactants C8E8CH2COOH (≥99.5 wt%, ≤0.15 H2O per surfactant mole-
cule), here denoted as [H+][C8E8CH2COO-], and [H+]0.5[Na+]0.5[C8E8CH2COO-] (≥99.2 wt%, ≤0.30 H2O per 
surfactant molecule), as well as of both surfactants in presence of 8 H2O molecules per surfactant molecule 
in linear scale. The inset is a magnification of the SAXS q-range of the same data, where a peak occurs. The 
same data are presented in logarithmic scale in Fig. A.8. 

Following the fitting strategy with constrained values, keeping only hydration and aggre-

gation numbers as adjustable quantities, allows for a description of the spectra of the 
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dilution line shown in Figs. II.5 and A.7, as well as of the spectra shown in Figs. II.6 and 

A.8. Using the SasView package (version 5.0.2) [34], two different models were used for 

the two different regimes. For the L1 phase, a core-shell sphere form factor with a Schulz 

polydispersity distribution of the core radius and the shell thickness and a Hayter-Penfold 

RMSA structure factor [35,36] was used. This model could be quite successfully applied 

for surfactant concentrations of up to 70 wt%, even though there should no longer be a 

core-shell structure due to the absence of bulk water above 60 wt%. Instead, for the L1’ 

phase (above 60 wt%) a simple sphere form factor and an effective Hayter-Penfold RMSA 

structure factor [35,36] was used. The whole RMSA structure factor used for the sphere 

model can be understood as an effective RMSA structure factor, because there are no freely 

moving spheres interacting with each other, but spheres separated by more or less com-

pressible, hydrated headgroup layers. The volume fraction of the spheres is in this case also 

fitted and corresponds to the effective volume fraction of the cores. 

In Fig. II.7, the sensitivity of the sphere model fit to the sphere radius, i.e., to the hydro-

carbon core radius Rc, is visualized exemplary for the data of the concentrated samples 

given in Figs. II.6 and A.8. The solid lines represent the best fits, while the dashed lines 

represent a change of the radius by ±30%. It is clearly evident that the precision is better 

than 30%, which corresponds to a precision in the aggregation number Nagg better than 

10%. 

The rest of the fits to the simple sphere model is shown in Fig. II.8A. All best fits to the 

core-shell sphere model of samples containing 10 wt% to 80 wt% C8E8CH2COOH are pre-

sented in Fig. II.8B. The parameters of the sphere model fits are given in Table A.3, while 

the parameters of the core-shell sphere model fits are given in Table A.4. As can be seen in 

Fig. II.8B, the core-shell sphere model allows a good description of the peak up to 70 wt% 

C8E8CH2COOH but deviations become more significant at 80 wt%. From Figs. II.7 and 

II.8A it is evident that the simple sphere model can reproduce the peak positions but not 

the exact peak shapes, which is to be expected due to oversimplification. The simple sphere 

model works best at the highest concentrations, see Fig. II.7C and II.7D. The transition 

from the core-shell L1 phase to the interdigitated L1’ phase is not sharp, but continuous with 

a transition state expected between 50 wt% (30 H2O molecules per surfactant molecule) 

and 70 wt% C8E8CH2COOH (13 H2O molecules per surfactant molecule) due to hydration 

of the headgroups. Indeed, both models yield similar radii and aggregation numbers in this 
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range. Since the scattering length density of the shell, sld_shell, is a fitted parameter in the 

core-shell sphere model, it is important to check if the value is reasonable. The two possible 

limiting values are known as the scattering length density of the water-free headgroups, 

sld_head = 10.84·10-4 nm-2, and the scattering length density of water, sld_sol-

vent = 9.41·10-4 nm-2. The scattering length density of the shell can be in between those 

two values, scaling with the volume fraction of headgroups in the shell νhead according to 

sld_shell = νhead·sld _head + (1-νhead)·sld_solvent . (II.4.2) 

 
Fig. II.7. The data points correspond to the SAXS peaks of the spectra shown in Figs. II.6 and A.8: (A) 
C8E8CH2COOH·8 H2O, (B) [H+]0.5[Na+]0.5[C8E8CH2COO-]·8 H2O, (C) C8E8CH2COOH (≥99.5 wt%, ≤0.15 
H2O per surfactant molecule), and (D) [H+]0.5[Na+]0.5[C8E8CH2COO-] (≥99.2 wt%, ≤0.30 H2O per surfactant 
molecule). The solid lines represent the best fits to a sphere form factor with the radius Rc and an effective 
Hayter-Penfold RMSA structure factor. Changes in the fits by variation of Rc by ±30% are indicated as dashed 
lines. The fitting parameters and results can be inferred from Table A.3. 

The obtained νhead can be used to approximate the mole ratio of water and surfactant (head-

groups) in the shell, rshell. Comparing rshell to the actual mole ratio given by the sample 

composition, see Table A.4, it is clear that rshell exceeds the actually available mole ratio 

above 50 wt% C8E8CH2COOH. Therefore, the sphere model is considered to be more 
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suitable above 50 wt%, despite the core-shell sphere model producing seemingly better fits. 

The obtained hydrocarbon core radius is close to the Tanford length, i.e., the maximum 

length of the hydrocarbon C8 chain in the liquid state, of 1.16 nm [69] in all cases up to 

70 wt%. At 80 wt%, the radius starts to decrease and reaches a minimum value of around 

0.8 nm in the nearly water-free state, indicating that headgroup interdigitation is accompa-

nied by a certain degree of hydrocarbon chain interdigitation. Accordingly, the aggregation 

number is constant around Nagg ≈ 30 up to around 70 wt%, before it decreases at higher 

concentrations and reaches a minimum of Nagg = 8 in the nearly water-free state. The area 

per molecule can be determined without ambiguity to be a ≈ 0.60 nm2 in the non-interdig-

itated state, which is reasonable compared to typical values reported for CiEOj surfactants 

[45]. Headgroup interdigitation at higher surfactant concentrations results in a significant 

increase of the area per molecule, which is especially sharp below a mole ratio 

n(H2O)/n(C8E8CH2COOH) < 8, i.e., when there is an insufficient number of water mole-

cules available to fill the inner hydration layer of the headgroups. In the nearly water-free 

state, an area per molecule close to 1 nm2 is found. Since the aggregation number does not 

increase over the whole concentration range, a significant steric constraint, hindering any 

micellar growth through a decrease of the area per molecule, is indicated. Therefore, a 

sphere-to-rod transition or a shape inversion, common for classical C2jEj surfactants, is im-

possible. Deprotonation of half of the carboxylic acid groups with NaOH leads to an in-

crease of the aggregation number, i.e., to a decrease of the area per molecule, compared to 

the acidic state. In presence of 8 H2O molecules, where a certain degree of interdigitation 

occurs, the aggregation number increases from 23 to 38 and the area per molecule decreases 

from 0.67 nm2 to 0.57 nm2. The hydrocarbon radius of 1.31 nm suggested by the best fit to 

the sphere model is slightly larger than the maximum length of C8 in the liquid state 

(1.16 nm). Since there is no sign of a semi-crystalline state of the chains in WAXS, and 

since in the liquid state the spherical radius cannot exceed the Tanford length of the C8 

chain, probably a slightly ellipsoidal shape is adopted. In the almost water free state, the 

aggregation number is increased from 8 to 17 and the area per molecule is decreased from 

0.96 nm2 to 0.74 nm2 in the presence of sodium as counterion. This significant difference 

indicates that sodium could partially inhibit interdigitation, which should also lead to a 

more distorted, e.g., ellipsoidal, shape. 
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Fig. II.8. (A) The data points correspond to the SAXS peaks in linear scale of the spectra of samples contain-
ing 50 wt%, 60 wt%, 70 wt%, or 80 wt% C8E8CH2COOH shown in Figs. II.5 and A.7. Solid lines represent 
the best fits to a sphere form factor and an effective Hayter-Penfold RMSA structure factor. The fitting pa-
rameters and results can be inferred from Table A.3. (B) The data points correspond to the SAXS peaks in 
logarithmic scale of the spectra of samples containing 10 wt% to 80 wt% C8E8CH2COOH shown in Figs. II.5 
and A.7. Solid lines represent the best fits to a core-shell sphere form factor and a Hayter-Penfold RMSA 
structure factor. The fitting parameters and results can be inferred from Table A.4. 

The dependence of the main quantity governing self-assembly, i.e., of the area per mole-

cule, on the surfactant concentration, as directly obtained from SAXS fits, is visualized in 

Fig. II.9. The area per molecule remains constant in the classical core-shell L1 regime and 

starts to increase above 60 wt% due to headgroup interdigitation in the confined hydrocar-

bon droplet L1’ regime, which confirms the general rule of 2–3 H2O molecules hydrating 

each EO group. It is evident that the transition between L1 and L1’ is progressive, and the 

scattering can be fitted with both models in the surfactant concentration range from 60 wt% 

to 70 wt%. Above 70 wt%, however, the interdigitation is strong enough to increase the 

area per molecule. This increase becomes most significant above 80 wt%, i.e., once there 

is less than one water molecule available to hydrate each EO group, conforming to the 

general idea of an innermost hydration layer of one water molecule per EO group. 

A scaled sketch of the microstructures corresponding to the two regimes, the core-shell L1 

phase and the interdigitated L1’ phase, confirmed by SAXS is shown in Fig. II.10. In most 

cases, the hydrocarbon cores contain around 30 octyl chains and the spherical shape is con-

served due to steric constraints. Only at very high surfactant concentrations, where only 

water bound to the headgroups is left, interdigitation of the headgroups occurs and leads to 

a decrease of the aggregation number. A minimum aggregation number of 8 is found in 

absence of water. 



II.4. Results and Discussion 
 

 65 

 
Fig. II.9. Area per molecule as a function of the surfactant concentration derived from SAXS spectra of var-
ious binary mixtures of C8EO8CH2COOH or [H+]0.5[Na+]0.5[C8E8CH2COO-] and water by fitting the peaks to 
a core-shell sphere model or a sphere model, see Figs. II.7 and II.8 and Tables A.3 and A.4. Empty symbols 
indicate that the results of the respective model are unfavored compared to the other model at the given 
concentrations, e.g., the core-shell model does not reflect the real situations at 70 wt% and 80 wt% due to the 
absence of bulk water. The error bars shown for the sphere model indicate the effect of an error in the hydro-
carbon core radius Rc of ±10%. The mole ratio of water and surfactant is given on the non-linear top axis. 

 
Fig. II.10. Scaled sketch of the two regimes observed in binary mixtures of C8E8CH2COOH and water. Left: 
The common core-shell structuring of micelles in the L1 phase. A hydrocarbon core (Rc = 1.2 nm, shown in 
yellow) is surrounded by a hydrated ethoxy shell (shown in green). The micelles are dispersed in the aqueous 
bulk medium containing surfactant monomers at CMC (shown in blue). Right: The confined hydrocarbon 
core regime in the L1’ phase observed in water-poor mixtures is implies interdigitated headgroups and the 
absence of bulk water. As can be inferred from the osmotic pressure measurements, the compression of the 
water-poor ethoxy layers is responsible for the stability of the structure. 

It is also noteworthy that the spherical shape and approximate size in the L1 phase could be 
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confirmed by cryo-TEM imaging, both for C8E8CH2COOH at 2 wt% and 20 wt%, see Fig. 

A.9, and [H+]0.5[Na+]0.5[C8E8CH2COO-] at 20 wt%, see Fig. A.10. The typical mean diam-

eter obtained from cryo-TEM images by manual size distribution analysis using ImageJ 

(version 1.53m) [70] is around 3.3 ± 0.7 nm in all cases, which is reasonable compared to 

a diameter of around 4.4 nm obtained from SAXS fits (Table A.4), given the weak contrast. 

Assuming that the micelles or hydrocarbon cores are in average surrounded by 12 other 

micelles or hydrocarbon cores as in a face-centered cubic lattice, the combined results of 

SAXS and vapor pressure osmometry, already given in Fig. II.4, can be represented in a 

representation initially proposed by Parsegian and co-workers [71] in the case of phospho-

lipid bilayers. For this purpose, the osmotic pressure between two spheres ΠS-S, calculated 

from the measured osmotic pressure Πosm between each micelle and its 12 neighbors ac-

cording to 

ΠS-S = 
Πosm

12 	, (II.4.3) 

is plotted as a function of tw, see Fig. II.11A. ΠS-S is typically an exponentially decaying 

function of the distance tw, with a decay length δ and a contact pressure ΠS-S(0). 

ΠS-S(tw) = ΠS-S(0)·exp %-
tw
δ & (II.4.4) 

A fit to this equation with a contact pressure ΠS-S(0) = 2.3·109 N·m-2 and a decay length 

δ = 0.21 nm is also shown in Fig. II.11A. The contact pressure found here for 

C8E8CH2COOH is in the same order of magnitude as the contact pressure found for various 

nonionic glycolipid or zwitterionic phospholipid bilayers [72]. The decay length of 0.21 nm 

is about 2/3 of the decay length of pure water, which can be understood as the thickness of 

a water layer, and is typical for sugar, protein, and other polymer solutions [73]. 

Using this decay length and the Derjaguin approximation in the case of sphere-sphere 

[31,32], ΠS-S between two micelles or hydrocarbon cores can be converted to the surface 

free energy W(h) between two planes at distance h. The relation of the force between the 

two spheres at distance h, FS-S(h), for two spheres of equal radius R and the surface free 

energy between two planes W(h) is given by 



II.4. Results and Discussion 
 

 67 

FS-S(h) = π·R·W(h) . (II.4.5) 

The force FS-S(h) is given by 

FS-S(h) = π·R·' ΠS-S(0)·exp (-
x
δ)  dx = π·R·δ·ΠS-S(h)

∞

h
 . (II.4.6) 

Combination of eqs. (II.4.5) and (II.4.6) yields a simple relation between the osmotic pres-

sure between two spheres and the surface free energy between two planes. 

W(h) = δ·ΠS-S(h) (II.4.7) 

The resulting surface free energy W(h) for C8E8CH2COOH is given in J·m-2 and in 

kBT·nm-2 as a function of the distance h between the two planes, which is here identical to 

the hydrophilic layer thickness tw, in Fig. II.11B. This representation resembles data ob-

tained by AFM with colloidal probes or SFA. The same exponential decay as in Fig. II.11A 

is also indicated. It can be seen that the measured surface free energies are well below 

1 kBT·nm-2 around h = 1.5 nm, resulting in surface free energies per molecule much smaller 

than 1 kBT, obtained by multiplication with the respective area per molecule. Extrapolation 

to h = 0 suggests that W(h) >> 1 kBT, showing that the liquid hydrocarbon cores surpris-

ingly behave like hard spheres. 

 
Fig. II.11. (A) Osmotic pressure between two spheres ΠS-S at 25°C as a function of the thickness of the hy-
drophilic layer separating hydrocarbon cores of two adjacent micelles tw. The data are identical to those shown 
in Fig. II.4, with the exception of the data for 20 wt% C8E8CH2COOH not being shown here. ΠS-S is calcu-
lated from the measured osmotic pressure Πosm using eq. (II.4.3). The solid line indicates an exponential decay 
with a decay length of 0.21 nm, described by the equation ΠS-S(tw) = 2.3·109 N·m-2 · exp(-tw/0.21163 nm). 
(B) The surface free energy between two equivalent planes W(h), calculated from ΠS-S using the Derjaguin 
approximation, see eqs. (II.4.5)–(II.4.7), as a function of the distance h between the two planes. The distance 
h is equivalent to the thickness tw. The solid line indicates the same exponential decay as in (A), where 
W(h) = 0.21163 nm · ΠS-S(h = tw). 



Chapter II. 
 

 68 

II.4.5. Ternary Phase Behavior with Hydrocarbon Oils 

The steric constraint of C8E8CH2COOH, resisting any sphere-to-rod shape transition, is so 

strong that the surfactant resists forming reverse structures in presence of hydrocarbon oils. 

This leads to unusual ternary phase diagrams of H2O/C8E8CH2COOH/oil, where mixtures 

of oil and surfactant form two phases even in absence of water. Exemplary, ternary phase 

diagrams of H2O/C8E8CH2COOH/n-dodecane and H2O/[H+]0.5[Na+]0.5[C8E8CH2COO-]/n-

dodecane at 23°C are shown in Fig. II.12. In absence of water, C8E8CH2COOH can uptake 

about 10 wt% of n-dodecane and any excess n-dodecane is expelled and phase separates. 

This behavior is unusual, as nonionic surfactants usually fully mix with the oil in absence 

of water, as for example shown for C8E6 and n-dodecane by Marland and Mulley [6]. The 

more water is added to the system, the less n-dodecane can be solubilized relative to the 

amount of surfactant present. As shown in Section II.4.4., the area per molecule cannot 

exceed or drop below a value of around 0.6 nm2 in the aqueous L1 phase. As a result, only 

a small amount of oil can be incorporated into the hydrocarbon core, as incorporation of oil 

imposes an increase of the area per molecule. This restriction is weakened in the L1’ phase, 

as headgroup interdigitation leads to an increase of the area per molecule. When half of the 

surfactant is transformed to the ionic sodium salt, the difference in oil uptake between the 

L1 and the L1’ phase is more pronounced. Compared to the acidic state, less oil is solubilized 

in the L1 phase up to around 50:50 w(C8E8CH2COOH):w(H2O), but more oil is solubilized 

in the L1’ phase at higher surfactant concentrations, 13 wt% n-dodecane in absence of wa-

ter. The increased oil uptake in the interdigitated state in presence of sodium counterions is 

probably linked to the partial inhibition of interdigitation by the sodium counterions, lead-

ing to an ellipsoidal shape and a lower area per molecule compared to the acidic state, as 

described in Section II.4.4. 

It should be noted that the same behavior is found for any hydrophobic oil that cannot act 

as a co-surfactant. As expected, for hydrocarbon oils, the solubilization is better for shorter 

chains that can be incorporated into the hydrocarbon cores more easily. A ternary phase 

diagram of H2O/C8E8CH2COOH/n-hexane, where 22 wt% of n-hexane can be incorporated 

in absence of water, is given in Fig. A.11. 
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Fig. II.12. Ternary phase diagrams of H2O/C8E8CH2COOH/n-dodecane and H2O/[Na+]0.5[C8E8CH2COO-]/n-
dodecane at a temperature of 23°C. The precision in w(n-dodecane) is at least ±0.5 wt%. 1ϕ I: Single isotropic 
phase. 2ϕ I/I: Two isotropic phases in equilibrium. 

 

II.5. Conclusion and Outlook 

The surfactant C8E8CH2COOH in its acidic form, as well as half-neutralized by sodium 

hydroxide and in presence of calcium chloride, has remarkable properties. Due to the pres-

ence of eight ethylene oxide groups, it behaves much like a nonionic surfactant, and it is 

liquid at room temperature. Its behavior is very similar to what was found for C8E8 without 

the carboxylate group [5]. However, the additional charge at the end of the hydrophilic tail 

allows fine-tuning of its behavior via additional, although not dominating, electrostatic in-

teractions. 

Since the hydrophilic tail is long and the hydrophobic part is short, there are opposing con-

straints for the packing parameter, both the spontaneous and the effective one, as defined 

in Appendix A.3., and the only compromise is a spherical micelle with a constant size and 

aggregation number, once the surfactant is mixed with water, i.e., in the L1 phase. This is 

in sharp contrast both to conventional non-ionic surfactants with longer hydrocarbon chains 

[5] and to ionic surfactants [74]. 
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Above a certain surfactant concentration, corresponding to an insufficient hydration of the 

hydrophilic part, the direct micelles interdigitate and form an ‘‘osmotic brush” in the L1’ 

phase. In parallel, the area per headgroup increases significantly. It is noteworthy that here 

the strong steric constraint is not a consequence of covalent bonds holding the chains to-

gether, like in PluronicsTM [75], or of covalent cross-linking, like in gemini-type surfactants 

[76]. 

It is striking, how profound the differences are between a surfactant of generic formula CjEj 

with j = 8, compared to the classical, well studied C2jEj that is described in hundreds of 

papers [40]. A new regime, for which the classical core-shell picture is not valid anymore, 

has been detected in the concentrated region above 60 wt%. The steric constraints cause 

spherical micelles with cores consisting of tightly confined hydrocarbon nanodroplets that 

are however relatively monodisperse and do not change shape. 

Further, in classical C2jEj surfactants, the cloud point is always related to a shape transition 

[40–42]. By contrast, in the case of C8E8CH2COOH, shape transitions are sterically hin-

dered. All cloud points reflect the competition between entropy and attractive interactions. 

Therefore, it is concluded that in the case of C8E8CH2COOH the interdigitation free energy 

is of the right order of magnitude to compete with entropy and produce the cloud point 

observed at very high concentrations, since attraction is only felt at short distances, when 

chains are interdigitated. The clouding phenomenon in C8E8CH2COOH systems will be 

discussed in more detail in Chapter III. The same is probably true for the C8E8 surfactant, 

as mentioned (but not further discussed) in [5]. A large monophasic, low viscous region 

without any birefringence both over wide temperature and concentration ranges is typical 

for hydrotropes, but exceptional for surfactants. In light of the results inferred from the 

present thermodynamical and structural study, there are probably two reasons responsible 

for the particular behavior of C8E8CH2COOH, and probably also of C8E8: 

(a) The hydrophilic part of the surfactant is so big compared to the hydrophobic part that 

the spontaneous packing parameter is far below 1/3 and even the effective packing 

parameter can never grow to values above 1/3 (see Appendix A.3 for the distinction 

of the two parameters). As a consequence, only spherical micelles are possible. No 

elongation towards rodlike micelles is possible. As a further consequence, no deple-

tion forces between the spherical micelles exist to induce a phase separation, as it 

was discussed in the case of rodlike micelles [77–79]. And of course, no hexagonal 
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or even lamellar phases or reversed ones can form. 

(b) Nevertheless, even with spherical micelles, in principle, the formation of a cubic I1 

liquid crystalline phase would be possible. However, in the present case, this is not 

possible either. Since the hydrocarbon chain is short, the radius of the hydrocarbon 

core is so small that the thermal excitations of the fluctuations do not meet the Lin-

demann rule, known from molecular crystals, but also valid at colloidal scale [80]. 

This is different for surfactants like C12E12 that indeed show liquid crystals at high 

concentrations in water. In other words, this means that there is insufficient attraction 

between the micelles. Van der Waals attractions scale with the sixth power of the 

volume and are inversely proportional to the distance between micelles. In the case 

of C8, these interactions are much less pronounced (more than a factor of 7) than with 

C12 chains, and, as a consequence, the interactions are too weak to form an I1 phase. 

These constraints also affect the phase behavior when the surfactant is mixed with oil. In 

contrast to classical nonionic surfactants, there is no full miscibility of surfactant and hy-

drocarbon oil in absence of water. Instead, only a certain amount of oil can be incorporated 

into the (interdigitated) direct micellar structure without inducing a structural change. 

With the addition of NaOH, the headgroups get partially charged and as a result, the repul-

sion between the micelles can increase. By contrast, when adding CaCl2 to the acidic sur-

factant, i.e., charges are screened, the double-charged cations can bridge the micelles and 

strengthen the osmotic brush. This is reflected in the cloud point that disappears in the 

charged case with sodium as counterion, whereas the lower critical solution temperature 

shifts to very high surfactant concentrations (≈72 wt%), i.e., to the interdigitated L1’ phase, 

when adding CaCl2. The charged carboxylate groups seem to be free to move in the more 

or less hydrated headgroup volume, which has a thickness of about 1–2 nm. This has been 

deduced from SAXS experiments. Since the SAXS spectra with and without Na+ are ho-

mothetic, the sodium ions are distributed evenly in the volume provided by hydrated head-

groups (shown in green in Fig. II.10). This implies a significant configurational entropy. 

Both the carboxylate headgroups and the counterions are randomly distributed in a polar, 

yet widely water-free three-dimensional medium around a sharply separated hydrophobic 

core pseudo-phase. 

These peculiar findings specific to C8E8CH2COOH may be used in the future for improved 
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chemical reaction processes, e.g., to optimize organocatalyzed reactions in structured, wa-

ter-free media, or even micro- or nanoscaled crystal growth. Further applications may be 

conceivable in the framework of extraction, separation and purification processes. In clas-

sical liquid-liquid separation, there is always a water-rich phase and a solvent-rich phase in 

thermodynamic equilibrium, and ions, which are originally solubilized in the aqueous 

phase, partition between those two phases through liquid-liquid phase transfer [81,82]. In 

some cases, the solvent-rich phase splits into two phases: A light diluent-rich phase and a 

heavy and viscous extractant-rich phase [83,84]. This phenomenon occurs when processes 

are intensified by increasing solute and/or extractant concentration. This splitting represents 

a significant drawback for industrial liquid-liquid extraction processes. In the case of sur-

factants with general formula [X+][C8E8CH2A-], some of the liquid-liquid coexistence do-

mains could be used to implement new processes for analysis or recycling [85]. These 

would be based on a dynamic equilibrium. A water-poor fluid forms one phase that is pre-

sent as a coacervate-in-water nanoemulsion, whereas the supernatant forms the aqueous 

phase. If the metal affinities are different for these two phases, solvent-free – and maybe 

even extractant-free – extraction can be considered, which would significantly simplify 

some important processes in hydrometallurgy. Of course, the process maps would need be 

optimized to obtain the coacervate formation with higher volume fractions. Moreover, tem-

perature-driven processes currently performed in ternary systems based on ultra-flexible 

microemulsions (UFME) [86–88] could become possible in simpler chemical formulations, 

avoiding the usage of large amounts of solvo-surfactants [89,90]. 

In this context, it is important to note that all metal salts of C8E8CH2COOH or 

C8E5CH2COOH [2,68,91] investigated so far are liquid at room temperature, or slightly 

above room temperature, even in absence of water. This is true even for trivalent rare earth 

metals. The phase behavior of the sodium and calcium salt of C8E8CH2COOH will be dis-

cussed in detail in Chapter III., which will allow for the construction of a complete generic 

phase diagram of this surfactant.  
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Chapter III. 
Phase Behavior of Metal Octaoxyethylene Octyl 

Ether Carboxylates ([X+][C8E8CH2COO-]) – 

Constructing a Complete Generic Phase Diagram 

 
The micellar shape of [H+][C8E8CH2COO-] is restricted to spheres. Classical core-shell mi-

celles (L1) transition into headgroup interdigitated micelles (L1’) at higher concentrations. 

Transforming the surfactant to its sodium or calcium salt, the micelles are deformed to 

slightly prolate spheroidal. A hexagonal (H1) phase within the transition regime between L1 

and L1’ is made possible by a reduction of the area per molecule by counterion-bridging. 

At higher temperature, the H1 phase “melts” into a nematic phase (N) consisting of shorter 

chains of prolate micelles with a preferential orientation (grey arrow). 

Note: 
Most of this chapter is already published (P. Denk, A. El Maangar, S. Prévost, W. Silva, R. Gschwind, T. 
Zemb, W. Kunz, Cloud point, auto-coacervation, and nematic ordering of micelles formed by ethylene oxide 
containing carboxylate surfactants, J Colloid Interface Sci 621 (2022) 470–488.) [1]. The author of this thesis 
is the first author of the publication, wrote the original draft, evaluated the data, and conducted most of the 
experiments. The co-authors Dr. Asmae El Maangar and Dr. Sylvain Prévost performed, respectively, the 
SWAXS and SANS measurements, the treatment of the raw scattering data, and gave some scientific input. 
The co-authors Dr. Wagner Menezes da Silva and Prof. Dr. Ruth Gschwind performed the DOSY-NMR ex-
periments. The co-authors Prof. Dr. Thomas Zemb and Prof. Dr. Werner Kunz reviewed the manuscript and 
provided scientific input throughout the work. ESI-MS was conducted by Josef Kiermaier (Central Analytical 
Services, University of Regensburg). Presented cryo-TEM images were recorded and evaluated by Sapir 
Lifshiz-Simon from the group of Prof. Dr. Yeshayahu Talmon at the Technion in Haifa. The interns Lea Sam-
met and Dominik Bubak assisted in preliminary measurements, not presented in this chapter. 
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III.1. Abstract 

In Chapter II., the aqueous phase behavior of octaoxyethylene octyl ether carboxylic acid 

(C8E8CH2COOH), in this chapter denoted as [H+][C8E8CH2COO-], and with partial re-

placement of H+ by Na+ and in presence of CaCl2 was determined. It was found that even 

the neat surfactants are liquid at room temperature and that they form only direct micelles 

for any water content and over large temperature ranges. The aim of the present chapter 

was to find an explanation for the clouding in these systems as well as for the coacervation 

observed at very low surfactant content. It was expected that very similar phase diagrams 

would be found for a full replacement of H+ by Na+ or Ca2+ ions. 

The phase diagrams of the above-mentioned salts in water are established and the structures 

of the occurring phases are determined in detail with small- and wide-angle X-ray scatter-

ing, small-angle neutron scattering, dynamic light scattering, heat flux differential scanning 

calorimetry, as well as surface tension, ESI-MS, and NMR experiments. 

Surprisingly, a new type of nematic phase was discovered between an isotropic and a hex-

agonal phase. Based on the complete description of all occurring phases, both in the acidic 

and the charged surfactant systems, a coherent and unified picture of all these phases could 

be designed, including the auto-coacervation at low surfactant concentration, the non-con-

ventional clouding at high temperatures, the unusual liquid crystalline phases in a small 

domain at high surfactant concentrations, and the Lβ phase at low temperatures and at very 

low water content. It turned out that all phenomena are a consequence of the subtle interplay 

between a) the packing constraint due to the very large headgroup, b) the relatively small 

hydrocarbon chain, and c) the tunable electrostatic interactions versus entropy.  
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III.2. Introduction 

In Chapter II., the peculiar aqueous phase behavior of octaoxyethylene octyl ether carbox-

ylic acid (C8E8CH2COOH), marketed as Akypo® LF2 by Kao Chemicals, was reported. In 

this chapter, the notation [H+][C8E8CH2COO-] is used for the acid to emphasize the coun-

terion of the surfactant, even though the surfactant is mostly nonionic in this case. Its struc-

ture closely resembles that of a typical nonionic C8E8 surfactant, but is terminated by an 

additional acetic acid group that can introduce some charge. [H+][C8E8CH2COO-] belongs 

to the not too well studied class of alcohol ethoxycarboxylates or alkyl ether carboxylates 

(AECs). Chiappisi [2] reviewed AECs seven years ago, remarking the negligence of this 

surfactant class in the literature. Despite their lack of attention in the literature, AECs are 

appreciated in various applications owing to their good foaming and emulsification prop-

erties combined with their excellent resistance to hard water, high temperatures, acidic and 

alkaline conditions, and oxidizing agents [3,4]. Nonionic surfactants of the type CiEj on the 

other hand are well studied and described in the literature. Surprisingly, most of the detailed 

studies deal with surfactants where i ≈ 2j (C2jEj), while less attention was paid to those 

where i ≤ j [5,6]. The reason is probably that the spontaneous packing parameter p0 of C2jEj 

is either close to 1, favoring the formation of the lamellar Lα phase, or slightly smaller than 

1, allowing the formation of a multitude of lyotropic liquid crystalline phases. Since most 

liquid crystalline phases are linked to non-spherical micellar shapes, a small p0 is unfavor-

able for the formation of liquid crystals. The definition of p0 and its distinction from other, 

often ill-defined, packing parameters used in the literature is given in Appendix A.3. p0 is 

linked to the equilibrium area per molecule [7], which in the case of CiEj surfactants is 

linked to the ratio φhead of the headgroup volume Vhead and the total surfactant volume Vtot. 

It is, however, important to note that the equilibrium area per molecule cannot be inferred 

directly from the molecular geometry, see Appendix A.3. φhead was successfully used to 

rationalize the phase behavior of CiEj surfactants in the past [8–10]. If φhead is large, as in 

C2jEj, p0 is small and spherical micelles are favored, which in turn impedes liquid crystal 

formation. The smaller φhead is, the larger is p0 and the easier a micellar shape transition can 

occur and the more favored is typically liquid crystal formation. However, simply trying to 

rationalize the phase behavior based on φhead or p0 completely neglects the influence of the 

alkyl chain length on packing. It was already pointed out by Nagarajan [11] that the 

influence of the alkyl chain length cannot be neglected for an adequate prediction of 
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packing. Indeed, a close comparison of the phase behaviors of the various CiEj surfactants 

reported in the literature reveals that, in order to impede the formation of liquid crystals, 

φhead needs to be larger for longer alkyl chains [5,6,12–18]. In other words, longer alkyl 

chains favor the formation of liquid crystals. For example, C8E8 [6] (φhead = 0.68) does not 

form liquid crystalline phases at all, while C12E12 [6] (φhead = 0.69) and C16E20 [13] (Brij® 

58, φhead = 0.74) can still form a cubic I1 phase and a hexagonal H1 phase, despite having a 

slightly larger φhead. While an I1 phase consists of close-packed spherical micelles and is 

feasible without a change in micellar shape, the classical H1 phase is made from hexago-

nally packed long rods and requires a micellar sphere-to-rod transition [6,19]. Indeed, the 

headgroup of C12E23 [17,18] (Brij® 35, φhead = 0.81) is large enough to restrict its micellar 

shape to spheres, leaving the I1 phase the only liquid crystalline phase to be formed. 

[H+][C8E8CH2COO-] (φhead = 0.71), similar to C8E8, is restricted to spherical micelles and 

does not form any liquid crystalline phase. The reason for the absence of an I1 phase is the 

short alkyl chain length, which may be explained in two equivalent ways. Owing to the 

short alkyl chain, the radius of the micellar core is too small for the thermal excitations of 

fluctuations to meet the Lindemann rule. The Lindemann rule was derived for molecular 

crystals but is also valid at the colloidal scale [20]. An equivalent explanation is that the 

Van der Waals attractions between the small hydrophobic cores are insufficient to stabilize 

a cubic packing of the micelles. With increasing radius, the attractive forces increase, thus 

the C8 surfactants cannot form an I1 phase, whereas C12 surfactants can. 

The restriction to the spherical shape not only affects the liquid crystal formation, but also 

the effects involved in the clouding phenomenon. As a pseudo-nonionic ethoxylated sur-

factant, [H+][C8E8CH2COO-] exhibits a lower critical solution temperature (LCST), which 

is well known for classical CiEj surfactants. However, the clouding phenomenon of typical 

C2jEj surfactants is linked to a micellar shape transition with increasing temperature, ac-

companied by increased intermicellar attraction due to decreasing headgroup hydration 

[6,21–24]. The peculiarity of [H+][C8E8CH2COO-] is that a sphere-to-rod transition is im-

possible at any concentration and, as will be shown in this chapter, at any temperature, 

owing to the large φhead and short C8 chain. As a result, its clouding behavior should solely 

be induced by intermicellar attraction due to headgroup dehydration. 

An additional feature observed for [H+][C8E8CH2COO-] is auto-coacervation below its crit-

ical micelle concentration (CMC). Coacervation is a liquid-liquid phase separation from a 
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colloidal solution triggered by aggregation of the colloids. A colloid-rich coacervate sepa-

rates from a dilute equilibrium phase. The term was coined about 95 years ago by Bungen-

berg de Jong and Kruyt [25], who extensively investigated the phenomenon in systems 

containing macromolecules, such as sugars or proteins. Coacervation can be subdivided 

into two main categories. Complex coacervation on the one hand and simple coacervation 

on the other hand. While simple coacervation involves only one colloidal species, complex 

coacervation involves at least two different colloidal species. Both regularly occur for pol-

ymers and proteins and are often triggered by salt addition, temperature, changes in con-

centration, pH, or addition of other soluble compounds [25–28]. All of these stimuli 

influence the subtle balance of weak interactions between colloids leading to their coacer-

vation. If simple coacervation occurs without the addition of salt or another compound, it 

can be referred to as auto-coacervation. Instead of macromolecules, the colloids can also 

be micelles. If the coacervation process involves colloids made of surfactants exclusively, 

the coacervation is often called surfactant coacervation, which was reviewed by Wang and 

Wang [29] in 2014. Surfactant coacervation is less widespread than classical macromole-

cule coacervation, and if it occurs, the process is usually simple coacervation induced by 

salt or other organic compounds or complex coacervation [30–36]. Auto-coacervation has 

been reported for gemini surfactants comprising two alkyl chains [37–39], but is very rare 

for simple surfactants, unless clouding is considered as such. Clouding of CiEj surfactants, 

where a surfactant-rich phase separates from a dilute micellar solution, is, by definition, 

auto-coacervation. 

It was demonstrated in Chapter II. that the spherical micelles of [H+][C8E8CH2COO-] exist 

only in two states. As small classical core-shell micelles dispersed in an aqueous medium 

in the L1 phase or as small headgroup interdigitated micelles in the L1’ phase. In the latter, 

there is no longer any free bulk water and the entire liquid consists of hydrated, interdigi-

tated micelles. The same microstructures are expected for C8E8 and C8E12. In the latter case, 

molecular dynamics simulations up to surfactant concentrations of 70 wt% are in agree-

ment with a persisting spherical shape [40]. However, [H+][C8E8CH2COO-] possesses an 

additional carboxylic acid moiety, which allows the introduction of charge and counterion 

effects. Due to the large E8-part, the counterion X+ of [X+][C8E8CH2COO-] can be chosen 

at will and the surfactant is even liquid with polyvalent metal counterions [41–43]. In the 

present chapter, the research reported in Chapter II. is expanded with a detailed analysis 

of the aqueous phase behavior of the surfactant’s sodium ([Na+][C8E8CH2COO-]) and 
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calcium ([Ca2+][C8E8CH2COO-]2) salts, allowing for the construction of a full generic 

phase diagram of [X+][C8E8CH2COO-], explaining its entire aqueous phase behavior, which 

is determined by the restriction to a spherical micellar shape. Features of the phase behavior 

are auto-coacervation, clouding, a semi-crystalline lamellar Lβ phase in absence of water, 

and a small domain of an optically anisotropic liquid crystalline gel, all of which are coun-

terion sensitive. The liquid crystalline phase is a hexagonal phase that “melts” into a ca-

lamitic nematic phase made of oriented prolate micelles at higher temperatures. Calamitic 

nematic phases have been found near hexagonal phases in ternary systems of an ionic sur-

factant with n-decanol as co-surfactant [44,45], but have never been described in other bi-

nary surfactant systems. The hexagonal phase is the only exception, where a sphere-to-rod 

transition is observed. This exception is a consequence of a significant counterion effect on 

the area per molecule through bridging of carboxylate moieties. 

 

III.3. Experimental Section 

III.3.1. Materials 

Akypo® LS-F2, the salt-free form of Akypo® LF2 (≈0.9 wt% NaCl), was a generous gift 

from Kao Chemicals GmbH (Emmerich am Rhein, Germany). In this chapter, the surfactant 

is denoted as [H+][C8E8CH2COO-] instead of C8E8CH2COOH (mostly used in the other 

chapters), as the focus lies on the counterion. Note, however, that in the case of H+ at natural 

pH, the surfactant is pseudo-nonionic. Prior to use, [H+][C8E8CH2COO-] was vacuum dried 

at a maximum temperature of 80°C to reduce the water content to at least 0.5 wt%. Known 

impurities of Akypo® LS-F2 are small amounts of glycolic acid and formic acid, which are 

expected to be removed by vacuum drying, diglycolic acid, polyethylene glycol, carbox-

ymethylated polyethylene glycol, and various esters. Most of the esters are expected to be 

hydrolyzed on salt formation with the respective metal hydroxide. As Akypo® LS-F2 is a 

technical product, the exact composition may slightly vary in different batches. However, 

no significant differences in the phase behavior were observed using different batches of 

the surfactant. 

Sodium and calcium salts, [Na+][C8E8CH2COO-] and [Ca2+][C8E8CH2COO-]2, were pre-

pared by a simple neutralization reaction of [H+][C8E8CH2COO-] with the respective metal 
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hydroxide in an aqueous mixture. Full conversion was ensured by adding the hydroxide in 

slight excess. The mixture was vacuum dried, and any excess hydroxide was removed by 

centrifugation and subsequent filtration with 0.20 μm PTFE membrane filters. Prior to cen-

trifugation and filtration, the mixture was diluted with acetone to decrease the viscosity. 

Acetone was eventually removed by vacuum distillation to obtain the pure surfactant salt. 

The remaining water content was checked using the Karl Fischer titration method and was 

typically less than 0.5 wt%. [H+]0.5[Na+]0.5[C8E8CH2COO-] was obtained by equimolar 

mixing of [Na+][C8E8CH2COO-] and [H+][C8E8CH2COO-]. 

Acetone (p.a., ≥99.5%), NaOH (p.a., ≥98%), and toluene (p.a., ≥99.5%) were purchased 

from Sigma-Aldrich (St. Louis, Missouri, USA). NaCl (p.a., ≥99.5%) and n-dodecane 

(≥95%) were purchased from Carl Roth (Karlsruhe, Germany). Ca(OH)2 (p.a., ≥96%) was 

supplied by Merck Millipore (Burlington, MA, USA). Acetonitrile-D3 (99.80% D, HDO + 

D2O less than 0.05%) for 1H-NMR was purchased from Eurisotop (Saint-Aubin, France). 

The water used for all experiments had a resistivity >18 MΩ·cm and was obtained from 

distilled water, using a Millipore purification system. 

 

III.3.2. Phase Diagram Determination 

For the determination of the binary phase diagrams of [H+][C8E8CH2COO-] and 

[H+]0.5[Na+]0.5[C8E8CH2COO-], as well as the pseudo-binary phase diagram of 

[H+][C8E8CH2COO-] in presence of 0.25 mol CaCl2 per mol of surfactant, the reader is 

referred to Chapter II. 

For the other binary phase diagrams, samples were prepared by mixing 

[Na+][C8E8CH2COO-] or [Ca2+][C8E8CH2COO-]2 with water in various ratios. To facilitate 

mixing in the case of liquid crystal formation, the sample was heated to about 60°C and 

subsequently agitated until a homogeneous solution was obtained. Typically, samples were 

left equilibrated at 20°C for one day prior to investigation of their phase behaviors. The 

phase behavior was thoroughly determined between 20°C and 100°C with an accuracy of 

±1°C by both visual observation and polarization microscopy. Polarization microscopy was 

performed using a Leitz Orthoplan (Wetzlar, Germany) polarizing microscope equipped 

with a JVC (Yokohama, Japan) digital camera (TK-C1380) and a Linkam (Epsom, UK) 
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LTS350 heating/freezing stage comprising a TMS90 temperature controller (±0.5°C) and a 

CS196 cooling system. Samples were heated from 20°C to 100°C with a heating rate of 

5°C·min-1. However, in case of birefringence, the temperature was increased in steps of 

1°C. Equilibration times at different temperatures were consistently observed to be fast. 

Thus, samples were left equilibrated for a few minutes at each temperature and for at least 

10 min close to phase transitions. In some cases, phase transitions were determined below 

20°C to allow for a better indication of the birefringent regions in the phase diagrams. 

Melting points of crystalline phases were determined by heat flux differential scanning cal-

orimetry. Endothermal peak maxima were used as melting points, as they are in agreement 

with visual observation. 

 

III.3.3. Heat Flux Differential Scanning Calorimetry 

Heat flux differential scanning calorimetry was conducted using a DSC 8000 heat-flux cal-

orimeter from Perkin Elmer (Waltham, MA, USA). Samples were put in an aluminum pan, 

which was subsequently sealed by cold welding an aluminum lid onto it. Sample loaded 

sealed crucibles were measured against an empty reference crucible. Prior to measurement, 

samples were cooled to -70°C and held at -70°C for 60 min. One heating and cooling cycle 

consisted of the following steps: Heating from -70°C to 50°C with a heating rate of 

3°C·min-1, holding 50°C for 10 min, cooling from 50°C to -70°C with a cooling rate of 

3°C·min-1, and holding -70°C for 60 min. For all samples except [H+][C8E8CH2COO-], two 

heating and cooling cycles were run. Six cycles were run for [H+][C8E8CH2COO-], showing 

that two cycles are sufficient for this system. 

 

III.3.4. Surface Tension Measurements 

Equilibrium surface tension isotherms at 25°C were measured using a pull-force tensiom-

eter K100MK2 from Krüss (Hamburg, Germany) equipped with a platinum-iridium-ring 

and an automatic dosing system Dosino 800 from Metrohm (Herisau, Switzerland). Re-

spective solutions were prepared with the highest surfactant concentration to be measured. 

Subsequently, the surfactant concentration was automatically reduced stepwise by dilution 
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with water. Prior to measurement, the glass vessel was soaked first in a KOH bath, followed 

by a HCl bath for at least 24 h. Subsequently, both the glass vessel and the ring were thor-

oughly rinsed with water and dried. 

 

III.3.5. 1H-NMR Spectroscopy 

1H-NMR spectra of neat [H+][C8E8CH2COO-] as well as the coacervate separated from a 

mixture of 0.45 wt% [H+][C8E8CH2COO-] and water by centrifugation were recorded at 

25°C using a Bruker (Billerica, MA, USA) Avance 400 spectrometer operating at 400 MHz. 

Both substances were dissolved in acetonitrile-D3 and 16 scans were performed respec-

tively to obtain the 1H-NMR spectra. 

Diffusion-ordered nuclear magnetic resonance spectroscopy (DOSY-NMR) experiments 

were performed using a Bruker Avance III 600 MHz operating at 600.03 MHz for protons, 

equipped with a 5 mm high-resolution TBIF probe and with pulsed gradient units, capable 

of producing magnetic field pulsed gradients in the z-direction of 0.54 T·m-1. Temperature 

was certified by internal NMR calibration samples from Bruker. In all measurements (heat-

ing and cooling cycles), the samples were equilibrated at each temperature for 10 min be-

fore acquisition. 

Diffusion measurements were performed using the stimulated echo sequence using bipolar 

SMSQ10.100 gradient pulses and eddy current delay before the detection with a convection 

compensation pulse program (Pulsed Field Gradient Spin Echo – PFGSE) [46,47]. Typi-

cally, in each experiment, 32 spectra of 32,768 data points were collected, with values for 

the duration of the magnetic field pulsed gradients (δ) of 3.0 ms to 5.0 ms, diffusion delay 

(Δ) of 50 ms to 300 ms. An eddy current delay was set to 5 ms, and the gradient recovery 

time was 200 ms. The square shaped pulsed gradient was incremented from 10% to 95% 

of the maximum gradient strength in a linear ramp. To determine the diffusion coefficients, 

the spectra were first processed in the F2 dimension by standard Fourier transform and 

baseline correction with the Bruker Topspin software package (version 4.1.3). The diffusion 

coefficients are calculated by exponential fitting of the data belonging to individual col-

umns of the 2D matrix using the Origin 9.8 data software program. The NMR signal inten-

sity (I) is related to the experimental conditions and the diffusion coefficient (D) according 
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to the Stejskal-Tanner equation [48] 

I = I0·exp *-q2·D· %Δ-
δ
3&+  , (III.3.1) 

where I0 is the NMR signal in the absence of applied field gradient, Δ is the diffusion time, 

q is the gradient used in the spatial encoding and decoding of the spin. The gradient q is 

given by 

q = γ·g·δ , (III.3.2) 

where γ is the gyromagnetic ratio of the observed nucleus, g is the gradient strength, and δ 

is the duration over which gradient is applied. By plotting I versus q2·[Δ-(δ/3)] and fitting 

the decay curves, the diffusion coefficient is determined [49]. 

 

III.3.6. Electrospray Ionization Mass Spectrometry 

Electrospray ionization mass spectrometry (ESI-MS) data were obtained from the central 

analytics mass spectrometry facilities of the Faculty of Chemistry and Pharmacy, Univer-

sity of Regensburg. ESI-MS of neat [H+][C8E8CH2COO-] as well as the coacervate sepa-

rated from a mixture of 0.45 wt% [H+][C8E8CH2COO-] and water by centrifugation was 

performed on an Agilent (Santa Clara, California, USA) Q-TOF 6540 UHD. 

 

III.3.7. Karl-Fischer Titration 

Water contents were measured with the aid of volumetric or coulometric Karl-Fischer ti-

tration. Volumetric Karl-Fischer titration was performed using a KF titrator 870 KF Titrino 

plus from Metrohm, while coulometric Karl-Fischer titration was performed using an 899 

Coulometer from Metrohm, equipped with a platinum indicator and a platinum generator 

electrode without a diaphragm. Generally, water contents were measured at least six times 

and averaged. 
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III.3.8. Small- and Wide-Angle X-Ray Scattering 

Small- and wide-angle X-ray scattering (SWAXS) experiments were carried out on a bench, 

built by Xenocs (Grenoble, France) using X-ray radiation from a molybdenum source 

(λ = 0.71 Å), delivering a 1 mm large circular beam of energy 17.4 keV. The scattered beam 

was recorded by a large on-line scanner detector MAR Research 345 from marXperts 

(Norderstedt, Germany) which was located 750 mm from the sample stage. Off-center de-

tection was used to cover a large q-range simultaneously (0.2 nm-1 < q < 30 nm-1), where 

q = sin(θ/2)·4π/λ, θ being the scattering angle. 

Collimation was applied using a 12:∞ multilayer Xenocs mirror (for Mo radiation), coupled 

to two sets of Forvis (Santa Barbara, CA, USA) scatterless slits, which provides a 

0.8 mm × 0.8 mm X-ray beam at the sample position. A high-density polyethylene sample 

from Goodfellow (Huntingdon, UK)was used as a calibration standard to obtain absolute 

intensities. Silver behenate in a sealed capillary was used as scattering vector calibration 

standard. Integration of the 2D spectra was performed using the software FIT2D. Data were 

normalized taking into account the electronic background of the detector, transmission 

measurements, and empty cell subtraction. 

 

III.3.9. Small-Angle Neutron Scattering 

Small-angle neutron scattering (SANS) data were acquired on the instrument D11 at the 

Institut Laue-Langevin, Grenoble, France. Samples prepared with D2O as a solvent to in-

crease contrast and reduce incoherent background were contained in Hellma (Müllheim, 

Germany) quartz cuvettes type 120-QS of 1 mm pathway. Measurements were carried out 

for 1 min per sample and per temperature, with a new multi-tube detector, at a wavelength 

λ = 6.0 Å (relative FWHM 9 %) and a sample-to-detector distance of 2.5 m, to cover a q-

range of 0.02–0.37 Å-1, where q is the magnitude of the wavevector (q = sin(θ/2)·4π/λ, θ 

being the scattering angle). Cuvettes were placed in a prototype Peltier sample-changer 

from Quantum Northwest (Liberty Lake, Washington, USA), at measured temperatures 

typically within ±0.02°C of the set-point. Temperature was increased by steps of 10°C. 

Once the set-temperature was reached, a delay of ≈4 min was implemented. Data reduction 

was performed with Grasp 9.25b, accounting for detector background (measured with 
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10B4C), transmission, sample pathway, parralax, scattering by D2O, and dividing by the 

scattering of 1 mm H2O as a flat field correction. The intensity of 1 mm H2O was used as a 

secondary standard to obtain absolute scale. A constant (independent on temperature, line-

arly dependent on volume fraction) was further subtracted to account for incoherent back-

ground due to hydrogen. Data are available on demand (https://doi.org/10. 5291/ILL-

DATA.EASY-963) [50]. 

 

III.3.10. Cryogenic Transmission Electron Microscopy 

Specimens for cryogenic transmission electron microscopy (cryo-TEM) imaging were pre-

pared in a controlled environment vitrification system (CEVS), at 25°C and 100% relative 

humidity. These controlled conditions are essential for the preservation of the native state 

of the specimen during its preparation. Before specimen preparation, a carbon-coated per-

forated polymer film supported on a 200 mesh TEM grid was plasma-etched in a PELCO 

easiGlow glow-discharger (Ted Pella Inc., Redding, California, USA) to increase its hydro-

philicity. Inside the CEVS, the etched grid was held by tweezers. A small drop of the sample 

was applied onto the grid, and the excess solution was blotted with a filter paper supported 

on a metal strip, to form a thin film of the solution suitable for cryo-TEM imaging. All the 

specimens were prepared by blotting the grid twice from the back and then touching a clean 

area of the filter paper. After blotting, the grid was quickly plunged into liquid ethane at its 

freezing point. That provided a high cooling rate needed for the vitrification of water. The 

specimens were kept in liquid nitrogen until transferred into the TEM for imaging.  

The specimens were imaged by a FEI (Hillsboro, Oregon, USA) Tecnai T12 G2 TEM, 

equipped with a LaB6 electron gun and operating at 120 kV, and a Thermo-Fisher Scientific 

(Waltham, Massachusetts, USA) Talos 200C, FEG-equipped, 200 kV, high-resolution 

TEM. To enhance image contrast, the Volta "phase-plate" (VPP) system of the Talos was 

used.  
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III.4. Results and Discussion 

III.4.1. Phase Diagrams 

The carboxylic acid group of [H+][C8E8CH2COO-] has an apparent pKa around 4.0 and 

solutions of the acid in water have a pH in the range of 2.1 to 2.6, depending on the surfac-

tant concentration. The pH decreases with increasing surfactant concentration in the aque-

ous regime before it starts to slightly increase in the concentrated regime (>60 wt%). E.g., 

the pH is 2.1 at 50 wt% and 2.3 at 70 wt% [H+][C8E8CH2COO-]. Binary phase diagrams of 

the acid form [H+][C8E8CH2COO-] and the half-neutralized form with sodium as counter-

ion [H+]0.5[Na+]0.5[C8E8CH2COO-] are given in Fig. III.1A and III.1B. A pseudo-binary 

phase diagram of [H+][C8E8CH2COO-] in presence of 0.25 mol CaCl2 per mol of surfactant 

is shown in Fig. III.1C. Addition of CaCl2 was chosen to study the effect of Ca2+ ions at 

acidic pH, i.e., if electrostatics are screened. Note that the indicated precipitate is not the 

surfactant’s calcium salt but insoluble excess CaCl2. The three phase diagrams have already 

been discussed in detail and were complemented with a detailed study of the microstruc-

tures in Chapter II. In all three cases, the phase behavior is remarkably simple. No liquid 

crystalline phases are formed and only a monophasic isotropic liquid phase is observed 

over the whole concentration and temperature range. The only exceptions are the clouding 

phenomenon at higher temperatures and an auto-coacervation below the CMC, where two 

isotropic liquids coexist in equilibrium. Both phenomena are influenced by the counterion 

through electrostatic interactions, which will be explained later in this chapter. One crucial 

conclusion from the previous chapter is the microstructuring in the monophasic domain of 

[H+][C8E8CH2COO-] (Fig. III.1A), as derived from small-angle X-ray scattering (SAXS). 

Compared to the volume of the octyl chain, the volume of the headgroup is so large that 

there is a significant packing constraint, only allowing spherical structures. At 25°C, up to 

around 60 wt% [H+][C8E8CH2COO-], spherical core-shell micelles of constant size (aggre-

gation number Nagg ≈ 30, core radius Rc ≈ 1.2 nm) and shape are formed (L1 phase). The 

core radius and the aggregation number are in good agreement with the theoretical confor-

mation-averaged length of a C8 chain (1.16 nm) and the resulting maximum theoretical 

aggregation number for spherical micelles [51]. Above about 60 wt% of surfactant, there is 

no longer any bulk water, but only hydration water, which leads to the partial interdigitation 

of the hydrated ethoxylated headgroups. As a result, a polar medium of interdigitated head-

groups is formed, in which small hydrocarbon cores are confined (L1’ phase). The size of 
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these cores decreases gradually with increasing surfactant concentration and reaches its 

minimum in the complete absence of water (≈100 wt% [H+][C8E8CH2COO-]), where 

Nagg ≈ 8 and Rc ≈ 0.8 nm. Another interesting feature is that the carboxylate groups are not 

confined but can move freely in the polar interdigitated phase with a thickness of 1–2 nm, 

as suggested by homothety of the scattering of concentrated [H+][C8E8CH2COO-] and 

[H+]0.5[Na+]0.5[C8E8CH2COO-]. Note that the concentration range around 60 wt% should 

be understood as a transition zone between the L1 phase and the L1’ phase, where headgroup 

interdigitation is just about to start. This transition state is here denoted as the L1/L1’ phase. 

 
Fig. III.1. (A) Binary phase diagram of [H+][C8E8CH2COO-] in water from 0 wt% to 90 wt% of surfactant in 
a temperature range from 0°C to 100°C. (B) Binary phase diagram of [H+]0.5[Na+]0.5[C8E8CH2COO-] in water 
from 0 wt% to 82 wt% of surfactant in a temperature range from 0°C to 100°C. (C) Pseudo-binary phase 
diagram of [H+][C8E8CH2COO-] in water in presence of 0.25 mol CaCl2 per mol of surfactant from 0 wt% to 
90 wt% of surfactant in a temperature range from 0°C to 100°C. The dashed line indicates the limit of com-
plete solubility of CaCl2 in the mixture. Points beyond this line refer to the mixture in which the solid particles 
are dispersed. 1ϕ I: Single isotropic phase. 2ϕ I/I: Two isotropic phases in equilibrium. The phase diagrams 
are redrawn from Chapter II. 
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In Chapter II., full salts, where all of the carboxylate moieties have a counterion other than 

H+, were not investigated. Thus, binary phase diagrams of [Na+][C8E8CH2COO-] and 

[Ca2+][C8E8CH2COO-]2 in water were recorded over the full composition range for temper-

atures ranging from 20°C to 100°C and are given in Fig. III.2A and III.2B, respectively. 

The pH of solutions of [Na+][C8E8CH2COO-] and [Ca2+][C8E8CH2COO-]2 corresponds to 

the pH of the equivalence point of a respective titration of the acid [H+][C8E8CH2COO-] 

and is typically around 9.3. It should be noted that the region below 2 wt% of surfactant is 

not shown, because the temperature dependence of the boundaries of the potential auto-

coacervation regime was not determined. Auto-coacervation is either found to be less pro-

nounced or completely absent for the salts. In both cases, there is no longer any lower 

critical solution temperature (LCST). Since the suppression of clouding is already observed 

for [H+]0.5[Na+]0.5[C8E8CH2COO-] (Fig. III.1B), the absence of a LCST is expected for the 

full salts. Similar to the previously reported phase diagrams (Fig. III.1), the vast majority 

of the aqueous phase diagrams of [Na+][C8E8CH2COO-] and [Ca2+][C8E8CH2COO-]2 is oc-

cupied by an isotropic micellar phase, either L1 or L1’. However, at 20°C, samples are bi-

refringent between 54 wt% and 67.5 wt% in the case of [Na+][C8E8CH2COO-] and between 

about 60 wt% and 68 wt% in the case of [Ca2+][C8E8CH2COO-]2 (full symbols, solid lines). 

In the region from 56 wt% to 67 wt% for the sodium salt and from about 62 wt% to 68 wt% 

for the calcium salt (empty symbols, dashed lines), a gel is observed. In the region between 

the solid and the dashed lines, where a birefringent liquid crystalline phase is in equilibrium 

with an isotropic L1/L1’ phase, samples are liquids with a slightly increased viscosity. When 

the temperature is increased, the liquid crystal starts to “melt” above a certain temperature 

(empty symbols, dashed lines) and is then in equilibrium with an isotropic L1/L1’ phase, 

until it completely melts into an isotropic L1/L1’ phase at slightly higher temperatures (full 

symbols, solid lines). The maximum temperatures, for which birefringence is observed are 

47°C for [Na+][C8E8CH2COO-] and 31°C for [Ca2+][C8E8CH2COO-]2, respectively. For the 

purpose of neutron scattering experiments, the phase boundaries of the liquid crystalline 

phases of [Na+][C8E8CH2COO-] were also determined in D2O instead of H2O. As can be 

inferred from Fig. B.1, the phase diagram is almost identical in both cases. Only a slight 

shift of the liquid crystalline region to lower concentrations is observed when H2O is re-

placed by D2O. 

Another observed feature is a paste-like (waxy) semi-crystalline phase of neat 

[Na+][C8E8CH2COO-] (in absence of water) below 28°C. The crystallization at room 
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temperature is typically very slow. Thus, heat flux differential scanning calorimetry (DSC) 

was performed to determine the phase transition temperatures. Since the commercial sur-

factant is not a “pure” compound, but there is a distribution of the number of ethylene oxide 

(EO) groups in the headgroup centered around eight, the crystalline phase should have a 

melting range rather than a melting point. Here, the peak maximum during heating is re-

ported as phase transition temperature, as it is also in agreement with visual observations. 

DSC measurements of [Na+][C8E8CH2COO-], [H+]0.5[Na+]0.5[C8E8CH2COO-], 

[Ca2+][C8E8CH2COO-]2, and [H+][C8E8CH2COO-] are given in Fig. B.2. A similar endo-

thermal peak is observed in all cases at varying temperatures. While water-free 

[Na+][C8E8CH2COO-] and [H+]0.5[Na+]0.5[C8E8CH2COO-] are liquid only above 27°C and 

23°C, respectively, [Ca2+][C8E8CH2COO-]2 and [H+][C8E8CH2COO-] are already liquid 

above 19°C and 11°C, respectively. Addition of water gradually decreases the melting tem-

perature, as can be seen in Fig. III.2A and in DSC heating curves given in Fig. B.3. The 

structure of the crystalline phase will be discussed later. 

 
Fig. III.2. (A) Binary phase diagram of [Na+][C8E8CH2COO-] in water from 2 wt% to 100 wt% of surfactant 
in a temperature range from 20°C to 100°C. (B) Binary phase diagram of [Ca2+][C8E8CH2COO-]2 in water 
from 2 wt% to 100 wt% of surfactant in a temperature range from 20°C to 100°C. L1: Solution of core-shell 
micelles. L1’: Headgroup-interdigitated micellar regime. L1/L1’: Transition zone between L1 and L1’. LC: 
Liquid crystalline phase. C: Semi-crystalline phase. Phase boundaries of the liquid crystalline regions were 
determined by visual observation combined with polarized optical microscopy with an accuracy in tempera-
ture of ±1°C. Melting temperatures of the semi-crystalline phase were deduced from heat flux differential 
scanning calorimetry, see Fig. B.3. Full circles indicate boundaries between regions where liquid crystals are 
observed and completely isotropic regions, while empty circles indicate the boundaries between regions 
where only a liquid crystalline phase is observed and regions where a liquid crystalline phase coexists with 
an isotropic liquid. Full triangles indicate points, where both SAXS (in H2O) and SANS (in D2O) were meas-
ured. Empty triangles indicate points where only SANS was measured. The phase diagram of 
[Na+][C8E8CH2COO-] is also given in D2O instead of H2O up to a maximum surfactant concentration of 
90 wt% in Fig. B.1. 
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III.4.2. Hexagonal and Nematic Phases 

In Chapter II., the argument was made that the packing constraint of [X+][C8E8CH2COO-] 

due to its large headgroup is so strong that a sphere-to-rod transition is impossible and thus 

no liquid crystals are formed. While this seems to be true for the surfactant’s acid and par-

tially deprotonated forms, the observation of a birefringent liquid crystalline phase in the 

case of its full sodium and calcium salts (Fig. III.2) suggests that the packing constraint 

can be overcome under certain conditions. 

As described above, there is a transition between a core-shell micellar phase (L1) and a 

headgroup interdigitated micellar phase (L1’) in the binary system of [H+][C8E8CH2COO-] 

and water. While the SAXS study in Chapter II. was limited to 25°C, the same microstruc-

turing can be assumed for higher temperatures, based on the phase diagrams and the con-

strained structuring along the studied dilution line. In this chapter, SAXS and SANS exper-

iments were performed on various mixtures of [Na+][C8E8CH2COO-] and water (H2O for 

SAXS and D2O for SANS) at different temperatures, ranging from 20°C to 90°C. Note that 

the phase diagram of [Na+][C8E8CH2COO-], see Fig. III.2A, was also recorded in D2O 

instead of H2O to make sure that the same structures are investigated in SAXS and SANS, 

see Fig. B.1. The phase diagrams in H2O and D2O were found to be almost identical. SAXS 

and SANS spectra of binary mixtures of 10, 30, 58, 60, and 70 wt% of 

[Na+][C8E8CH2COO-] and water are given in a linear scale in Fig. III.3. The same spectra 

in logarithmic scale are given in Fig. B.4. At any given temperature, the scattering evolves 

as a function of surfactant concentration, apart from the occurrence of liquid crystalline 

phases at lower temperatures, in the same way as described in detail for 

[H+][C8E8CH2COO-] at 25°C in Chapter II. This can be exemplarily seen in the SAXS 

spectra of a dilution line from 10 wt% to 90 wt% [Na+][C8E8CH2COO-] at 60°C, as shown 

in Fig. B.5, both in linear and in logarithmic scale. This result suggests that the surfactant 

generally is restricted to a spheroidal shape, independent of concentration, temperature, and 

ionic character. Due to the ionic headgroup, a slight distortion of the shape to either an 

oblate or a prolate ellipsoidal shape is expected. However, the ellipticity, i.e., the ratio of 

the axial radius and the equatorial radius, is too small to have a significant effect on scat-

tering. This is also confirmed by cryo-TEM imaging of a sample containing 20 wt% 

[Na+][C8E8CH2COO-], see Fig. B.6, where small spheroidal micelles with a diameter of 

3.2 ± 0.8 nm are observed. Note that the same structures are observed for 
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[H+][C8E8CH2COO-], see Fig. A.9 (Chapter II.). The ellipticity is too small to make an 

identification of an ellipsoidal shape possible. The presence of a hexagonal phase implies 

a slightly prolate shape. While scattering does not allow to exclude an oblate shape, an 

oblate shape is usually less favored than a prolate one, as a larger portion of the surfactants 

is located in areas of unfavorable curvature [7]. Due to the prolate shape, surfactant mole-

cules at the tips of the micelles (axial positions) possess a larger area per molecule than 

those on the sides (equatorial positions). As known from the literature, the area per mole-

cule is connected to the dissociation of ions from carboxylate moieties [52], i.e., a larger 

area per molecule indicates dissociation of the ions. Thus, it can be assumed that sodium 

ions are more or less dissociated at the tips of the micelles, which in turn renders the tips 

of the micelles charged. On the other hand, the sides are apparently uncharged because the 

charges are balanced by bound ions. For any investigated [Na+][C8E8CH2COO-] concen-

tration, the position of the structure factor peak remains almost constant upon increasing 

temperature, as can be seen in a plot of D* as a function of temperature in Fig. B.7. The 

only exception is a weak (variation of less than 0.2 nm between 20°C and 80°C), but grad-

ual shift of the structure factor peak to lower q-values at 30 wt% [Na+][C8E8CH2COO-], 

also observed to a lesser extent at 10 wt% in SANS and above the melting temperature of 

the hexagonal phase at 58 wt% and 60 wt%, meaning that the average distance between 

micelles increases with increasing temperature. Due to the conservation of total volume, an 

increase in micellar distance at a given concentration corresponds to an increase in micellar 

size, i.e., an increase in aggregation number. This behavior is expected for ethoxylated 

headgroups owing to conformational changes and dehydration of ethoxy groups and is well 

described in the literature for nonionic CiEj surfactants [21,53,54]. The absence of a shift 

at higher concentrations, where headgroups are interdigitated, is a consequence of only 

hydration water being left, which results in a smaller influence of temperature on the area 

per molecule. 

It should be noted that the SAXS data for binary mixtures of [H+][C8E8CH2COO-] were 

fitted to a model of spherical micelles in Chapter II., while the micelles in reality may be 

slightly prolate spheroidal as well. However, the ellipticity is most certainly very low 

(≤1.3), as can already be inferred from the absence of any liquid crystalline phases. Thus, 

the spherical model is still suitable for [H+][C8E8CH2COO-]. In the case of 

[Na+][C8E8CH2COO-], the ellipticity is still expected to be quite low (≤1.6). 
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Fig. III.3. SAXS (left column) and SANS (right column) along a dilution line of [Na+][C8E8CH2COO-] at 
different temperatures in linear scale. (A) 10 wt% of [Na+][C8E8CH2COO-] in water (H2O for SAXS and D2O 
for SANS). The L1 core-shell microstructure is found at any temperature. (B) 30 wt% of 
[Na+][C8E8CH2COO-] in water (H2O for SAXS and D2O for SANS). The L1 core-shell microstructure is found 
at any temperature. (C) 58 wt% of [Na+][C8E8CH2COO-] in water (H2O for SAXS and D2O for SANS). At 
20°C and 30°C, the hexagonal phase (H1) is observed. At 40°C the H1 phase is molten into an optically 
birefringent nematic phase (N). For higher temperatures, the flocculated micellar regime (transition between 
L1 and L1’) is observed. (D) 60 wt% of [Na+][C8E8CH2COO-] in water (H2O for SAXS and D2O for SANS). 
At 20°C and 30°C, the hexagonal phase (H1) is observed. At 40°C the H1 phase is molten into an optically 
birefringent nematic phase in equilibrium with a flocculated micellar phase (N+L1/L1’). For higher tempera-
tures, the flocculated micellar regime is observed. (E) 70 wt% of [Na+][C8E8CH2COO-] in water (H2O for 
SAXS and D2O for SANS). The headgroup interdigitated micellar regime (L1’) is observed at any tempera-
ture. The same spectra in logarithmic scale are given in Fig. B.4. 
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In analogy to its acidic form, the transition zone between the L1 and the L1’ phase for 

[Na+][C8E8CH2COO-] can be located around 60 wt% of surfactant. In contrast to the acidic 

form, however, [Na+][C8E8CH2COO-] forms a liquid crystalline phase within the transition 

zone at lower temperatures (≤47°C), see Fig. III.2A. At 20°C and 30°C, SAXS and SANS 

reveal a hexagonal phase for the 58 wt% and 60 wt% samples, see Fig. III.3C and III.3D. 

This is especially evident in the SAXS spectra at 20°C, where the contrast is increased 

compared to SANS due to the sodium ions. In Fig. III.4, the SAXS and SANS spectra of 

the 58 wt% and 60 wt% samples are shown in semi-logarithmic (log-lin) scale. At 58 wt%, 

a first order Bragg peak is located at q1 = 1.454 nm-1 (D1* = 4.32 nm), a much weaker sec-

ond order Bragg peak is located at q2 = 2.554 nm-1 (D2* = 2.46 nm), and a very weak third 

order Bragg peak is located at q3 = 2.922 nm-1 (D3* = 2.15 nm), where Di* = 2π·qi-1. At 

60 wt%, q1 = 1.471 nm-1 (D1* = 4.27 nm), q2 = 2.544 nm-1 (D2* = 2.47 nm), and 

q3 = 2.964 nm-1 (D3* = 2.12 nm). Those positions follow the typical series for a hexagonal 

packing, where q2 = √3·q1 and q3 = √4·q1 [55]. Thus, the birefringent gels at 58 wt% and 

60 wt% are hexagonal phases (H1). Note that the peaks are quite sharp, suggesting that 

either the alkyl chains or the ethylene oxide chains are weakly semi-crystalline to produce 

a well-ordered liquid crystal, but not crystalline enough to produce peaks of a crystal lattice 

in the WAXS regime. In the case of classical CiEj surfactants, a hexagonal phase consists 

of hexagonally ordered long rod-like micelles [6,19,56]. Hence, the occurrence of a hexag-

onal phase for [Na+][C8E8CH2COO-] indicates that the strong packing constraint of 

[X+][C8E8CH2COO-], usually allowing only the formation of spherical to slightly prolate 

spheroidal micelles, can be overcome in a small concentration and temperature range in 

presence of sodium counterions. At higher temperatures, the hexagonal phase is molten first 

into a nematic phase (N) and then into the flocculated micellar regime (transition of the L1 

to the L1’ phase, L1/L1’) made of prolate micelles with partially interdigitated headgroups. 

Due to the conservation of volume, the diameter of the hydrophobic cores must be smaller 

in the cylindrical shape compared to the prolate spheroidal shape, which, in turn, reduces 

the distance between the cores upon merging the cores into cylinders. A smaller distance 

corresponds to a shift of the peak maximum to higher q-values. Thus, if cylinders are 

formed, usually a significant shift of the peak maximum to higher q is observed. Comparing 

> 40°C spectra (L1/L1’) to 20°C and 30°C spectra (H1) in Figs. III.3C, III.3D, and III.4, it 

can be clearly seen that there is no significant shift to higher q upon formation of the hex-

agonal phase. Only a very small shift can be observed in SANS, which is not sufficient to 
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directly deduce a transition to a cylindrical state from it. Given the absence of a peak shift 

and the strong packing constraint of the surfactant, one could also imagine a hexagonal 

packing of chains made of connected (ion-bridged) prolate micelles. Surprisingly, the ex-

pected shift of the peak if the prolate hydrocarbon cores merged into “infinite” cylinders, 

see Appendix B.2. for the calculation, is insignificant in the present case. The absence of a 

peak shift can also be seen when comparing the peak position for 58 wt% 

[Na+][C8E8CH2COO-] at 20°C, giving D* = 4.32 nm, to the peak position at room temper-

ature for an isotropic micellar solution of 60 wt% [H+][C8E8CH2COO-], giving 

D* = 4.30 nm, see Chapter II. As mentioned above and shown in Chapter II., 

[H+][C8E8CH2COO-] does not form liquid crystalline phases and forms spherical micelles. 

Thus, scattering alone does not allow us to make a definite statement, whether a sphere-to-

rod transition is undergone or not. The expected hydrocarbon core radius of infinite cylin-

ders in a hexagonal packing, calculated from D* = 4.32 nm, would be close to 1.1 nm. 

Since this radius is slightly lower than the conformation-averaged length of 1.16 nm, the 

hydrocarbon cores could be tilted from the perpendicular direction to the hydrophobic/hy-

drophilic interface: Chain tilts in order to reduce area mismatch are well-known in smectic 

C phases and lipids, but the existence of tilt in a hexagonal phase has rarely been observed. 

To find out whether the H1 phase is made of cylinders or prolate micelles, the H1-to-L1/L1’ 

transition was followed by diffusion-ordered NMR spectroscopy (DOSY-NMR). Usually, 

the surfactant self-diffusion significantly increases, when smaller micelles (disconnected 

cores) transition into long (“infinite”) cylinders, because the surfactant molecules can move 

along the axis of the cylinders [57,58]. The self-diffusion of the surfactant molecules was 

examined by DOSY-NMR in a temperature range between 5°C and 60°C for samples con-

taining 30 wt% and 65 wt% [Na+][C8E8CH2COO-]. The measured surfactant self-diffusion 

coefficients are given as a function of temperature in Fig. B.8. Prior to measurement, each 

sample was left equilibrated for 10 min at each temperature. Note that the observed self-

diffusion always represents the self-diffusion of surfactant molecules in a liquid phase, and 

not in the H1/N-gel-phase, since the self-diffusion is too slow in the gel. Though not shown 

in Fig. B.8, it was not possible to measure surfactant self-diffusion below the melting tem-

perature of the liquid crystalline phase at 58 wt% [Na+][C8E8CH2COO-] during heating. On 

re-cooling the sample, self-diffusion could be measured even below the melting tempera-

ture, which is linked to the kinetics of the reformation of the liquid crystalline phase. As 

the self-diffusion on re-cooling can still be measured after the macroscopical reformation 
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of the gel, the phase transition must be locally incomplete at the time of the measurement. 

At 65 wt% [Na+][C8E8CH2COO-] it was possible to measure self-diffusion even during 

heating in the temperature range of the liquid crystalline phase, which indicates the pres-

ence of a liquid portion. In the isotropic liquid phase (L1/L1’) above the melting temperature 

of the liquid crystalline phase, the surfactant self-diffusion is virtually identical for samples 

containing 58 wt% and 65 wt% of surfactant. On heating the 65 wt% sample, the transition 

from the H1 phase to the N phase or to the isotropic liquid is not seen in surfactant self-

diffusion. On re-cooling, however, the self-diffusion coefficient jumps from 7.53·10-

12 m2·s-1 at 24°C to 15.58·10-12 m2·s-1 at 22°C. A transition at 24°C can also be identified in 

the 1H-spectra, see Fig. B.9, which is slightly lower than the transition temperature of 26°C 

observed macroscopically and with polarized optical microscopy. The observed sharp dou-

bling of the surfactant self-diffusion coefficient is similar to the jump in self-diffusion re-

ported by Constantin et al. [58] for a fluorescent dye in the isotropic liquid-to-hexagonal 

phase transition of C12E6, who found an increase in self-diffusion by a factor of approxi-

mately 2.5 at a surfactant concentration of 60 wt%. Since C12E6 forms a classical hexagonal 

phase made of “infinite” cylinders, the increase in self-diffusion indicates a spheroid-to-rod 

transition in the case of [Na+][C8E8CH2COO-]. Note that the cylinders could also be an 

intermediate state between a perfect cylinder and separated prolate micelles, i.e., partially 

merged prolate micelles, as the diffusion only proves that hydrocarbon cores are merged. 

Moreover, the diffusion behavior in the nematic phase and the L1/L1’ phases are similar, 

confirming that hydrocarbon cores are disconnected in the nematic phase. Micelles must be 

prolate and/or start to coalesce in the nematic region. 
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Fig. III.4. Proof of the transition from a hexagonal phase to a nematic phase made of prolate micelles via 
SAXS (left column) and SANS (right column). (A) 58 wt% [Na+][C8E8CH2COO-] in water (H2O for SAXS 
and D2O for SANS) at temperatures ranging from 20°C to 90°C. A hexagonal phase (H1) at low temperatures 
transitions into a nematic phase (N) and eventually into an isotropic flocculated micellar phase (L1/L1’) at 
higher temperatures. (B) 60 wt% [Na+][C8E8CH2COO-] in water (H2O for SAXS and D2O for SANS) at tem-
peratures ranging from 20°C to 90°C. At lower temperatures, a H1 phase is observed that also melts into a 
nematic phase and into an isotropic L1/L1’ phase at higher temperatures. At 40°C, the nematic phase is in 
coexistence with the L1/L1’ phase (N+L1/L1’). SAXS spectra are given in log-lin scale in the left column and 
corresponding SANS spectra are given in log-lin scale in the right column. The same spectra are given in 
linear scale in Fig. III.3C and III.3D and in logarithmic scale in Fig. B.4C and B.4D. Peak positions are 
indicated as D* = 2π/qmax. 

If, apart from the hexagonal phase, a sphere-to-rod transition is impossible due to packing 

constraints and the number of surfactant molecules present per micelle is larger than the 

maximal number that can be packed in a spherical aggregate, a significant stress on the area 

per molecule and the equatorial radius of micellar cores arises. Because of this stress, the 

equilibrium area per molecule must decrease and the averaged molecular chain length must 

increase [59,60]. In the case of spherical micelles, e.g., in the case of sodium octanoate 

[61], the conformation-averaged length at room temperature l0, which equals the Tanford 

length (1.16 nm in the case of an octyl chain), has been verified by SAXS and SANS. In 

the case of stress exerted on the area per molecule due to a large aggregation number, re-

sulting in axial elongation, that imposes to reduce the area below the equilibrium area given 

by the lateral equation of state [62], linking the molar Gibbs energy to the packing param-

eter, the entropic cost of extending the chain from l0 to the maximum all-trans extended 
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length lmax is only 1–2 kBT per molecule [63]. As proposed by Dill [64], Dill and Flory [65], 

as well as Fromherz [66], the effective length approaches the fully extended length lmax, in 

our case estimated as 1.45 ± 0.05 nm on the basis of bond lengths and angles as in crystal-

lographic tables, since gauche conformations are forbidden by the constraint of packing 

more molecules together than would be possible in a sphere. Assuming a local face-cen-

tered-cubic-like closed packing of prolate micelles in the isotropic L1/L1’ phase at 58 wt% 

[Na+][C8E8CH2COO-] at 60°C (above the hexagonal and the nematic phase), the aggrega-

tion number is derived from D* = 4.42 nm as Nagg = 76. Further assuming an equatorial 

radius, including protrusion effects, between 1.4 nm and 1.5 nm, an ellipticity ranging from 

1.3 to 1.6 is obtained, see Appendix B.2. The corresponding area per molecule ranges from 

0.455 nm2 to 0.470 nm2. The ellipticity is also reasonable compared to the result obtained 

by the same calculation for 30 wt% [Na+][C8E8CH2COO-] at 20°C, where the micelles can 

be safely assumed not to form cylinders, using the conformation-averaged length 

l0 = 1.16 nm. From D* = 4.80 nm, an aggregation number of 44, an ellipticity of 1.675, and 

an area per molecule of 0.588 nm2 are derived, see Appendix B.2. At 30 wt%, the stress 

on the area per molecule is much lower, justifying the use of l0. However, the equatorial 

radius could also extend from l0 towards lmax even at 30 wt%. Note that in these calculations 

it is neglected that the observed peak position is not identical to the peak position of the 

structure factor, which would strictly speaking be used for the calculation. The SANS spec-

trum of 30 wt% [Na+][C8E8CH2COO-] at 20°C on absolute scale can be fitted quite well 

with a prolate core-shell ellipsoid form factor and a Hayter-Penfold RMSA structure factor, 

as can be seen in Fig. B.10 (details are given in the caption of Fig. B.10). It is important to 

note that different combinations of radii and ellipticity produce the same fit, as long as the 

volume remains constant. Thus, no statement can be made about the actual ellipticity. One 

possible fit in this case is obtained with a core radius of 1.10 nm, an ellipticity of 1.27, and 

a shell thickness of 1.01 nm. This would correspond to an aggregation number of 29 and 

an area per molecule of 0.627 nm2, which is fairly close to what was obtained for a 30 wt% 

[H+][C8E8CH2COO-] solution using a core-shell sphere form factor in Chapter II. 

The observed transition from an isotropic micellar (L1/L1’) phase to the H1 phase through 

a nematic phase is linked to hydrocarbon core coalescence during the nematic-to-hexagonal 

transition. The coalescence of cores is also well-known for micelles of surfactants with 

polar headgroups of much smaller volume, such as C8E5 and C8E6, for which the coales-

cence and shape transition going from an isotropic phase to the hexagonal phase are well 
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documented: They exhibit a similarly shaped hexagonal domain below 20°C at around 

60 wt% of surfactant. Molecular dynamics simulations and SANS clearly evidence a 

sphere-to-rod transition and suggest a classical H1 phase comprising long cylindrical mi-

celles in those cases [21,40]. Since [Na+][C8E8CH2COO-] seems to be able to form cylin-

ders, despite the packing constraint of [H+][C8E8CH2COO-] being too strong to allow a 

sphere-to-rod transition, the effective area per molecule must decrease in the ionic form. 

Note that the sphere-to-rod transition could also be incomplete, resulting in necklace of 

prolate micelles with merged hydrocarbon cores. The reason for the decrease of the area 

per molecule is attractive intra- and intermicellar bridging of the headgroups’ carboxylate 

moieties via sodium ions that exceeds electrostatic repulsions of the charged headgroups. 

Rosenlehner et al. [67] reported that sodium ions form ion triplets with carboxylates 

(RCOO-···Na+···RCOO-), leading to a stronger binding of the carboxylates than in carbox-

ylic acid dimers. The bridging has the strongest effect within the L1/L1’ regime, where the 

hexagonal phase is observed, since the micelles are in close proximity and almost no bulk-

water is left, i.e., not all water molecules are bound to the hydration layer of the headgroups, 

but there is not enough free water to separate the micelles. 

At higher temperatures, but still within the birefringent gel region, the H1 phase “melts” 

into a nematic phase (N). SAXS and SANS of the nematic phase can be seen in Figs. III.3C 

and III.4A at 40°C. The scattering is very similar to the scattering of the L1/L1’ phase. Such 

similarities in scattering are common for nematic phases, as there is only a weak ordering 

with restrictions in rotational movement. The proof that there is a nematic ordering is the 

birefringence of the sample, see Fig. III.5. In fact, the nematic phase is still a gel until 

coexistence of the N phase and the L1/L1’ phase is reached at slightly higher temperatures 

(region between solid and dashed line in Figs. III.2A and III.5), where the samples start to 

become liquid. Scattering in the coexistence regime can be seen in Figs. III.3D and III.4B 

at 40°C. Since scattering of the N phase and the L1/L1’ phase is similar, scattering in the 

coexistence regime is also similar. Coexistence of an isotropic phase and a birefringent 

phase is clearly evident in polarized optical microscopy, see Fig. B.11. In Fig. B.11, the 

transition from the H1 phase to the N phase and eventually to the isotropic L1/L1’ phase is 

shown as observed with polarization microscopy for a 58 wt% [Na+][C8E8CH2COO-] sam-

ple. In contrast to the H1 phase, the formation of a nematic phase with only local orienta-

tional order is impossible with “infinite” cylinders. There are no indications in scattering 

that cylinders or ellipsoids with an ellipticity ≥2 are formed in the L1 phase at lower 
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concentrations. Thus, the nematic phase (at 40°C) must be made of micelles of similar el-

lipticity as in the isotropic phase at higher temperature (60°C), some of them probably 

starting to merge to form longer prolate micelles. In the nematic phase, only a direction of 

the long axis along the nematic axis is favored, without a peak shift perpendicular to the 

nematic axis. The above mentioned higher counterion dissociation at the axial positions of 

the micelles probably enables bridging of carboxylates of adjacent micelles via sodium ions 

preferentially at the axial positions of the micelles. In addition to the bridging of the car-

boxylates via sodium ions, the headgroup interdigitation is enhanced at axial positions of 

the micelles to sufficiently hydrate/coordinate the ions. Thus, the nematic ordering is 

achieved by the preferential orientation of (a) chains of a few smaller slightly prolate mi-

celles and (b) elongated micelles originating from the merging of the smaller micelles. This 

is a rare report of a nematic phase in a binary surfactant system, the only example known 

to the authors being the cesium pentadecafluorooctanoate/water system [68,69]. 

 
Fig. III.5. Confirmation of the liquid crystals by polarized optical microscopy. Micrographs (x100 mag-
nification) of the four different regimes appearing in binary solutions of [Na+][C8E8CH2COO-] taken across 
crossed polarizing filters. Scale bars indicate a length of 100 μm. Their positions in the phase diagram are 
indicated by arrows, if necessary. L1: Core-shell micellar solution. L1’: Headgroup-interdigitated micellar 
regime. L1/L1’: “Flocculated” micellar regime (transition from L1 to L1’). H1: Hexagonal phase. N: Nematic 
phase. Lβ: Semi-crystalline lamellar phase. 

The transition from the H1 phase to the N phase can be rationalized as a “melting” of the 

“infinite” cylinders. With increasing temperature, thermal energy more and more over-

comes the ion-bridging of the carboxylates, increasing the effective area per molecule and 

inducing a cylinder-to-spheroid transition. In the intermediate state, where some prolate 



Chapter III. 
 

 106 

micelles are still merged and ions can still sufficiently bridge some of the micelles, a pref-

erential orientation can be induced, and a nematic phase can form. Once the transition into 

the smaller prolate micelles is complete and thermal fluctuations exceed the effect of ion-

bridging, there is an isotropic L1/L1’ phase of randomly oriented micelles. With that 

knowledge, the binary phase diagram of [Na+][C8E8CH2COO-], as shown in Fig. III.2A, 

can be redrawn in Fig. III.5 with superposed polarization microscopy images to confirm 

the structures deduced from small-angle scattering. The balance between ion-bridging and 

thermal energy is also influenced by electrostatic repulsion. Screening electrostatics of a 

58 wt% [Na+][C8E8CH2COO-] sample by equimolar addition of NaCl increases the onset 

of the liquid crystal “melting” from 43°C to 57°C. It is also important to note that the for-

mation of a H1 or a N phase is only observed if the acid is (almost) fully transformed into 

the respective salt, i.e., if x is close to 1 in [H+]1-x[Na+]x[C8E8CH2COO-]. It remains un-

known, whether this is merely due to ion-bridging being just strong enough to overcome 

the strong packing constraint for x ≈ 1, or if the esters present in [H+][C8E8CH2COO-] sig-

nificantly destabilize the hexagonal phase even in low quantities. The latter are hydrolyzed 

during synthesis of [Na+][C8E8CH2COO-] and are reintroduced by mixing 

[Na+][C8E8CH2COO-] and [H+][C8E8CH2COO-] to produce [H+]1-x[Na+]x[C8E8CH2COO-] 

with varying x. It is, however, important to note that no hexagonal phase is formed by 

[H+][C8E8CH2COO-] in absence of ester impurities, see Chapter IV. (Appendix C.2.), 

showing that ion-bridging is indeed required to overcome the packing constraint. 

It is also noteworthy that the area per molecule can be influenced by the addition of oil as 

a solute. If around 10 wt% n-dodecane are solubilized in an aqueous mixture initially con-

taining 58 wt% [Na+][C8E8CH2COO-], the hexagonal phase is stabilized, and the “melting” 

temperature is increased to above 90°C. However, outside of the concentration range of 

hexagonal phase formation, no structural influence of n-dodecane is observed macroscop-

ically. As shown for [H+][C8E8CH2COO-] in Chapter II., only a certain amount of oil can 

be incorporated into the spheroidal micelles of [Na+][C8E8CH2COO-], and any excess oil 

phase separates. This is also true for a binary mixture of [Na+][C8E8CH2COO-] and n-do-

decane. Therefore, the effect of the purely hydrophobic oil on the area per molecule of the 

surfactant alone is insufficient to overcome the strong packing constraint of the surfactant. 

Though it was not tested, it can be expected that the addition of n-dodecane lowers the 

minimum required x of [H+]1-x[Na+]x[C8E8CH2COO-] for hexagonal phase formation. 
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For [Ca2+][C8E8CH2COO-]2 instead of [Na+][C8E8CH2COO-], the macroscopic phase be-

havior, see Fig. III.2B, and appearance in polarization microscopy is basically identical. 

Thus, the microstructures are expected to be identical as well. Surprisingly, the liquid crys-

talline phases formed by [Ca2+][C8E8CH2COO-]2 “melt” at lower temperatures than those 

formed by [Na+][C8E8CH2COO-]. This indicates that the decrease of the area per molecule 

is more pronounced with sodium counterions than with calcium counterions. 

 

III.4.3. Lower Critical Solution Temperature 

For further discussions regarding the lower critical solution temperature (LCST) and auto-

coacervation, the phase diagrams of [H+][C8E8CH2COO-], [H+]0.5[Na+]0.5[C8E8CH2COO-], 

[H+][C8E8CH2COO-] in presence of 0.25 mol CaCl2 per mol of surfactant (Fig. III.1), as 

well as [Ca2+][C8E8CH2COO-]2 (Fig. III.2B) are replotted in Fig. III.6A in a semi-loga-

rithmic scale (lin-log). An enlargement of the auto-coacervation regime is also given in 

linear scale in Fig. III.6B. Clouding, i.e., a LCST (dashed circles in Fig. III.6A), is ob-

served for [H+][C8E8CH2COO-] and [H+][C8E8CH2COO-] in presence of 0.25 mol CaCl2 

per mol of surfactant, only rudimentarily for [H+]0.5[Na+]0.5[C8E8CH2COO-], but not for 

[Ca2+][C8E8CH2COO-]2 and [Na+][C8E8CH2COO-]. The LCST is 66°C around 14 wt% to 

21 wt% of surfactant in the case of [H+][C8E8CH2COO-], which is about 30°C lower than 

the LCST reported by Mitchell et al. [6] for the nonionic counterpart C8E8. As already 

demonstrated by Corti et al. [70] in 1984, the cloud point for short-chain (i ≤ 8) nonionic 

surfactants CiEj can be described by flocculation of small globular micelles through attrac-

tive temperature dependent interactions. In the case of more classical C2jEj surfactants 

(j > 4), the cloud point is well known to be accompanied by a change in micellar shape, i.e., 

a sphere-to-cylinder growth [22–24]. Even for C8E4 and C8E5, Glatter et al. [21] stated that 

a transition in micellar shape is involved in the micellar flocculation approaching the LCST. 

Since neither [H+][C8E8CH2COO-] nor [Na+][C8E8CH2COO-] show a transition in shape or 

a strong increase in size with increasing concentration or temperature (see sections above), 

the mechanism of clouding can be safely assumed to be aggregation of small globular or 

slightly prolate micelles. This is also supported by comparing the critical point of 

[H+][C8E8CH2COO-] to the theoretical model described by Kjellander [71]. Kjellander used 

various models based on hard spheres with an attractive potential to determine theoretically 
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the critical point of aqueous solutions of CiEj. For various potentials, he determined that 

the critical volume fraction φc must be in the range of 7.4% to 17.4%. He used his findings 

to demonstrate that most CiEj (of the regular type close to C2jEj) have a far too low critical 

volume fraction to be compatible with a spherical model, and deduced that elongation into 

flexible wormlike micelles was necessary. 

However, for the case of [H+][C8E8CH2COO-], the critical point is between 13% and 20%, 

in full agreement with Kjellander’s model of sticky hard spheres with an energy well of the 

order of around -0.75 kBT. Using the Flory-Huggins theory (which should in principle only 

be applied for large aggregation numbers), φc = 0.155 leads to an aggregation number of 

Nagg = [(1-φc)/φc]2 = 30, in good agreement with the experimental findings (Chapter II.). 

Thus, the lower LCST for [H+][C8E8CH2COO-] compared to C8E8 can be ascribed to 

stronger attractive forces between spherical micelles of [H+][C8E8CH2COO-]. Headgroup 

termination by a carboxylic acid moiety could explain enhancement of intermicellar inter-

actions through COOH-COOH bridging [72]. If all carboxylic acid moieties are deproto-

nated, as in [Na+][C8E8CH2COO-] and [Ca2+][C8E8CH2COO-]2, the micelles are charged 

and electrostatic repulsions between micelles inhibit micelle flocculation. Thus, clouding 

is inhibited and no LCST is observed (up to 100°C). While bridging of the carboxylate 

moieties via sodium or calcium ions is imaginable, as described in the previous section, 

electrostatic repulsions seem to be predominant at higher temperatures. Only at lower tem-

peratures and if micelles are in close proximity (in the L1/L1’ phase), sufficient bridging via 

ions is conceivable to form the hexagonal and nematic phase described above. If only half 

of the carboxylic acid moieties are deprotonated, as is the case for 

[H+]0.5[Na+]0.5[C8E8CH2COO-], electrostatic repulsion already exceeds intermicellar attrac-

tion. As a result, there is no longer any clouding. Only at very low concentrations of about 

0.7 wt% to 1.0 wt% [H+]0.5[Na+]0.5[C8E8CH2COO-], close to the auto-coacervation regime, 

a residual of the clouding curve may be located. The LCST would then be around 87°C. If 

electrostatics are screened, the presence of Ca2+ ions shifts the LCST to a lower temperature 

and higher concentration. The LCST of [H+][C8E8CH2COO-] in water upon addition of 

CaCl2 is shifted from 66°C to 49°C and from about 20 wt% of surfactant to 72 wt% of 

surfactant. This shift can be explained by attractive intermicellar bridging via calcium ions 

which, due to electrostatic screening, is no longer surpassed by electrostatic repulsions. In 

these systems, clouding is very likely a separation of a concentrated headgroup interdigi-

tated L1’ phase from a more dilute micellar L1 phase. A dynamic equilibrium of L1 and L1’ 
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means that the win in binding enthalpy and the increase of entropy through water release 

upon interdigitation is compensated by hydration energy and translational energy in the 

core-shell regime. Seemingly, the increase in binding enthalpy through ion cross-linking is 

strongest in the L1/L1’ regime (transition between core-shell and headgroup interdigitated 

micelles), as the LCST is located in this regime if Ca2+ ions are present and electrostatics 

are screened. 

To estimate the tie-lines in the clouding regime, the two phases separating at 90°C from 

aqueous solutions containing 20 wt% and 40 wt% [H+][C8E8CH2COO-], respectively, were 

separated and their surfactant concentrations were determined gravimetrically and by meas-

uring their water content with the Karl Fischer titration method. In both cases, a L1/L1’ 

phase containing 65 wt% to 70 wt% [H+][C8E8CH2COO-] separates from a dilute L1 phase 

containing less than 2 wt% of surfactant. The observation of clouding above 70 wt% of 

surfactant gives rise to the question, which phases form in equilibrium. As the tie-lines at 

lower concentrations end in the L1/L1’ phase around 65 wt% of surfactant, the tie-lines at 

higher concentrations could be expected to start around 65 wt% of surfactant and end at 

higher concentrations. E.g., at 80 wt% of surfactant and 90°C, a rather small amount of one 

phase separates from another. Both phases have similar densities and cannot be adequately 

separated without heated centrifugation. However, water content measurements indeed in-

dicate the separation of a L1/L1’ phase of similar concentration from a more concentrated 

L1’ phase. Thus, tie-lines always seem to be connected to the L1/L1’ phase, which fittingly 

may be understood as a phase of “flocculated” micelles. 

In this regard it is important to note that the surfactant Akypo® LF2 ([H+][C8E8CH2COO-]) 

was used as received for recording these phase diagrams, see Chapter II., which means 

that 0.01 g NaCl are present per 1 g of surfactant. If all the salt is removed by cloud point 

extraction, see Fig. IV.1 in Chapter IV., a cloud point is only observed up to 70 wt% 

[H+][C8E8CH2COO-]. If NaCl is then added in the same amount as initially present, the 

clouding curve changes to what is observed here (Fig. III.6A). Thus, the liquid-liquid phase 

separation above 70 wt% [H+][C8E8CH2COO-] only occurs in presence of salt, and as can 

be seen in the case of 0.25 mol CaCl2 present per mol of surfactant, the LCST can even 

shift to around 70 wt% of surfactant as a result of ion-bridging. 
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Fig. III.6. (A) Binary phase diagrams of [H+][C8E8CH2COO-], [H+]0.5[Na+]0.5[C8E8CH2COO-], and 
[Ca2+][C8E8CH2COO-]2, as well as a pseudo-binary phase diagram of [H+][C8E8CH2COO-] in presence of 
0.25 mol CaCl2 per mol of surfactant in water. Weight fractions are given in a logarithmic scale. The red 
dashed line indicates the limit of full solubility of CaCl2 in the mixture (pseudo-binary diagram). Points be-
yond this line refer to the mixture in which the solid particles are dispersed. The dashed lines at very low 
concentration indicate the visual lower limit of the biphasic region (not precise). (B) Enlargement of the 
coacervate regime at low concentrations in linear scale. Symbols and colors are identical to those in (A). 1ϕ I: 
Single isotropic phase. 2ϕ I/I: Two isotropic phases in equilibrium. LC: Liquid crystalline phase (H1 or N). 
Arrows indicate the respective critical micelle concentrations at room temperature as derived from surface 
tension measurements. Dashed circles mark the respective lower critical solution temperatures (LCSTs). The 
phase diagrams are redrawn from Chapter II. with added data. 
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III.4.4. Auto-Coacervation 

As can be seen in Fig. III.6, there is a rather temperature independent biphasic region at 

very low surfactant concentrations in most cases, the only studied exceptions being the full 

salts [Na+][C8E8CH2COO-] and [Ca2+][C8E8CH2COO-]2. Measurements of the CMC with 

the surface tension dependence method at 25°C, see Fig. B.12, suggest that the biphasic 

regime is only observed below the CMC determined for the surfactant that is a mixture of 

[X+][C8EjCH2COO-] with different numbers j of ethylene oxide groups and an average of 

slightly above 8 ethylene oxide groups per headgroup, see Fig. III.7. The respective CMCs 

are indicated by arrows in the phase diagrams in Fig. III.6, highlighting the correlation of 

the phase boundary and the CMC. The CMC of [H+][C8E8CH2COO-] is indicated at a con-

centration of 0.51 wt% (9.4 mmol·L-1). It remains (almost) unchanged upon addition of 

CaCl2, as the pH remains acidic. However, if electrostatic repulsions are introduced, the 

CMC slightly increases. The CMC of [H+]0.5[Na+]0.5[C8E8CH2COO-] is determined to be 

0.62 wt% (11.3 mmol·L-1), while the CMCs of [Na+][C8E8CH2COO-] and 

[Ca2+][C8E8CH2COO-]2 are evidenced at a concentration of around 0.71 wt% 

(12.5 mmol·L-1). This increase can be explained by the introduction of electrostatic repul-

sions on transforming the pseudo-nonionic surfactant [H+][C8E8CH2COO-] to an ionic one. 

It is well known in literature that ionic surfactants generally exhibit higher CMCs than 

nonionic surfactants [73]. The increase is relatively small and no significant effect of the 

nature of the counterion on the CMC is observed, showing that the surfactant, even in its 

ionic form, behaves more like a nonionic surfactant with only a rather small influence of 

the ionic group. This is to be expected, since the nonionic E8-part is much larger than the 

ionic carboxylate group. If the surfactant is mixed with water in a concentration below the 

CMC, small liquid droplets (~100 nm) are spontaneously formed, and a slightly turbid mix-

ture is obtained. Over time, the droplets grow and eventually sediment under gravity. The 

growth and overall droplet sizes were examined using dynamic light scattering (DLS), as 

presented in Section II.4.1. of Chapter II. The main conclusions are that both the initial 

size and the speed of growth of the droplets increases with increasing concentration, i.e., 

the closer the surfactant concentration is to the CMC, the larger are the formed droplets. 
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Fig. III.7. 1H-NMR and ESI-MS – enrichment of [H+][C8EjCH2COO-] surfactants with a lower degree of 
ethoxylation in the coacervate. (A) 400 MHz 1H-NMR (NS 64) of the coacervate separated from an aqueous 
0.45 wt% [H+][C8E8CH2COO-] solution in CD3CN (orange) superposed to 400 MHz 1H-NMR (NS 64) of the 
“initial” surfactant [H+][C8E8CH2COO-] with polydisperse headgroups (marketed as Akypo® LF2 by Kao 
Chemicals) in CD3CN (black). Peaks are integrated and assigned to the respective 1H-atoms, see structure 
and letters. Integration is normalized to the integral of the terminal CH3 group (a), which is set to 3. The 
integral of the hydrogens of the ethylene oxide groups (e) suggests that j ≈ 8.4 (≈ [H+][C8E8CH2COO-]) in the 
“initial” surfactant, and j ≈ 4.7 (≈ [H+][C8E5CH2COO-]) in the coacervate. Note that j found for the coacervate 
can vary from 4 ≤ j ≤ 5. The signal of the CH2 group of the terminal acetic acid moiety (f) is split in the 
coacervate. Reasons could be the higher abundancy of [H+][C8EjCH2COO-] with a low degree of ethoxylation, 
where the CH2 group has a slightly different chemical shift and the partial deprotonation of the carboxylic 
acid moiety. A small amount of esters is indicated by a multiplet located around 4.245 ppm. (B) Qualitative 
ESI-MS in the positive ion mode of the coacervate separated from a 0.45 wt% [H+][C8E8CH2COO-] (orange) 
superposed to a qualitative ESI-MS in the positive ion mode of “initial” surfactant [H+][C8E8CH2COO-] 
(black). While the degree of ethoxylation is centered around j = 9 in the “initial” surfactant, the coacervate is 
enriched in surfactant molecules with a lower degree of ethoxylation, the most prominent signal originating 
from j = 6. Generally, each [H+][C8EjCH2COO-] molecule exhibits signals at m/z values of (189+44j) and 
(190+44j) for the (M+H)+ ion, (206+44j) and (207+44j) for the (M+NH4)+ ion, and (211+44j) and (212+44j) 
for the (M+Na)+ ion. Some smaller signals can be assigned to C8Ej molecules. Note that smaller amounts of 
C8ExCH2COOEyC8 esters can also be detected, despite not being seen in the figure. 

Further, an increase in pH leads to smaller droplets and a slower growth, partially because 

the CMC shifts to a slightly higher concentration, and partially because electrostatic repul-

sions between droplets reduce coalescence. Typically, fully deprotonated species, such as 

[Na+][C8E8CH2COO-] and [Ca2+][C8E8CH2COO-]2, do not form coacervate droplets at all. 

However, if Ca2+ is added to [H+][C8E8CH2COO-] as CaCl2, i.e., if electrostatics are 

screened, a strong increase in the droplets’ growth speed can be observed. This is typical 
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for coacervation from mixtures, and different from a “normal” two-phase region, where 

two phases of different compositions of the same molecules are separated by a tie-line be-

tween phase boundaries. This situation has already been encountered for the pseudo-binary 

system of didodecyldimethylammonium bromide (DDAB), for which neutral and ionic 

forms coexist differently in coacervates [37]. 

At first glance, the origin of the coacervate droplet formation could be simply assigned to 

hydrophobic “impurities” that are solubilized by the surfactant above the CMC and phase 

separate below the CMC. Akypo® LF2 ([H+][C8E8CH2COO-]) is a technical grade product 

with a relatively broad distribution of [H+][C8EjCH2COO-] molecules around j = 8, where 

0 ≤ j ≤ 20, see Fig. III.7B. The small amounts of other known impurities, see Section 

III.3.1., are not expected to phase separate below the CMC. Of the distribution of different 

headgroup sizes, those surfactants with j < 4 can be expected to be insoluble in water below 

the CMC [6]. If there would be a simple phase separation of those surfactants, the droplets 

would show a distribution of [H+][C8EjCH2COO-], where j would be well below 4 (equal 

to the average of the water-insoluble [H+][C8EjCH2COO-] molecules). However, 1H-NMR 

suggests that j ≈ 4–5, see Fig. III.7A. A decrease of the integral of the –CH2 signals of the 

ethylene oxide groups relative to the integral of the signal of the terminal –CH3 group is 

observed when comparing 1H-NMR of the separated coacervate to 1H-NMR of the “initial” 

surfactant, see Fig. III.7A. This is confirmed by qualitative ESI-MS, see Fig. III.7B, where 

the center of the headgroup distribution is shifted from j = 9 in the “initial” surfactant to 

j = 6 in the separated coacervate. A smaller amount of esters of the type C8ExCH2COOEyC8 

is also indicated in both cases. These esters must play an important role in the auto-coacer-

vation, as a removal of the esters by ion exchange, see Chapter IV. (Appendix C.2.), leads 

to vanishing of the auto-coacervation regime. This also explains why there is no coacerva-

tion for [Na+][C8E8CH2COO-] and [Ca2+][C8E8CH2COO-]2. During the reaction of 

[H+][C8E8CH2COO-] with excess NaOH or Ca(OH)2, the esters are hydrolyzed, which are 

then missing for the auto-coacervation. Note that depending on the synthesis, esters may 

not be fully hydrolyzed. In the case of remaining esters, weak auto-coacervation is still 

observed. 

Simple phase separation would not meet the criteria for coacervation, since coacervation is 

a liquid-liquid phase separation from a colloidal solution by aggregation of the colloids. 

However, as will be explained below, the described phase separation is in fact auto-
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coacervation. Both, 1H-NMR and ESI-MS show an enrichment of surfactants with shorter 

headgroups in the coacervate. To measure1H-NMR and ESI-MS, the coacervate was sepa-

rated as a more viscous clear liquid phase by centrifugation (20,000 g for 30 min). The 

separated coacervate’s water content was determined to be about 40 wt% by the Karl 

Fischer titration method. Further, it shows clouding behavior just above room temperature, 

which is reasonable for a mixture of 60 wt% [H+][C8E4-5CH2COO-] and water. A rough 

approximation of the separated volumes from samples containing 0.36 wt% 

[H+][C8E8CH2COO-], [H+][C8E8CH2COO-]+0.25 CaCl2, or [H+]0.5[Na+]0.5[C8E8CH2COO-] 

suggests that less than 10 wt% (approximately 8 wt%) of the initial surfactant are contained 

in the coacervate. SAXS of the coacervate reveals scattering that conforms to the phase of 

“flocculated” micelles (L1/L1’), i.e., a concentrated phase of partially headgroup interdigi-

tated spherical micelles. X-ray scattering of the coacervate, as separated twice from two 

different samples, is shown superposed to scattering of [H+][C8E8CH2COO-] at concentra-

tions ranging from 10 wt% to 70 wt% (taken from Chapter II.) in Fig. III.8. Considering 

the invariant Q* of the scattering, see Figs. B.13 and B.14, a surfactant concentration of 

around 70 wt% in the coacervate is suggested. However, it is shown in Fig. III.7 that the 

coacervate is enriched in surfactant molecules with a lower degree of ethoxylation to give 

in average [H+][C8E5CH2COO-]. As a result, the volume fraction of the hydrocarbon cores 

increases from 0.175 in the “initial” surfactant to 0.202 in the coacervate, and the invariant 

has to be rescaled to take into account this increase. By rescaling the invariant, a surfactant 

content in the coacervate close to 60 wt% is found, which is in agreement with the direct 

measurement of the water content of 40 wt%. The enrichment in shorter headgroups in the 

coacervate also explains the change in the scattering shape and the peak position, as the 

coacervate does not represent the “initial” [H+][C8E8CH2COO-] anymore. 

Combining all results, the auto-coacervation can be confirmed and explained. Below the 

“collective” CMC of [H+][C8E8CH2COO-], the more hydrophobic ester molecules (with 

two C8-chains) induce the formation of micelles together with predominantly the surfactant 

molecules with a lower degree of ethoxylation. As a result, those micelles are enriched in 

surfactant molecules with a low degree of ethoxylation. Since the headgroups are shorter, 

the spontaneous packing parameter is larger, the micelles have a larger aggregation number, 

and the intermicellar repulsion is lower. Subsequently, the micelles aggregate through in-

termicellar attraction, and their headgroups partially interdigitate. Through the aggregation 

of the micelles, a concentrated micellar L1/L1’ phase (60–70 wt% of surfactant with an 
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average number of 4–5 EO groups) is separated from a sub-CMC aqueous solution, which 

meets the criteria for auto-coacervation. Thus, the tie-line of the auto-coacervation regime 

does not start or end at the phase boundaries but within phases, i.e., the tie-line starts inside 

the auto-coacervation regime (below the CMC) and ends in the L1/L1’ phase above 60 wt% 

of surfactant. The volume of the coacervate is limited by the amount of the esters and pos-

sibly also by the amount of the most hydrophobic surfactants in the mixture. In principle, 

this observation could be used to remove the least hydrophilic surfactant portion from the 

surfactant mixture by simple dilution and centrifugation, though a small amount of the es-

ters would need to be added. While concentration by evaporation of water under vacuum 

may be energy consuming, it would also be a suitable and reliable way to remove the ester 

impurities from the surfactant to prepare a surfactant that has a large L1 domain and does 

not coacervate in practice. 

 
Fig. III.8. The small-angle X-ray scattering obtained from the coacervate separated from two individual 
0.36 wt% [H+][C8E8CH2COO-] samples is intermediate between the core-shell micellar L1 (30 wt% to 
40 wt%) and the interdigitated water-poor L1’ regime (50 wt% to 80 wt%). The peak shape and position of 
the coacervate are not equivalent to the case of [H+][C8E8CH2COO-], because the surfactant composition is 
different in the coacervate. The exact surfactant content in the coacervate can be deduced directly by consid-
ering the invariant, see Figs. B.13 and B.14. 

As far as the counterion effects are concerned, analogies to the LCST behavior can be 

drawn. If electrostatics are screened, Ca2+ ions enhance intermicellar attraction through in-

termicellar bridging and as a result enhance the speed of the coacervate droplet growth. On 

the other hand, if charge is introduced and electrostatics are not screened, as in the case of 

[H+]0.5[Na+]0.5[C8E8CH2COO-], electrostatic repulsion reduces intermicellar attraction, 
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leading to a decrease in the growth speed of the coacervate droplets. No auto-coacervation 

is observed for [Na+][C8E8CH2COO-] and [Ca2+][C8E8CH2COO-]2 (even with DLS), mean-

ing that even the surfactants with a low degree of ethoxylation are dissolved in water. The 

reason for the absence of auto-coacervation is the absence of esters. In any case, the amount 

of formed coacervate is determined and limited by the amount of present esters and 

[H+][C8EjCH2COO-] molecules with j < 4 (at room temperature). This was confirmed by 

extracting the rest of the surfactant from the supernatant (after separating the coacervate) 

and preparing an equally concentrated sample (0.36 wt%) using the surfactant from the 

supernatant. No auto-coacervation is observed. Another peculiarity is observed for a batch 

of [Na+][C8E8CH2COO-], in which not all esters were hydrolyzed. While this batch of 

[Na+][C8E8CH2COO-] (used also for surface tension measurements) exhibits auto-coacer-

vation mainly up to the CMC (0.71 wt%), auto-coacervation is also observed to a lesser 

extent above the CMC, up to approximately 1.60 wt%. This behavior is also reflected in 

the surface tension measurement (Fig. B.12), where the increase in surface tension above 

the CMC shows a pronounced change of slope around 1.53 wt%. The knowledge of the 

coacervation phenomenon also explains the counter-intuitive increase in surface tension 

above the CMC. Since coacervation separates the most hydrophobic surfactants from the 

mixture, a variation of the surface tension can be explained by at least two mechanisms: 

Removal of the most hydrophobic surfactant molecules from the surface, and/or adsorption 

of micelles under the water-air-interface, as observed in several cases by Penfold and co-

workers [74]. 

 

III.4.5. Lβ Phase 

As described above, there is a semi-crystalline phase at very high surfactant concentrations 

in any case. The melting temperature for [H+][C8E8CH2COO-] was determined to be 11°C. 

With increasing ionicity, the melting temperature increases. [H+]0.5[Na+]0.5[C8E8CH2COO-] 

melts around 23°C and [Na+][C8E8CH2COO-] melts above 27°C. Since 

[Ca2+][C8E8CH2COO-]2 already melts around 19°C, sodium seems to favor the semi-crys-

talline state more than calcium does. Small- and wide-angle X-ray scattering (SWAXS) 

spectra of [H+][C8E8CH2COO-] and [Na+][C8E8CH2COO-] (no added water) at tempera-

tures ranging from 20°C to 80°C are shown in logarithmic scale in Fig. B.15. Scattering of 
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[Na+][C8E8CH2COO-] at 20°C, shown in semi-logarithmic (log-lin) scale in Fig. III.9, 

clearly evidences a semi-crystalline lamellar phase (Lβ) in equilibrium with small amounts 

of L1’ phase. A first order Bragg peak is located in the SAXS region at q1 = 0.908 nm-1 

(D1* = 6.92 nm). Second order, third order, fourth order, and fifth order Bragg peaks are 

located at q2 = 1.806 nm-1 (D2* = 3.48 nm), q3 = 2.685 nm-1 (D3* = 2.34 nm), 

q4 = 3.632 nm-1 (D4* = 1.73 nm), and q5 = 4.553 nm-1 (D5* = 1.38 nm), respectively. The 

peak positions follow the characteristic series for lamellar phases, where q2 = 2·q1, 

q3 = 3·q1, q4 = 4·q1, and q5 = 5·q1 [55]. First order and second order peaks are pronounced, 

while third order, fourth order, and fifth order peaks are only weakly visible. The third order 

peak is only seen as a shoulder of the second order peak. The wide-angle X-ray scattering 

(WAXS) regime reveals Bragg peaks at q = 13.5 nm-1, 15.6 nm-1, 16.4 nm-1, 18.4 nm-1, and 

25.2 nm-1 superposed to the WAXS pattern of the liquid L1’ phase. As these peak positions 

are very similar to those found for crystalline PEG 400 (9–10 EO-groups) by Lind et al. 

[75], and none of them seems to be assigned to hydrocarbon chain crystallization [76,77], 

it is assumed that the headgroups of [Na+][C8E8CH2COO-] are crystallized at 20°C, while 

the hydrocarbon chains retain their liquid state. As pointed out by Takahashi and Tadokoro 

[78], this scattering pattern corresponds to a primitive monoclinic structure P21/a-C2h
5  

(a = 0.805 nm, b = 1.304 nm, c = 1.948 nm, and β = 125.4°), where the ethylene oxide 

chains are suggested to form 7/2 helical turns per unit cell. Above the melting temperature, 

the scattering corresponds to the expected L1’ phase. While the formation of a hydrocarbon 

chain crystallized lamellar phase is commonly observed for fatty acids and their salts, 

where also liquid crystalline lamellar phases are commonly found [79], the formation of a 

lamellar phase for [X+][C8E8CH2COO-] is significantly less favored. To form the Lβ phase, 

the free energy of crystallization must overcome the entropy of a large headgroup, i.e., of 

a large area per headgroup. With this, the observation of the Lβ phase exclusively at very 

high surfactant concentrations can be explained. The more water molecules are present, the 

larger the area per headgroup becomes due to headgroup hydration. As a result, entropy 

increases with increasing water content and a lower temperature is required for the head-

group crystallization energy to overcome entropy. At a water content of 11 wt% (3.5 water 

molecules per headgroup), the melting temperature of the Lβ phase of 

[Na+][C8E8CH2COO-] is already below 20°C, see Fig. B.3. From the first order peak, a 

repeat distance of 6.92 nm is deduced for [Na+][C8E8CH2COO-]. The theoretical extended 

length (zigzag conformation) of the headgroup (approximated as E9, i.e., the –CH2COO- is 
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approximated as an additional ethylene oxide unit) is about 3.3 nm, while the length is 

about 2.5 nm in the helix conformation and 1.9 nm in the meander conformation [80]. Ow-

ing to the crystalline state of the headgroup’s EO-groups, the helix conformation is the best 

guess. The cross-sectional area of the headgroup is significantly decreased upon crystalli-

zation, while the cross-sectional area of the liquid-like alkyl chain remains more or less 

constant [75], which enables a lamellar packing. As a result, the hydrocarbon chains are not 

expected to significantly interdigitate, if the headgroups do not interdigitate. With a thick-

ness of the headgroup layer of 2·2.5 nm if the surfactant molecules are not tilted, the thick-

ness of the liquid-like hydrocarbon layer would be about 1.92 nm. 1.92 nm is significantly 

longer than the theoretical conformation-averaged alkyl chain length of 1.16 nm [51], and 

slightly shorter than twice the conformation-averaged length (2.32 nm). However, a repeat 

distance of 6.92 nm would be met if the surfactant molecules were tilted by an angle of 19° 

with a non-interdigitated headgroup layer of 2·23.6 Å thickness and a liquid-like alkyl 

chain layer of 2.19 nm thickness. Hence, one plausible structure would consist of non-in-

terdigitated layers of crystalline headgroups in their usual helical conformation and liquid-

like layers of non-interdigitated hydrocarbon chains, where the surfactant molecules are 

tilted by an angle of 19°. [H+][C8E8CH2COO-] (Fig. B.15A), as expected with a melting 

temperature of 11°C, shows only the L1’ phase at the examined temperatures. 

 
Fig. III.9. (A) SAXS spectra of neat (no added water) [Na+][C8E8CH2COO-] at 20, 40, 60, and 80°C in semi-
logarithmic (log-lin) scale. (B) Respective WAXS spectra of neat [Na+][C8E8CH2COO-] at 20, 40, 60, and 
80°C. At 20°C, a lamellar Lβ phase with crystalline headgroups is observed, whereas the headgroup interdig-
itated micellar L1’ phase is observed at higher temperatures. The whole spectrum is given in log-log scale in 
Fig. B.15B. 
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III.5. Conclusion and Outlook 

The surfactant [X+][C8E8CH2COO-], where X+ can be H+ or any other (polyvalent) cation 

such as Na+ or Ca2+, has a rather short hydrophobic part and a much larger hydrophilic part. 

This results in a significant packing constraint, generally making a sphere-to-rod transition 

impossible. As a result, only spherical to slightly prolate spheroidal micelles are observed 

in binary mixtures with water at most compositions and temperatures. The only exception 

is a small domain of a hexagonal (H1) phase, where “infinite” cylinders form. The H1 phase 

is only formed by the fully ionic form of the surfactant, i.e., if all counterions are metal 

cations. This is a result of the reduction of the area per molecule by ion-bridging of the 

carboxylate moieties. Otherwise, the only exception, where a deviation from the spheroidal 

shape is possible, is a semi-crystalline lamellar Lβ phase at very high surfactant concentra-

tions and low temperature. Formation of a lamellar phase despite the strong packing con-

straint is only possible upon headgroup crystallization. For the formation of the Lβ phase, 

the gain in free energy by headgroup crystallization has to overcome the entropy of the 

headgroups with a large area per molecule. Apart from that, the restriction in micellar shape 

has various consequences on the aqueous phase behavior: 

(a) The lower critical solution temperature (LCST), and clouding as a whole, are result-

ing from the flocculation of small spherical micelles, driven by intermicellar attrac-

tion. Owing to the large area per molecule, the micelles cannot significantly grow in 

size or undergo a transition in shape, as it is usually the case upon clouding of clas-

sical C2jEj surfactants [22–24]. Attractive forces, i.e., (ion-)bridging via carboxylic 

acid or carboxylate moieties and Van der Waals interactions are opposed by electro-

static repulsion. An increase in temperature enhances attractive forces by dehydration 

of the head-groups. 

(b) Formation of classical liquid crystalline phases is impossible for 

[H+][C8E8CH2COO-] and only possible for its salts in a small domain around 60 wt% 

of surfactant, where the effect of counterion-bridging is strong enough to sufficiently 

decrease the area per molecule. The only conceivable liquid crystalline phase with 

spherical micelles would be a cubic Ι1 phase. However, the formation of an Ι1 phase 

is not possible with [X+][C8E8CH2COO-], because the Lindemann rule is not met with 

a short C8 chain. The Lindemann rule is known from molecular crystals but is also 
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valid at colloidal scale [20]. Owing to the short C8 chain, the radius of the hydrocar-

bon cores is too small for the thermal excitations of the fluctuations to meet the Lin-

demann rule. In other words, the intermicellar attraction is too weak. Since Van der 

Waals attraction scales with the sixth power of volume and is inversely proportional 

to the distance between micelles, attraction is >7 times stronger for C12 than it is for 

C8. As a result, C12Ej surfactants with large headgroups can indeed form an Ι1 phase, 

while [X+][C8E8CH2COO-] cannot. A good example is Brij® 35 (C12E23), which has 

a higher headgroup volume to total surfactant volume ratio than 

[X+][C8E8CH2COO-], thus being restricted to spherical micelles, but still forms an Ι1 

phase [17,18]. 

(c) A nematic phase (N) is formed by prolate micelles. The restriction to a spherical 

shape is softened when H+ is exchanged by Na+ or Ca2+, i.e., if the acid form of the 

surfactant is transformed to its ionic form, and the spherical shape is deformed into a 

slightly prolate spheroid. In the prolate shape, the counterions at the axial positions 

of the micelles are dissociated to a larger extent than those at the equatorial positions 

[52]. As a result, the ions can bridge micelles preferentially via carboxylate moieties 

at the axial positions, leading to the formation of short chains made of a few (≤ 3) 

prolate micelles. In addition, the intra- and intermicellar counterion-bridging of head-

groups reduces the area per molecule, which leads to a merging of some of the smaller 

prolate micelles into larger, more prolate ones. Both the chains of smaller prolate 

micelles and some merged micelles are preferentially oriented to result in a nematic 

ordering. Upon further cooling of the nematic phase, the effect of counterion-bridg-

ing increases and the area per molecule is sufficiently decreased to form a hexagonal 

(H1) phase made of “infinite” cylinders. The H1 phase exclusively forms within the 

transition regime between the core-shell micellar L1 phase and the headgroup inter-

digitated micellar L1’ phase, where micelles are already in close proximity to each 

other to enable sufficient ion-bridging. Here, opposing forces are thermal fluctuations 

and electrostatic repulsions. An increase in temperature leads to a decreasing effect 

of ion-bridging on the area per molecule, “melting” the hexagonal phase into a ne-

matic phase (N) and eventually into an isotropic micellar phase. In the L1’ phase, the 

extent of interdigitation is too large, increasing the area per molecule to favor sphe-

roidal aggregates. The absence of a significant peak shift in SAXS and SANS in the 

nematic-to-hexagonal transition would in principle leave open the possibility that the 
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hexagonal phase is not made of “infinite” cylinders but of chains made of prolate 

micelles (similar to the nematic phase). However, surfactant self-diffusion suggests 

that the hydrocarbon cores are merged and not entities separated by interdigitated 

headgroup layers. The hexagonal phase of [X+][C8E8CH2COO-] could still share 

some characteristics with a transition from a classical hexagonal phase of “infinite” 

cylinders (H1) to a cubic Im3m phase, proposed by Sakya et al. [81] in binary mix-

tures of C12E12 and water. Sakya et al. proposed that undulations form in the hexag-

onally packed cylinders with the cylinders subsequently being “pinched” at regular 

intervals to form the isotropic cubic phase made of spherical micelles. There are some 

examples of calamitic as well as discotic nematic phases made of prolate or oblate 

micelles with charged surfactants and a co-surfactant in literature [44,45] that always 

involve a micellar shape transition through the right ratio between surfactant and 

cosurfactant. Thus, they are intermediate states between an isotropic micellar phase 

and lamellar or H1 phases. 

(d) Auto-coacervation, unusual for simple surfactant systems [29], is observed below the 

critical micelle concentration (CMC) and is triggered by ester impurities of the type 

C8ExCH2COOEyC8 that aggregate with surfactants with a lower degree of ethoxyla-

tion ([X+][C8E8CH2COO-] is a distribution of [X+][C8EjCH2COO-] with 0 ≤ j ≤ 20). 

Intermicellar attraction enhanced by dimerization of carboxylic acid moieties or ion-

bridging of carboxylate moieties leads to the formation and separation of a concen-

trated “flocculated” micellar L1/L1’ phase from a sub-CMC solution. Attraction is 

opposed by electrostatic repulsions. 

A complete generic phase diagram of the [X+][C8E8CH2COO-] system with schematic 

drawings of the proposed structures is shown in Fig. III.10. The different features of the 

phase behavior will now be briefly discussed with respect to the effects of ionicity and the 

type of counterion. In its acidic form, [H+][C8E8CH2COO-] behaves much like a nonionic 

surfactant, showing a LCST of 66°C around 20 wt% of surfactant. Compared to the truly 

nonionic counterpart C8E8, having a LCST around 96°C at very low surfactant concentra-

tions [6], the carboxylic acid moiety enhances intermicellar attraction through carboxylic 

acid dimerization [72]. An increase in ionicity with monovalent sodium ions 

([H+]0.5[Na+]0.5[C8E8CH2COO-] and [Na+][C8E8CH2COO-]) or divalent calcium ions 

([Ca2+][C8E8CH2COO-]2) increases electrostatic repulsions, thus inhibiting a LCST. If 
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electrostatic repulsions are screened, e.g., in the case of [H+][C8E8CH2COO-] + 0.25 CaCl2, 

ions can bridge intermicellarly and shift the LCST to lower temperatures and into the L1/L1’ 

phase, where the effect of ion-bridging is most pronounced. The L1/L1’ phase also plays a 

role above the clouding curve at high temperatures. One of the separating phases always 

seems to be a L1/L1’ phase, even if the initial mixture is a L1’ phase. The mechanism of 

auto-coacervation is similar to the mechanism responsible for clouding with the difference 

that it is triggered below the CMC by the hydrophobic esters and involves the more hydro-

phobic portion of the surfactant’s distribution of different degrees of ethoxylation. It is ob-

served in all cases, where esters are present. Increasing ionicity increases the CMC, thus 

extending the auto-coacervation regime, while at the same time electrostatic repulsions are 

increased. Despite the growth of the coacervate droplets being slowed down, 

[Na+][C8E8CH2COO-] still undergoes auto-coacervation if esters are present, showing that 

electrostatic repulsion alone is not sufficient to inhibit auto-coacervation. Formation of a 

H1 or N phase is only possible in fully ionic forms such as [Ca2+][C8E8CH2COO-]2 and 

[Na+][C8E8CH2COO-], and only within the L1/L1’ regime, where ion-bridging is strong 

enough to induce the formation of chains made of prolate micelles and to induce a sufficient 

decrease in the area per molecule to enable a spheroid-to-rod transition. The effect of Na+ 

ions seems to be stronger than the effect of Ca2+ ions, since the H1 and N phase are stable 

up to higher temperatures for [Na+][C8E8CH2COO-] (47°C) than for 

[Ca2+][C8E8CH2COO-]2 (31°C). Forces opposing the liquid crystal formation are thermal 

fluctuations and electrostatic repulsions. Thus, the “melting” temperature of the H1 phase 

can be further increased by reducing electrostatic repulsions by addition of salt. The semi-

crystalline Lβ phase is observed at low water content and low temperatures in any case. The 

effects of ionicity and the counterion on its melting temperature seem to be similar to the 

effects on the “melting” of the H1 phase. Ionicity increases the melting temperature, and 

the increase is more pronounced with Na+ than with Ca2+. Thus, the melting temperature is 

highest for [Na+][C8E8CH2COO-] (27°C), followed by [Ca2+][C8E8CH2COO-]2 (19°C) and 

[H+][C8E8CH2COO-] (11°C). 

A controlled transition from micellar core-shell to more compact nanostructures was shown 

to exist in aqueous mixtures of [X+][C8E8CH2COO-], where X+ can be virtually any (poly-

valent) metal cation [41–43]. In this case, the more compact structures can be understood 

as constrained hydrocarbon cores surrounded by a medium of partially interdigitated, more 

or less hydrated headgroups. In the headgroup interdigitated micellar regime, which can 
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also be achieved by sub-CMC auto-coacervation and clouding, the chemical potential of 

water is high, and the water concentration is low. Since water is bound as hydration water 

to the ethylene oxide headgroups, chemical reactions may be conceivable in a controlled 

way. A recent example of a constrained micellar core was given by Lyu et al. [82], using 

the micelle to achieve confined metal reduction. 

 
Fig. III.10. A generic phase diagram of [X+][C8E8CH2COO-] in water. The phase diagram was drawn based 
on the diagrams shown in this chapter. The vertical dashed line around 60 wt% to 70 wt% 
[X+][C8E8CH2COO-] marks the transition from a core-shell micellar L1 phase and a headgroup interdigitated 
L1’ phase, here termed L1/L1’ phase. One tie-line (lower solid horizontal line) indicates the compositions of 
the coacervate (C) and the supernatant (S) originating from an initial solution of composition (I) through auto-
coacervation. Tie-lines shown within the biphasic regime above the lower critical solution temperature 
(LCST) indicate the separation of a L1/L1’ phase from either a dilute L1 phase (if the initial concentration is 
below the L1/L1’ phase) or a more concentrated L1’ phase (if the initial concentration is above the L1/L1’ 
phase). 1ϕ: Single isotropic phase. 2ϕ: Two isotropic phases in equilibrium. L1: Solution of core-shell mi-
celles. L1’: Headgroup-interdigitated micellar regime. L1/L1’: Transition state between L1 and L1’ (“floccu-
lated” micellar regime). N: Nematic phase. H1: Hexagonal phase. Lβ: Semi-crystalline lamellar phase. Sche-
matic drawings of the proposed phases for [Na+][C8E8CH2COO-] are shown on the right-hand side. Color 
code: Blue: water, orange: alkyl chains, green: (hydrated) headgroups, black: carboxylate groups, and red: 
sodium ions. Drawings are not to scale. 

In contrast to complex coacervation, simple auto-coacervation, apart from clouding, is quite 

uncommon for single-chain surfactant systems without additives. A rare example for simple 

coacervation in single-chain surfactant systems was reported by Cohen et al. [30–32] for 

rather complex quaternary ammonium salts. Other examples of simple surfactant coacer-

vation without additives are usually reported for gemini-type surfactants with two hydro-

phobic chains [37–39,83]. The surfactant-rich coacervate is sometimes termed supramolec-

ular solvent (SUPRA), which are nanostructured liquids and promising alternatives for con-

ventional organic solvents in extraction processes [83]. In the case of 
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didodecyldimethylammonium bromide (DDAB), and probably other gemini surfactants, 

the coacervate is made from a lamellar phase [37]. In the case of [X+][C8E8CH2COO-], the 

corresponding SUPRA is the L1/L1’ phase, which is not only accessible in a controlled way 

by sub-CMC auto-coacervation but also by clouding. It should be noted that the esters, 

required to trigger the auto-coacervation, are similar to gemini surfactants as they possess 

two alkyl chains. However, the main components of the coacervate are 

[X+][C8EjCH2COO-] surfactant molecules. The carboxylate moiety of [X+][C8E8CH2COO-] 

is potentially beneficial in extraction processes including metal ions. 
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Chapter IV. 
A Self-Thickening Discotic Lyotropic Nematic 

Phase – Mixing Two Polyoxyethylene Alkyl Ether 

Carboxylic Acids 

 
Scaled sketch of a discotic lyotropic nematic phase made of bicelles, formed when mixing 

octaoxyethylene octyl ether carboxylic acid, C8E8CH2COOH, and dioxyethylene oleyl 

ether carboxylic acid, C18:1E2CH2COOH, in water. 

 

Note: 
The majority of this chapter is already published (P. Denk, L. Matthews, S. Prévost, T. Zemb, W. Kunz, A 
dilute nematic gel produced by intramicellar segregation of two polyoxyethylene alkyl ether carboxylic acids, 
J Colloid Interface Sci 659 (2024) 833–848.) [1]. The author of this thesis is the first author of the publication, 
wrote the original draft, evaluated the data, and conducted most of the experiments. The co-authors Prof. Dr. 
Thomas Zemb and Prof. Dr. Werner Kunz assisted by reviewing the draft and giving scientific input through-
out the work. The co-authors Dr. Lauren Matthews and Dr. Sylvain Prévost performed the small-angle scat-
tering measurements and the treatment of raw scattering data. The interns Julia Grasenhiller, Markus Maier, 
and Julia-Marie Maier were involved in performing preliminary experiments on this subject, but did not con-
tribute to the data presented in this chapter. 
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IV.1. Abstract 

As described in Chapters II. and III., the surfactant octaoxyethylene octyl ether carboxylic 

acid, C8E8CH2COOH, has such a bulky headgroup and short alkyl chain that the common 

sphere-to-cylinder transition cannot occur. The surfactant dioxyethylene oleyl ether car-

boxylic acid, C18:1E2CH2COOH, on the other hand is mimicking lipids and forms only bi-

layers. If the two surfactants are mixed, intramicellar molecular segregation is imposed due 

to the different packing constraints. Since the curvature constraints are temperature depend-

ent due to hydration of ethylene oxide groups, temperature is expected to influence the 

degree of intramicellar segregation and consequently the formed microstructures. 

In this chapter, phase diagrams as a function of temperature, surfactant mole ratio, and 

active matter content are established. The isotropic liquid-liquid phase separation common 

to all nonionic surfactants, i.e., the clouding phenomenon, as well as discotic nematic 

phases and lamellar phases are found. The focus lies on the nematic phase and its stability. 

Texture determination by polarizing microscopy is used to distinguish between the different 

phases. Small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) 

are applied to elucidate the microstructures at various points in the phase diagrams. Further, 

the rheology of the nematic phase as well as the influences of adding salt and increasing 

the surfactants’ ionic character are investigated. 

In a defined mole ratio of the two surfactants, intramicellar segregation is sufficient to pro-

duce a viscoelastic discotic nematic phase at low temperature, which is capable of entrap-

ping air bubbles or other objects of any size. The disc-like aggregates are bicelles consisting 

of a flat bilayer part and a high-curvature rim that limits the diameter of the bicelles. Heat-

ing induces partial intramicellar mixing, reducing the fraction of the limiting rim. This re-

sults in a growth of the bicellar diameter until eventually a pseudo-lamellar phase is formed. 

A further increase in temperature leads to the transition into an isotropic phase of fully 

randomly mixed micelles, showing the common liquid-liquid miscibility gap at higher tem-

peratures. This uncommon phase sequence, bicelles, lamellar phase, micelles, and water-

poor packed micelles, is a consequence of intramicellar segregation of two surfactants with 

a significant mismatch between their headgroup and tail lengths, opposed by temperature 

induced intramicellar mixing. The same sequence can be induced by dehydrating the head-

groups with the addition of salt instead of an increase in temperature. 
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IV.2. Introduction 

“Bilayer micelles”, abbreviated as “bicelles”, made of bilayers of defined size limited by 

an outer rim, were first identified by Sanders and Schwonek in 1992 [2]. Classical bicelles 

are formed when mixing a long-chain lipid, such as dimyristoylphosphatidylcholine 

(DMPC), and a short-chain lipid, such as dihexanoylphosphatidylcholine (DHCP), in water 

in adequate mixing ratios. Typically, bicelles are formed if the lipid mixture contains around 

65–85% of the long-chain lipid [3–5]. The packing conditions can be rationalized using the 

geometrical chain packing model introduced by Israelachvili et al. [6]. The long-chain lipid 

has a spontaneous packing parameter p0 ≈ 1 and favors low curvature in a bilayer packing, 

while the short-chain lipid has a lower p0 and favors higher curvature. The packing param-

eter is defined and discussed in Appendix A.3. Due to this mismatch, intramicellar molec-

ular segregation occurs and results in the formation of disc-like bicelles consisting of a 

bilayer disc that is limited by an outer half-toroidal rim. Since their discovery, bicelles have 

gained significant interest in biochemical and biophysical chemistry, because they mimic 

biological membranes and are often orientable in magnetic fields, making them attractive 

vessels for NMR studies of membrane proteins [2,5,7–11]. Various different morphologies 

are found in systems containing disc-like bicelles, such as perforated or unperforated uni- 

and multilamellar vesicles, “infinite” lamellae and perforated lamellae, branched and un-

branched worm-like micelles, and ribbons [4,5,8,9,12,13]. Apart from worm-like micelles, 

all these structures are related as the curvature for the long-chain lipid approaches zero, the 

difference being the degree of intramicellar segregation of the two lipids. If the rim-forming 

short-chain surfactant is completely mixed into the bilayer, i.e., if there is full intramicellar 

random mixing, vesicles or “infinite” lamellae are formed. Ribbons and perforated lamellae 

can be rationalized as intermediate states between disc-like bicelles and “infinite” lamellae. 

If disc-like bicelles start to merge due to a reduction in intramicellar segregation, the re-

maining high curvature rims either form holes in an extended lamella or limit the bilayers 

into ribbons. In fact, disc-like bicelles are usually found only below the chain melting tem-

perature of the long chain surfactant, above which other morphologies emerge [4,9]. Due 

to this rich phase behavior, the term “bicelle” is often used to refer to systems made of a 

hydrophobic and a more hydrophilic lipid, independent of the structures’ morphologies. In 

this thesis, the term “bicelle” is used in its original meaning only for the disc-like morphol-

ogy. Typical diameters of such disc-like bicelles are in the range of 15–50 nm, the thickness 
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typically being around 4–6 nm [9]. Nematic or smectic phases of bicelles are often induced 

by bicellar orientation in strong magnetic fields [3,5,8,9,14]. 

Bicelles can not only be formed with lipids, but also with other, synthetic surfactants, see 

for example ref. [15,16]. An early example of synthetic (lipid-free) bicelles with a diameter 

of around 50 nm, made of sodium decyl sulfate, decanol, and sodium sulfate in water, that 

can be magnetically oriented into a discotic nematic phase was given by Lawson et al. [17] 

in 1967 and later verified by others [18,19]. In fact, these synthetic bicelles, though not 

termed “bicelles”, were found even before the classical bicelles were described. Although 

disc-like micelles are relatively rare, several examples are known [20–27], many of which 

may be considered as synthetic bicelles. Synthetic bicelles can also be formed in catanionic 

mixtures, for which intramicellar molecular segregation into a bilayer and a rim was shown 

[28–30]. If the number density of discs is sufficiently high, a discotic nematic phase is 

formed [21–24,26,31–33]. Usually, discotic lyotropic nematic phases are found as a transi-

tion state between an isotropic micellar phase and an “infinite” lamellar phase, whereas 

calamitic lyotropic nematic phases are found between an isotropic micellar phase and a 

hexagonal phase made of “infinite” rods [32,34]. The isotropic-nematic-lamellar/hexagonal 

transition then involves micellar growth to increase anisotropy until the smaller micelles 

merge into “infinite” lamellae or cylinders. For the system cesium pentadecafluorooctano-

ate/D2O it was shown that all three phases, the isotropic phase, the discotic nematic phase, 

and the lamellar phase, are made of the same small disc-like micelles (diameter ≤10 nm) 

[35]. In this case, the isotropic-nematic-lamellar transition is rather an isotropic-nematic-

smectic transition, where the lamellar phase is a smectic phase made of layered discs. 

Discotic lyotropic nematic phases made of discoidal micelles or bicelles are usually of low 

viscosity, slightly shear thinning, and only slightly viscoelastic [36–39]. Packed onion-like 

multilamellar vesicles (MLVs) on the other hand are known to form shear thinning viscoe-

lastic gels that are capable of entrapping air bubbles [40–42]. 

Long lasting entrapment of objects between 1 μm and 1 mm in size is still a problem with 

classical micelles or microemulsions. Polymeric formulations have either no threshold, be-

low which an elastic gel allows for quasi-infinite entrapment, or long relaxation times, 

making mixing difficult. In this chapter, it is shown that a new viscoelastic water-swollen 

nematic phase of synthetic bicelles is obtained upon mixing two commercially available 

extended carboxylic acid surfactants, namely Akypo® LF2 (C8E8CH2COOH) and Akypo® 
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RO 20 VG (C18:1E2CH2COOH), in the right concentration and temperature range. The un-

derlying mechanism is molecular segregation inside of each bicelle. A possible advantage 

of the nematic phase over packed MLVs is its continuous aqueous phase. The defects in the 

nematic order are spaced by at least a three to five times the size of the bicelles, which are 

the fundamental structural units. Any object larger than the spacing between defects is ef-

ficiently entrapped, since displacement of the entrapped object requires displacement of the 

defects, which requires much more than 1 kB·T [43]. Efficient entrapment that can be used 

in applications could even be experimentally proved using visible air bubbles under soft 

centrifugation. A nematic phase with similar properties, obtained by mixing lauric acid, 

Neodol® 91-8 (C9-11E8), and a fragrance oil, was recently reported by Tchakalova et al. [44]. 

In this chapter, phase diagrams are determined as a function of temperature, surfactant com-

position, and active matter concentration, covering a wide range of temperatures, the whole 

range of possible surfactant compositions at a fixed active matter concentration, and the 

whole range of active matter concentrations at a fixed surfactant composition. The micro-

structures are identified by means of small-angle X-ray scattering (SAXS), small-angle 

neutron scattering (SANS), and optical birefringence. Further, the rheology of the nematic 

phase and the effects of salts (NaCl and CaCl2) and bases (NaOH and Ca(OH)2) on the 

nematic phase formation are examined. 

 

IV.3. Experimental Section 

IV.3.1. Materials 

The surfactants octaoxyethylene octyl ether carboxylic acid, C8E8CH2COOH 

(M = 541 g·mol-1), commercialized under the name Akypo® LF2 (90.0 wt% active matter, 

0.9 wt% NaCl, 9.1 wt% water), and dioxyethylene oleyl ether carboxylic acid, 

C18:1E2CH2COOH (M = 415 g·mol-1), commercialized under the name Akypo® RO 20 VG 

(95.8 wt% active matter, 0.1 wt% NaCl, 4.1 wt% water), as well as their ethoxylated alco-

hol precursors C8E8 and C18:1E2, were a generous gift by Kao Chemicals GmbH (Emmerich 

am Rhein, Germany). The hydrophobic chain of C18:1E2CH2COOH is a mixture of various 

hydrocarbon chains. C18:1 denotes an oleyl ((Z)-octadec-9-enyl) chain and is the most abun-

dant chain with a fraction of at least 75%. While the proportion of the (E)-isomer is 
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unknown, the (Z)-isomer is expected to be the predominant species. Saturated myristyl, 

cetyl, and stearyl, as well as other unsaturated species, mainly C18:x, make up for the other 

25% of the chains, the cetyl group being the most abundant after C18:1 with a fraction of 

around 10%. Both surfactants are technical products with a broad distribution of the degree 

of ethoxylation, typically containing small amounts of glycolic acid, formic acid, diglycolic 

acid, polyethylene glycol, carboxymethylated polyethylene glycol, nonionic polyoxyeth-

ylene alkyl ethers, and various esters of the type C8ExCH2COOEyC8 or 

C18:1ExCH2COOEyC18:1, respectively, as impurities. No differences in phase behavior were 

observed if using different batches of the surfactants. 

Traces of remaining impurities, such as NaCl, as well as hydrophilic impurities, can be 

removed by cloud point extraction. Experimental details and problems arising for 

C18:1E2CH2COOH after vacuum drying can be inferred from Appendix C.2. If not stated 

otherwise, C8E8CH2COOH was used after purification by cloud point extraction and 

C18:1E2CH2COOH was used as received. This decision was made to reduce the amount of 

hydrophilic non-surfactant impurities and NaCl, while at the same time ensuring reproduc-

ibility. The water content was accounted for in any calculations. 

A further way to purify the surfactants is to remove nonionic impurities by ion exchange. 

The method used and adapted in this work was described and evaluated by Cattelaens et al. 

[45], who have demonstrated the effectiveness of the process for the removal of nonionic 

impurities from ethoxylated and non-ethoxylated carboxymethylated fatty alcohols. Exper-

imental details are given in Appendix C.2. Potentiometric pH titrations of C8E8CH2COOH 

before and after ion exchange, see Fig. C.1, also clearly indicate an increase of the carbox-

ylic acid fraction. If a constant average molar mass of 541 g·mol-1 is assumed for 

C8E8CH2COOH, an increase in the acid fraction from 82 mol% to 95 mol% is obtained. 

Note, however, that the molar mass and its possible change during purification are not 

known precisely, and more analytical data would be necessary to deduce precise acid frac-

tions. An increase of the physical density after the purification process, see Section IV.3.5., 

is also in agreement with the removal of the less dense nonionic impurities. 

2-propanol (p.a., ≥99.8%) was purchased from Fisher Scientific (Pittsburgh, Pennsylvania, 

USA). KOH (p.a., ≥85.0%), 1 M hydrochloric acid, Ca(OH)2 (p.a., ≥96.0%), lauric acid 

(≥99.0%), and squalane (for gas chromatography) were purchased from Merck (Darmstadt, 

Germany). 1 M NaOH solution, NaCl (p.a., ≥99.5%), CaCl2 · 2 H2O (p.a., ≥99%), 
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n-dodecane (≥95%), and the linear polydimethylsiloxane silicon oil M20 were supplied by 

Carl Roth (Karlsruhe, Germany). (R)-(+)-Limonene (≥97%) was purchased from Sigma-

Aldrich (St. Louis, Missouri, USA). D2O (99% D) was supplied by Eurisotop (Saint-Aubin, 

France). Extra virgin olive oil (PDO Chania IGP) was purchased from Edeka (Hamburg, 

Germany). Akypo® RO 90 VG and Akypo® TEC-AM VG were generous gifts by Kao 

Chemicals GmbH. Ultrapure water from a Millipore purification system (resistivity 

>18 MΩ·cm) was used for all systems containing water. 

 

IV.3.2. Phase Diagram Determination 

All phase diagrams were determined in a temperature range of 10°C to 95°C using a Julabo 

(Seelbach, Germany) F32-HD refrigerated and heating circulator. Occasionally, phase tran-

sitions were evaluated below 10°C for a better determination of phase boundaries. Samples 

were prepared in 16×100 mm test tubes with sealed polypropylene screw caps. Prior to the 

recording of phase diagrams, samples were usually heated to 50°C and mixed with a vortex 

mixer during re-cooling. Phase boundaries were determined by visual observation with an 

accuracy in temperature of ±1°C during heating. The temperature was adjusted in steps of 

1°C and samples were left to equilibrate for at least 10 min. An equilibration time of 10 min 

was found to be more than sufficient for all observed phase transitions and the same phase 

boundaries were found during cooling. In case of inhomogeneity, samples were agitated 

using a vortex mixer and left equilibrated again before evaluation of the equilibrium phase. 

To allow full macroscopic phase separation, some samples were left equilibrated for up to 

72 h. To distinguish different liquid crystalline and isotropic phases, samples were observed 

between crossed polarizers. In addition, polarizing microscopy was performed using a Leitz 

(Wetzlar, Germany) Orthoplan polarizing microscope equipped with a JVC (Yokohama, 

Japan) digital camera (TK-C1380) and a Linkam (Epsom, UK) LTS350 heating/freezing 

stage comprising a TMS90 temperature controller (±0.5°C) and a CS196 cooling system. 

To be able to investigate both phases of biphasic samples at room temperature, complete 

phase separation was facilitated by centrifugation with a 3-18KS centrifuge from Sigma 

Laborzentrifugen (Osterode am Harz, Germany). 
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IV.3.3. Small-Angle X-Ray Scattering 

Small-angle X-ray scattering (SAXS) data were performed on the ID02, TRUSAXS, beam-

line at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). The X-ray 

energy used was 12.23 keV, corresponding to a wavelength, l = 0.101 nm. A single sample-

to-detector distance of 0.8 m was used, covering a q-range of 0.072–7.5 nm-1, where q is 

the magnitude of the scattering vector and is given by q = sin(θ/2)·4π/l. All measurements 

were carried out in quartz capillaries of diameter ø = 1.5 mm, with the exception of sample 

20M*, for which a capillary with ø = 2 mm was used. 2D SAXS patterns were recorded by 

a Dectris (Baden-Daettwil, Switzerland) Eiger2 4M pixel array detector, and the sample 

transmission was simultaneously measured. To obtain sufficient statistics for good data 

quality, 12 frames of 1 s exposure time were averaged, and samples underwent a radiation 

damage test to ensure this did not cause damage to the sample. The resulting 2D images 

were normalized to an absolute intensity scale and azimuthally averaged to obtain the 1D 

profiles. The 1D SAXS patterns were then subtracted using a capillary of water adjusted 

by a factor to account for the temperature. Scattering was isotropic in all cases. 

 

IV.3.4. Small-Angle Neutron Scattering 

Small-angle neutron scattering (SANS) data were collected on instrument D33 at the Insti-

tut Laue-Langevin – The European Neutron Source (ILL, Grenoble, France).  Samples were 

poured in 1 mm pathway quartz cuvettes of type 120 from Hellma GmbH (Müllheim, Ger-

many), kept on a thermalized sample-changer. A single configuration with a wavelength of 

4.62 Å (relative FWHM 10%) was used. The beam was entirely collimated, and the rear 

detector was placed at a distance of 13.3 m from the sample, the four front panels being at 

distances of 1.7 m (top and bottom) and 1.9 m (left and right). Data were processed with 

GRASP 10.16b [46], using the monitor as normalizer, correcting for the flat field, trans-

mission, background noise as measured with sintered 10B4C at the sample position, and 

subtracting the contribution from a cuvette filled with D2O. Absolute scale was obtained 

from the measurement of the attenuated direct beam on the detector, with a known attenu-

ation coefficient. If not stated otherwise, given data are radially averaged. Some samples 

exhibit anisotropic scattering, but only the scattering intensity, not the features of the 
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scattering curve, were found to depend on the azimuthal angle. 

 

IV.3.5. Density Measurements 

The physical densities of C8E8CH2COOH after cloud point extraction, vacuum dried 

C18:1E2CH2COOH, C8E8CH2COOH and C18:1E2CH2COOH after purification by ion ex-

change and cloud point extraction, as well as various other mixtures, were measured using 

a density meter DMA 5000 M from Anton Paar (Graz, Austria), which operates with the 

oscillating U-tube method. To be able to extrapolate the surfactants’ densities for any tem-

perature, the densities were measured in steps of 5°C between 20°C and 50°C. A condition 

for each measurement was temperature stability with a maximum deviation of ±0.002°C. 

The data and their linear relations are given in Fig. C.2. 

 

IV.3.6. Molecular Volumes and Scattering Length Densities 

The molecular volumes and scattering length densities (SLDs) of the surfactants, also split 

into a hydrophobic and hydrophilic moiety, and water (H2O) and (D2O) are given in Ap-

pendix C.3., including details on their calculation. 

 

IV.3.7. Conductivity and Potentiometric pH Measurements 

Potentiometric pH measurements and automated titrations were performed using a 905 Ti-

trando high-end titrator for potentiometric titration equipped with a flat membrane pH glass 

electrode and an 800 Dosino dosing unit from Metrohm (Herisau, Switzerland). Conduc-

tivity measurements were performed using a conductivity measuring cell (cell constant 

c = 0.8 cm-1) with an integrated Pt1000 temperature sensor from Metrohm. To be able to 

calculate the reduced molar conductivity for a titration of a sample containing 20 wt% sur-

factant mixture with NaCl solution, the same titration was performed with pure water as 

analyte. To allow for sufficient mixing during titrations involving the nematic phase, a slow 

titration speed, typically 0.06 mL·min-1, was chosen. 
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IV.3.8. Karl-Fischer Titration 

Volumetric or coulometric Karl-Fischer titration was used to check water contents of the 

surfactants and separated phases. Volumetric Karl-Fischer titration was performed for 

higher water contents using a KF titrator 870 KF Titrino plus from Metrohm, while coulo-

metric Karl-Fischer titration was performed for lower water contents using an 899 Cou-

lometer from Metrohm, equipped with a platinum indicator and a platinum generator elec-

trode without a diaphragm. Water contents were measured at least five times and averaged. 

 

IV.3.9. Threshold of Bubble Rising 

Air bubbles of different sizes were introduced into a nematic gel containing 20 wt% sur-

factant mixture with R(C18:1E2CH2COOH) = 0.655 by simple shaking by hand. At rest, air 

bubbles are infinitely entrapped, i.e., they do not rise. If buoyancy is increased by centrif-

ugation, bubbles start to rise above a certain threshold. A 3-18KS centrifuge from Sigma 

Laborzentrifugen, equipped with a swing-out rotor 11180 and round buckets 13190, was 

used to increase the centrifugal force step by step. In total, four centrifuge tubes with con-

ical bottom (15 mL) were filled with 10 mL of nematic gel each and various bubbles were 

monitored by taking photographs after each centrifugation step. The rotation of the rotor 

was increased in steps of 100 RPM at 25°C, starting at 100 RPM. The threshold for a given 

bubble is then narrowed down to a range between the centrifugation step where the bubble 

starts to rise and the preceding step. The threshold can be used to calculate the pressure 

exerted by the nematic gel on the air bubble. Further details are given in Appendix C.4. 

 

IV.3.10. Rheology 

All rheological measurements were performed at 25°C with a Kinexus lab+ rotational rhe-

ometer with Peltier plate temperature control from Malvern Panalytical (Malvern, UK). 

Prior to sample loading, the sample was shaken by hand and air bubbles were avoided on 

sample loading. 

A cone-plate setup consisting of an upper 40 mm stainless steel cone with an inclination 
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angle of 4° and a stationary lower 70 mm stainless steel plate was used for recording flow 

curves. The gap size was set to 200 μm and shear ramps were applied with shear rates in 

the range of 1·10-4 s-1 ≤ γ̇  ≤ 1000 s-1. Typically, the shear ramp was performed within 

40 min and 20 points were recorded per decade. No thixotropic or rheopectic behavior was 

found when first increasing the shear rate, and subsequently decreasing it. 

Oscillatory rheology was performed with a parallel plate setup consisting of an upper 

40 mm stainless steel plate and a stationary lower 70 mm stainless steel plate. Measure-

ments were performed with two different gap sizes of 500 μm and 1000 μm. Strain con-

trolled amplitude sweeps were performed to determine the linear viscoelastic region at con-

stant angular frequencies of ω = 6.28, 10, 62.8, and 100 rad·s-1. Frequency sweeps were 

performed at constant complex strains of γ* = 0.1, 0.2, 0.5, and 1.0%. 

 

IV.4. Results and Discussion 

IV.4.1. Phase Diagrams 

The focus of this chapter is a mixture of two commercial ethoxylated alkyl ether carbox-

ylate surfactants, namely, AkypoÒ LF2 (C8E8CH2COOH) and AkypoÒ RO 20 VG 

(C18:1E2CH2COOH). In binary mixtures with water, both surfactants individually exhibit 

remarkably simple phase behaviors. The only feature in the phase diagram of purified 

C18:1E2CH2COOH in water, see Fig. IV.1A, is the formation of a semi-crystalline lamellar 

Lβ phase at lower temperatures up to around 90 wt% of surfactant (2.5 water molecules per 

headgroup). First, increasing the water content leads to an increase of the melting temper-

ature of the Lβ phase, until a maximum of around 48°C is reached around 80 wt% of sur-

factant (6 water molecules per headgroup). Further addition of water does not influence the 

melting temperature of the Lβ phase, and a dilute aqueous phase separates from the Lβ 

phase. This indicates that the Lβ phase is most stable at a certain degree of headgroup hy-

dration, and any excess water is expelled from the Lβ phase. Depending on the hydration 

of the carboxylic acid group, the available number of water molecules per ethylene oxide 

(EO) group at 80 wt% surfactant is between 2 and 3, which is in good agreement with the 

most common hydration number for the inner hydration shell of EO reported in the litera-

ture [47–49]. Beyond basic hydration of the headgroups, C18:1E2CH2COOH and water are 
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not miscible. It is important to note that in most cases throughout this chapter, 

C18:1E2CH2COOH was used as received, and no Lβ phase is observed without purification 

in the examined temperature range. The phase diagram is identical, only that the surfactant-

rich phase is an isotropic liquid over the whole temperature range. Probably, the ester im-

purities, see Section IV.3.1., destabilize the Lβ phase. 

 
Fig. IV.1. (A) Binary phase diagram of Akypo® RO 20 VG (C18:1E2CH2COOH) in water after purification by 
ion exchange and cloud point extraction. Without purification, the Lβ phase is not formed within the observed 
temperature range, and an isotropic liquid phase is observed instead. (B) Binary phase diagram of Akypo® 
LF2 (C8E8CH2COOH) in water after cloud point extraction. The two empty stars indicate points, where tie 
lines (horizontal dotted lines) were determined. 1f I: Monophasic isotropic liquid. 2f I/I: Two isotropic liq-
uids in equilibrium. In the notation 2f I/I, the former “I” regards the top phase, whereas the latter “I” regards 
the bottom phase. Lβ: Semi-crystalline lamellar phase. Dashed lines indicate extrapolations of the phase 
boundaries based on the data, but are not connecting two data points. 

The binary phase diagram of the more hydrophilic C8E8CH2COOH is shown in Fig. IV.1B. 

As discussed in detail in Chapters II. and III. and the respective papers [50,51], 

C8E8CH2COOH does not form any liquid crystalline phases and the only observed feature 

is a lower critical solution temperature (clouding). The indicated tie lines (dotted horizontal 

lines) in the biphasic region were determined by measuring the water contents of the two 

separated phases. Note, however, that in previous chapters C8E8CH2COOH was mostly 

used as received, whereas C8E8CH2COOH used in this chapter was purified by cloud point 

extraction, see Section IV.3.1. The different shape of the clouding curve is mainly caused 

by the removal of NaCl (initial NaCl content of 0.01 g NaCl per 1 g of surfactant) during 

cloud point extraction. Note that both surfactants are used in their acidic form with a pH 

around 2.2 at 20 wt% of surfactant. 

As will be elucidated in this chapter, the phase behavior becomes more diverse as a function 

of the surfactant ratio, when both surfactants are mixed. Most interestingly, a self-
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thickening, shear-thinning nematic gel with fast relaxation time can be obtained. In the 

following, the surfactant composition will be given as R(C18:1E2CH2COOH), where n is the 

amount of the respective surfactant in mol, which is calculated using the average molecular 

mass given in Section IV.3.1. 

R(C18:1E2CH2COOH) = 
 n(C18:1E2CH2COOH)

n(C18:1E2CH2COOH) + n(C8E8CH2COOH) (IV.4.1) 

The recorded phase diagram of the C8E8CH2COOH/C18:1E2CH2COOH surfactant mixture 

as a function of the surfactant composition R(C18:1E2CH2COOH) at a constant total surfac-

tant content of 20 wt% is shown in Fig. IV.2. Both surfactants are used in their acidic form, 

resulting in a pH around 2.2 at 20 wt% of surfactant. The apparent pKa of C8E8CH2COOH 

at 5 wt% of surfactant is around 3.9 (see Fig. C.1), the apparent pKa of C18:1E2CH2COOH 

is unknown, and the apparent pKa of the mixture with R(C18:1E2CH2COOH) = 0.655 at 

20 wt% is around 4.6 (see Section IV.4.5.). Given the apparent pKa of 4.6, the expected 

degree of acid dissociation is less than 0.5%, rendering the surfactants with a surface charge 

density of less than -1.9·10-3 C·m-2 pseudo-nonionic. In order to be able to assess possible 

influences of the nonionic impurities, especially esters, the same phase diagram was rec-

orded using both surfactants after purification by ion exchange (see Section IV.3.1.) and is 

shown in Fig. C.3. The principal phase behavior is found to be similar in both cases, the 

main differences being a shift of the phase boundaries to slightly higher values of 

R(C18:1E2CH2COOH) and higher temperatures after purification. As mentioned above, 

C18:1E2CH2COOH purified by ion exchange can form a Lβ phase in presence of water, 

whereas unpurified C18:1E2CH2COOH cannot. The same is true for mixtures with 

R(C18:1E2CH2COOH) ≥ 0.9, which can form a Lβ phase if the surfactants are used after 

purification by ion exchange. 

Apart from a small biphasic isotropic domain at low temperatures around 

R(C18:1E2CH2COOH) = 0.2, which only appears in presence of the more hydrophobic ester 

impurities, the mixture is a single isotropic micellar phase below the critical clouding tem-

perature up to approximately R(C18:1E2CH2COOH) = 0.5. At R(C18:1E2CH2COOH) = 0, 

C8E8CH2COOH forms small spherical micelles (aggregation number Nagg ≈ 30, radius 

r ≈ 2.5 nm [50,51]) and the lower critical solution temperature (LCST) is reached at 66°C 

around 20 wt% of surfactant. With increasing fraction of the hydrophobic 

C18:1E2CH2COOH, the critical temperature decreases to 48°C at 
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R(C18:1E2CH2COOH) ≈ 0.5. It is to be expected that the two surfactants form mixed mi-

celles, progressively deviating from the initially spherical shape. Applying the geometrical 

chain packing model introduced by Israelachvili et al. [6], C8E8CH2COOH with its short 

C8 chain and large headgroup has a spontaneous packing parameter p0 ≤ 1/3, thus packing 

into a spherical shape, and C18:1E2CH2COOH with its long C18:1 chain and relatively small 

headgroup has a p0 close to 1, thus favoring lamellar packing. Therefore, a progression 

towards an (oblate) ellipsoidal shape can be expected. 

 
Fig. IV.2. Phase diagram of the C8E8CH2COOH/C18:1E2CH2COOH surfactant mixture in water at a fixed total 
surfactant content of 20 wt%. The mixing ratio of the two surfactants, given as R(C18:1E2CH2COOH), is var-
ied. 1f I: Monophasic isotropic liquid. 2f I/I: Two isotropic liquids in equilibrium. In the notation 2f I/I, the 
former “I” regards the top phase, whereas the latter “I” regards the bottom phase. Lα: Lyotropic lamellar 
phase. N: Lyotropic nematic phase. The colored crosses indicate samples measured with SAXS. The three 
images depict sample 20M (20 wt% surfactant, R(C18:1E2CH2COOH) = 0.655) between crossed polarizers at 
25°C (1f N), 35°C (1f Lα), and 40°C (1f I). Pictures were taken during heating of the sample from 10°C. 
After 30 min of equilibration at the respective temperature, the cylindrical glass tube (diameter ≈ 1.6 cm) 
containing the sample was placed horizontally (perpendicular to the direction of gravity) between crossed 
polarizers. The same phase diagram with both surfactants purified by ion exchange is shown in Fig. C.3. 

Following the transition 1f I ® 2f I/I	around R(C18:1E2CH2COOH) ≈ 0.5, the complete 

phase sequence on increasing R(C18:1E2CH2COOH) at room temperature is 

2f I/I ® 2f Lα/I ® 1f N ® 2f I/N ® 2f Lα/I ® 2f I/I, where “I” denotes an isotropic L1 

phase, “Lα” a lamellar, and “N” a nematic phase. In the used notation, the first letter refers 

to the top phase, while the second letter refers to the denser bottom phase. In absence of 

ester impurities, see Fig. C.3, the 2f I/N domain does not appear, suggesting that the small 
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isotropic phase contains hydrophobic ester impurities that are not solubilized in the nematic 

phase. Further, the nematic phase usually transitions into two isotropic phases via 

1f N ® 1f Lα ® 1f I ® 2f I/I, where 2f Lα/I may appear as a coexistence domain in a 

narrow concentration or temperature range during the transition 1f Lα ® 1f I. The appear-

ance of an excess phase containing hydrophobic ester impurities in the 2f I/N domain 

slightly alters this phase sequence. A surfactant partitioning seems to occur in the 2f I/I do-

main above R(C18:1E2CH2COOH) = 0.5, where a smaller, turbid, less dense upper phase 

separates from a larger (≥ 80 vol%) bottom phase. The bottom phase at 

R(C18:1E2CH2COOH) = 0.524 contains 17 wt% of surfactant, while the top phase is richer 

in surfactant, suggesting that micelles in the bottom phase contain a larger fraction of the 

hydrophilic C8E8CH2COOH, while the top phase is a dispersion of hydrated insoluble 

C18:1E2CH2COOH. On heating, the mixing of the two surfactants is expected to be facili-

tated, explaining the transition to the 2f Lα/I domain by incorporation of enough 

C8E8CH2COOH into the C18:1E2CH2COOH-rich upper phase to achieve a water-soluble 

lamellar phase. The subsequent transition to a nematic phase can also be explained by fur-

ther mixing of the two surfactants until the two separate phases, i.e., the C18:1E2CH2COOH-

rich lamellar top phase and the C8E8CH2COOH-rich isotropic micellar bottom phase, 

merge into a single phase of mixed aggregates. At sufficient R(C18:1E2CH2COOH), an in-

crease in temperature and an increase in R(C18:1E2CH2COOH) have similar effects. 

This complex phase sequence can be rationalized by considering partial molecular segre-

gation of the two surfactant species. Whereas there is no segregation in the isotropic mixed 

micellar phase for R(C18:1E2CH2COOH) < 0.5, on increasing R(C18:1E2CH2COOH) there is 

first intermicellar segregation into two different phases, i.e., two different microstructures, 

because intramicellar segregation is impossible for small spheroidal aggregates due to the 

cost in entropy being too high, and eventually, around R(C18:1E2CH2COOH) = 0.6, the two 

different microstructures mix to form a single species of larger aggregates, where intram-

icellar segregation occurs. C18:1E2CH2COOH, favoring lamellar packing, is preferably pop-

ulating regions of low curvature, while C8E8CH2COOH, favoring spherical packing, pref-

erably populates regions of high curvature. Thus, packing considerations suggest disc-like 

structures, also referred to as bicelles in literature. Intramicellar molecular segregation was 

shown for catanionics [28–30], and is also the reason for the formation of bicelles when 

mixing a lipid with another (lipid) surfactant, which favor different curvatures [5,8–11,16]. 

When starting in the nematic phase, e.g., at R(C18:1E2CH2COOH) = 0.66 (sample 20M 



Chapter IV. 
 

 146 

indicated in the phase diagram), the observed phase sequence with increasing temperature 

is similar to the sequence observed at constant temperature with increasing 

R(C18:1E2CH2COOH): 1f N ® 1f Lα ® 1f I ® 2f I/I with a narrow transition zone dur-

ing the transition 1f Lα ® 1f I, where both phases are in equilibrium. This sequence can 

also be explained by an increase in intramicellar surfactant mixing, i.e., a decrease in in-

tramicellar segregation, on increasing temperature or R(C18:1E2CH2COOH). A sufficient 

degree of mixing leads to merging of the bicelles into soft, highly undulating pseudo-la-

mellar structures, which then finally transform into mixed micelles in the isotropic phase. 

The eventual phase separation into two isotropic phases at a critical temperature is in most 

cases a classical cloud point. However, at high values of R(C18:1E2CH2COOH) and lower 

temperatures, the two surfactants possibly partition between the two phases, with an aque-

ous phase containing C8E8CH2COOH-rich aggregates on the one hand and a hydrated 

C18:1E2CH2COOH phase on the other hand. A separation into a dilute aqueous phase and a 

surfactant-rich phase containing both surfactants fully mixed would then be expected at 

higher temperatures. 

Interestingly, the clouding temperature shows re-entrant behavior: It increases from 48°C 

around R(C18:1E2CH2COOH) = 0.5 to 57°C at R(C18:1E2CH2COOH) = 0.56, before de-

creasing again with increasing R(C18:1E2CH2COOH). In absence of ester impurities, this 

local maximum of the critical temperature is shifted to 67°C at 

R(C18:1E2CH2COOH) = 0.62 and almost matches the critical temperature at 

R(C18:1E2CH2COOH) = 0. The increase of the critical temperature coincides with the ap-

pearance of lyotropic liquid crystalline (LC) phases and the position of the local maximum 

in R(C18:1E2CH2COOH) matches the first appearance of the nematic phase. Critical tem-

peratures are related to dehydration of headgroups and significantly differ for the two sur-

factants. In absence of intramicellar segregation, the critical temperature shows a sigmoidal 

shape, decreasing with increasing fraction of the hydrophobic surfactant. The intramicellar 

segregation present in the bicellar nematic domain is the origin of the re-entrant behavior 

that is clearly shown in Fig. IV.2. 

The nematic phase is viscoelastic, capable of entrapping air bubbles, and strongly shear 

thinning, see rheology data in Figs. C.4 and C.5. As can be seen in Fig. C.4 and Table C.1, 

the obtained flow curves of a nematic gel containing 20 wt% of surfactant mixture with 

R(C18:1E2CH2COOH) = 0.655 show two shear thinning domains that can both be fitted with 
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the Herschel-Bulkley model [52], giving two different yield stresses, one being slightly 

above 1 Pa and the other one being around 10 Pa. A possible explanation for this behavior 

is that first larger nematic domains start to move above the first yield stress, before micro-

scopic domains or individual discs start to move relative to each other above the second 

yield stress. Macroscopic viscoelasticity and air bubble entrapment can be seen in Video 

C.1. Due to the shear thinning character, the gel-like mixture can be easily pipetted or 

mixed. After shaking of a nematic gel, bubbles are fixated instantaneously, suggesting that 

the viscoelastic structure is restored in less than 1 s. The macroscopic appearance of a ne-

matic gel with R(C18:1E2CH2COOH) = 0.655 between crossed polarizers at 25°C can be 

seen in the first image in Fig. IV.2. When going to the pseudo-lamellar phase above 34°C, 

the viscosity decreases, gel-like viscoelastic behavior is lost, and the optical appearance 

changes (see second image in Fig. IV.2). In the isotropic phase above 39°C (see third image 

in Fig. IV.2), a low viscosity is maintained. A full sequence of images taken between 

crossed polarizers between 10°C and 40°C is shown in Fig. C.6. Within the nematic do-

main, both birefringence and viscosity increase with increasing temperature. 

A nematic phase is found in a range of 0.55 ≤ R(C18:1E2CH2COOH) ≤ 0.73, where for 

R(C18:1E2CH2COOH) ≥ 0.688 a small isotropic excess phase coexists with the nematic 

phase due to the presence of ester impurities, see Fig. IV.2. A reference mixing ratio of 

R(C18:1E2CH2COOH) = 0.655, well inside the nematic domain, was chosen so that the mix-

ture is monophasic and nematic already at low temperatures (≥ 5°C). In absence of impu-

rities, a monophasic nematic region is observed for 0.60 ≤ R(C18:1E2CH2COOH) ≤ 0.90 and 

the reference mixing ratio was increased to R(C18:1E2CH2COOH) = 0.706, due to the shift 

of the phase boundaries to higher values of R(C18:1E2CH2COOH), see Fig. C.3. Pseudo-

binary phase diagrams of the surfactant mixtures in water at a constant 

R(C18:1E2CH2COOH) = 0.655 with impurities and at a constant 

R(C18:1E2CH2COOH) = 0.706 without impurities are given in Figs. IV.3 and C.7, respec-

tively. The principal phase behavior is the same in both cases. The nematic phase is stable 

in an exceptionally large concentration and temperature range, extending from 8 wt% sur-

factant up to around 55 wt% surfactant. Below 8 wt% (and above the critical micelle con-

centration), permanent birefringence and viscoelasticity are lost and the mixture is of low 

viscosity and flow birefringent. In presence of the hydrophobic ester impurities (Fig. IV.3), 

the flow birefringent phase is in equilibrium with a small volume of an isotropic phase, 

whereas in absence of the impurities (Fig. C.7), only the flow birefringent phase is 
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observed. Thus, the small isotropic phase found in presence of impurities is probably an 

excess phase, containing mainly hydrophobic ester impurities. Over the whole nematic do-

main, the same phase sequence as described above is found on increasing temperature: 

1f N ® 1f Lα ® 1f I ® 2f I/I with a small 2f Lα/I domain during the transition between 

the lamellar to the isotropic phase. The lamellar phase is confirmed by polarizing micros-

copy, see first image in Fig. IV.3, where typical Maltese crosses are observed. 

 
Fig. IV.3. Pseudo-binary phase diagram of a C8E8CH2COOH/C18:1E2CH2COOH surfactant mixture with a 
fixed surfactant composition R(C18:1E2CH2COOH) = 0.655 in water as a function of the surfactant concen-
tration. 1f I: Monophasic isotropic liquid. 2f I/I: Two isotropic liquids in equilibrium. In the notation 2f I/I, 
the former “I” regards the top phase, whereas the latter “I” regards the bottom phase. Lα: Lyotropic lamellar 
phase. N: Lyotropic nematic phase. Flow-BR denotes flow birefringence. The colored crosses indicate sam-
ples measured with SAXS using a color code related to temperature increase. The empty star indicates a point, 
where a tie line (horizontal dotted line) was determined. The shown polarizing microscope images were taken 
between crossed polarizers at a 100x magnification and sample thicknesses of 0.48 mm (70 wt%) and 
0.96 mm (20 wt% and 80 wt%). The scale bars indicate a length of 100 μm. A similar phase diagram with 
both surfactants purified by ion exchange is shown in Fig. C.7. 

The phase sequence is modified above 30 wt% of surfactant, where the additional for-

mation of a different lamellar phase prior to reaching the isotropic phase is observed at 

higher temperatures. The same lamellar Lα phase in equilibrium with a smaller isotropic 

phase is formed at room temperature on increasing the surfactant concentration beyond 

55 wt%. The lamellar (smectic) nature of this phase is confirmed by polarizing microscopy, 

see second and third image in Fig. IV.3, where typical Maltese crosses can be seen before 
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its complete melting into an isotropic phase at higher temperatures. In contrast to the la-

mellar phase found at lower surfactant mixing ratios, see Figs. IV.2 and C.3, which is less 

dense than the coexisting isotropic micellar phase, the lamellar phase following the nematic 

phase at high weight fractions is denser than the coexisting isotropic phase. Since the sur-

factant mixture is only slightly denser than water if most of the C8E8CH2COOH is mixed 

with C18:1E2CH2COOH, this observation suggests that the lamellar phase contains a large 

fraction of both surfactants. Even further increasing the surfactant concentration, a single 

isotropic, hydrated surfactant phase is obtained above 85 wt% of surfactant. The eventual 

phase separation into two isotropic phases at higher temperatures, observed up to 85 wt% 

of surfactant, corresponds to the classical clouding phenomenon found for nonionic ethox-

ylated surfactants [53], where a surfactant-rich phase separates from a dilute aqueous phase. 

This is confirmed by the determination of a tie-line at 20 wt% of surfactant and 60°C, see 

dotted horizontal line in Fig. IV.3. 

Note that similar phase diagrams can be obtained by mixing the surfactants’ alcohol pre-

cursors C8E8 and C18:1E2 in similar mole ratios. Though this system was not investigated in 

detail, the similar macroscopic appearance and similar birefringence texture of the nematic 

phase suggest that the microstructures are also similar. For example at R(C18:1E2) = 0.655 

and 20 wt% of surfactant (pH ≈ 6.3), the same phase sequence, 

1f N (16–52°C) ® 1f Lα (53–55°C) ® 1f I (56–61°C) ® 2f I/I (≥62°C), is observed. 

This proves that the carboxylic acid group does not play an important role in the formation 

of the nematic phase. 

 

IV.4.2. Dilution of Bicelles to an Isotropic Fluid 

On dilution of the nematic phase to below 8 wt% of surfactant, the nematic phase transi-

tions into an optically isotropic fluid that is easily identified between crossed polarizers to 

be a flow birefringent phase. The nematic order is lost upon dilution as soon as rotational 

freedom is gained by an increase of the average spacing between the bicelles beyond the 

average diameter of the bicelles present. At rest, the mixture appears isotropic because the 

bicelles can freely rotate, but when applying shear, the bicelles can be momentarily oriented 

in the direction of the applied shear, resulting in flow birefringence. The dilute flow bire-

fringent state can be used to analyze the form factor of the microstructures by small-angle 
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scattering. Since the flow birefringent state is only monophasic in absence of ester impuri-

ties, samples containing 5 wt% of surfactant purified by ion exchange are used. Since the 

physical density of the surfactant mixture is close to 1 g·cm-3, the volume fraction equals 

the weight fraction in H2O. 

For investigation by SAXS versus temperature, sample 5M_a_0.706 was used, where “5M” 

stands for 5 vol% surfactant mixture in H2O, “a” indicates that only the carboxylic acid 

surfactants after purification by ion exchange were used, and 

R(C18:1E2CH2COOH) = 0.706. Scattering was recorded at various temperatures between 

5°C and 60°C. The resulting scattering curves are shown in Fig. IV.4A. The respective 

points in the phase diagram are indicated in Fig. C.7. As can be seen in the phase diagram, 

the critical clouding temperature is reached at 62°C and sample 5M_a_0.706 is monophasic 

and flow birefringent over the whole temperature range covered by SAXS. 

The scattering curves represent a form factor oscillation with a constant position of the 

maximum around q = 1.1 nm-1 over the whole temperature range. At 5°C, there is a sharp 

local minimum around q = 0.30 nm-1, and probably a sharp second local minimum around 

q = 4 nm-1 that is not resolved. Up to 20°C, the minima stay sharp, while the first one 

slightly shifts to approximately q = 0.23 nm-1. Further increasing the temperature leads to 

an increasingly less pronounced form factor oscillation with increasingly flat minima. At 

40°C, only a weak first local minimum is observed at q = 0.20 nm-1 and a still sharp second 

local minimum is resolved for the first time around q = 4 nm-1. For the highest measured 

temperature 60°C, which is close to the critical solution temperature, the minima are still 

at a similar position but are much weaker compared to lower temperatures. The flattening 

of the minima suggests an increasing variation in aggregate thickness with increasing tem-

perature. The oscillation in the form factor and the exact positions of the minima originate 

from the core-shell structure of the aggregates [54]. Changes of the structure factor can be 

excluded as the reason for the flattening of the minima, since the region sensitive to the 

structure factor is at lower q (<0.1 nm-1). This can be seen in Fig. IV.4B, where deviations 

from the form factor fits occur only at low q. The increasing variation in apparent aggregate 

thickness is a result of a decreasing intramicellar molecular segregation of the two surfac-

tant species C8E8CH2COOH and C18:1E2CH2COOH with increasing temperature. In the 

case of bicelles, i.e., discs with a C18:1E2CH2COOH-rich flat bilayer part and a 

C8E8CH2COOH-rich curved rim, decreasing segregation leads to an increasing bicelle 
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radius because less relative volume of rims results in larger discs. However, despite being 

partially mixed into the flat bilayer part, C8E8CH2COOH with its much larger headgroup 

still is the main component of the rims. Thus, mixing of the two surfactants with big and 

small headgroups may be the origin of strong fluctuations, i.e., undulations, in the bilayer 

part. 

The overall scattering contrast is quite low for X-rays, but several orders of magnitude 

higher for neutrons. Additionally, SAXS is highly sensitive to the internal core-shell struc-

ture, whereas SANS better probes the overall structure. Therefore, SANS of sample 

d-5M_a_0.706, a sample in D2O equivalent to sample 5M_a_0.706 in H2O, was recorded 

at 20°C. “d-5M” denotes that 5 vol% of surfactant mixture are dissolved in D2O. The phase 

behavior in D2O was found to be identical with a significant general decrease of the critical 

temperature and all other phase transition temperatures. In Fig. C.8, a partial phase diagram 

covering different mixing ratios of the surfactants at a constant surfactant content of 

20 vol% (≈18.4 wt%) in D2O, using surfactants purified by ion exchange, is compared to 

the same phase diagram at 20 vol% (≈20 wt%) of surfactant in H2O. It is important to note 

that the difference is caused by a solvent effect and not by a pH effect, as the equivalent 

pH in D2O is only slightly increased from around 2.2 to around 2.4. The reading of the 

electrode calibrated in H2O, pH*, was converted to the equivalent pH using ref. [55]. For 

sample d-5M_a_0.706, the critical temperature is only 50°C, compared to 62°C for 

5M_a_0.706. The neutron scattering is shown in a Kratky-plot in Fig. IV.4B and is directly 

compared in log-scale to the X-ray scattering of the equivalent sample in H2O in Fig. 

IV.4C. The SANS curve follows a q-2 slope in the mid-q range (0.06–1.5 nm-1). In the ab-

sence of long-range interference effects, such as Ornstein-Zernike [56], this demonstrates 

the presence of large two-dimensional aggregates: Finite discs, large sheets, or ribbons. 

With the background knowledge of the phase diagrams of the two surfactants and their 

mixture in water, this is only compatible with the presence of disc-like bicelles. The Kratky-

representation allows for a more detailed look and is used to compare the SANS data of 

d-5M_a_0.706 at 20°C to the data obtained for two additional samples with different sur-

factant mixing ratios, see Fig. IV.4B. The samples d-5M_a_0.677 and d-5M_a_0.750 con-

tain 5 vol% of surfactant mixture in D2O, where R(C18:1E2CH2COOH) = 0.677 and 0.750, 

respectively. Solid lines represent best fits to an oblate core-shell ellipsoid form factor using 

the SasView package (version 5.0.4) [57]. Details about fitting and obtained parameters are 

given in Figs. IV.5 and C.9 and Table C.2. To avoid producing excellent fits with 
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unphysical packings by freely varying too many parameters [58], a constrained fitting ap-

proach, as initiated by Hayter [59], is adopted. Constraints are imposed by SLDs and mi-

cellar radii that must be self-consistent with known molecular volumes and electronic den-

sities, see Appendix C.3. In all three cases, the best fit suggests a polar hydrophobic core 

radius close to 2 nm, corresponding to the length of an oleyl C18:1 chain [60,61]. It is worth 

noting that the fit is sensitive to the polar core radius, which is visualized by the simulation 

(dashed line) in Fig. IV.5A. The hydrophilic shell thickness is similar in all cases and varies 

from 2.3 nm along the equatorial half-axis to 0.9 nm along the polar half-axis, in good 

agreement with, respectively, the lengths of the -E8CH2COOH and -E2CH2COOH head-

groups. The length of the EO-chain in the liquid state is intermediate between the fully 

extended length (zigzag conformation), which is about 3.3 nm for -E8CH2COOH and 

1.1 nm for -E2CH2COOH, and the meander conformation, which is about 1.9 nm 

for -E8CH2COOH and 0.6 nm for -E2CH2COOH [62]. The only parameter that changes 

between the three surfactant mixing ratios is the equatorial core radius. For 

R(C18:1E2CH2COOH) = 0.677, an equatorial core radius of 23.8 nm is found, which in-

creases to 24.6 nm at R(C18:1E2CH2COOH) = 0.706, and to 27.1 nm at 

R(C18:1E2CH2COOH) = 0.750. Since the obtained micellar dimensions reflect the molecu-

lar dimensions of the two surfactants, these results are fully consistent with intramicellar 

segregation of C8E8CH2COOH and C18:1E2CH2COOH, where C18:1E2CH2COOH favors the 

polar positions of low curvature and C8E8CH2COOH favors the equatorial positions of high 

curvature. The increase of the equatorial radius with increasing fraction of 

C18:1E2CH2COOH can also be explained by molecular segregation, because additional 

C18:1E2CH2COOH favors the flat inner part of the oblate ellipsoid, consequently increasing 

its size. Due to the large aspect ratio (≥ 12), these oblate ellipsoids resemble discs. How-

ever, the actual structure of the discs may also differ from an oblate ellipsoid. Instead of an 

oblate ellipsoid, where the hydrophobic core thickness, i.e., the polar radius, gradually de-

creases towards the equatorial half-axis, a flat cylindrical disc of constant thickness with 

an elliptical rim, i.e., a bicelle, would also be feasible. Both geometries are ideal cases and, 

in reality, the structure might be intermediate between the two ideal geometries. Further 

deviations from a perfectly uniform structure can be expected due to local variations in 

thickness of the flat disc part as a result of local molecular segregation. Local molecular 

segregation leads to the formation of regions of higher curvature, which can either be 

bumps protruding from the discs, or small holes perforating the disc. The latter can be ra-

tionalized as a rim of higher curvature, forming not only on the edge of the disc but also 
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inside the disc. 

 
Fig. IV.4. (A) SAXS data of sample 5M_a_0.706, containing 5 vol% surfactant mixture purified by ion ex-
change with R(C18:1E2CH2COOH) = 0.706 in H2O, at different temperatures between 5°C and 60°C. (B) 
SANS data of samples d-5M_a_0.677 (black), d-5M_a_0.706 (red), and d-5M_a_0.750 (blue) at 20°C repre-
sented in a Kratky plot. All three samples contain 5 vol% of surfactant mixture purified by ion exchange in 
D2O. The composition of the surfactant mixture is varied so that R(C18:1E2CH2COOH) equals 0.677, 0.706, 
and 0.750, respectively. The lines represent best fits to an oblate core-shell ellipsoid form factor for 
d-5M_a_0.677 (dashed line), d-5M_a_0.706 (solid line), and d-5M_a_0.750 (dotted line). For details, see 
Figs. IV.5 and C.9 and Table C.2. (C) Comparison of SANS of sample d-5M_a_0.706 (black) and SAXS of 
sample 5M_a_0.706 (red). 

Perforated lamellar (also named “mesh” phases) and disc-like structures have been reported 

in literature as intermediate states in phase sequences involving discs [63–67]. As suggested 

by SAXS, see above, these variations increase with increasing temperature, leading to var-

iations in the layer thickness, i.e., undulations. It remains unknown, whether the formation 

of possible perforations is favored or disfavored with increasing temperature, though a de-

crease in segregation with increasing temperature should destabilize the internal rims and 

therefore the perforations. Despite the possible deviations from a perfect bicellar structure, 

the discs are formed due to the two opposing curvature contributions of the two surfactants, 

fully justifying the use of the term “bicelle” in this work. 

As can be seen in Fig. IV.5B, the basic shape of the SANS form factor can also be described 

with an inhomogeneous lamella form factor, which, however, fails to fit all the features of 

the data, including the minimum in the Kratky-plot. The best fit, reproducing at least the 

correct position of the kink in scattering around q = 1.8 nm-1, i.e., the minimum in the 

Kratky-plot, gives a bilayer half-thickness of 1.2 nm. Such a small half-thickness compared 

to the usual length of 2 nm for a C18:1 chain is only possible if the alkyl chains are interdig-

itated. Interestingly, 1.2 nm is almost precisely the length of a C8 chain [68], reducing chain 

packing constraints for mixing the two surfactants in a microstructure. A non-interdigitated 

half-thickness of 2 nm would shift the position of the minimum to lower q, as visualized 
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by the simulation given as a dashed line in Fig. IV.5B. In fact, alkyl chain interdigitation 

is also required in the proposed oblate ellipsoid, because only the polar half-axis matches 

the C18:1 chain length of 2 nm, but the thickness of the core decreases towards the equator 

of the ellipsoid. Thus, the C18:1 chains can be safely considered to be nearly fully interdig-

itated. A tendency towards interdigitation of the oleyl chain can also be inferred from the 

polymorphism of oleic acid crystallization close to the melting point. The crystalline α and 

γ phases comprise stacks of oleic acid bilayers with separated carboxylic acid and methyl 

group planes, whereas the β phase comprises a layered structure of fully interdigitated oleic 

acid molecules. In the latter, carboxylic acid groups and methyl groups are alternating in 

the same plane instead of forming two separate planes [69,70]. 

 
Fig. IV.5. (A) SANS data (black squares) of sample d-5M_a_0.706 at 20°C, containing 5.0 vol% (4.5 wt%) 
surfactant mixture with R(C18:1E2CH2COOH) = 0.706 in D2O, fitted to the form factor of an oblate core-shell 
ellipsoid. (B) SANS data (black squares) of sample d-5M_a_0.706 at 20°C, fitted to an inhomogeneous la-
mellar form factor. 
Data and fits are shown in a Kratky plot. The solid red lines represent the best fits, while the dashed red lines 
visualize the influence of a change in Rcpol or Ltail, respectively. If Rcpol or Ltail equal 2.0 nm, they correspond 
to the length of a C18:1 chain. The lamellar model clearly suggests interdigitation of the hydrocarbon chains 
with Ltail = 1.23 nm and the oblate ellipsoidal model suggests an equatorial core radius close to 2 nm. The 
latter case is also in agreement with hydrocarbon chain interdigitation, as the cross-sectional polar radius 
decreases towards the equator of the oblate ellipsoid. Fitting parameters are given in detail in Table C.2. The 
same fits are plotted in linear scale in Fig. C.9. 

 

IV.4.3. Effect of Temperature on the Nematic Gel 

After the identification of the form factor in the previous Section IV.4.2., in this section 

the effect of temperature on the nematic gel is elucidated. A viscoelastic, gel-like nematic 

phase with permanent birefringence is formed above 8 wt% and up to about 55 wt% of 
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surfactant, see Fig. IV.3. SAXS data of sample 20M, recorded during a temperature scan 

from 5°C to 60°C, are shown in Fig. IV.6. Sample 20M contains 20 vol% (= 20 wt%) of 

surfactant mixture with the “reference” surfactant composition 

R(C18:1E2CH2COOH) = 0.655 in H2O and has a pH of 2.24. The measured points are indi-

cated as colored crosses in the phase diagrams in Figs. IV.2 and IV.3. From 5°C to 30°C, 

the mixture is a nematic phase, and a structure factor peak is seen in SAXS. The structure 

factor peak is barely visible at 5°C and becomes more pronounced with increasing temper-

ature, suggesting that the ordering of the bicelles increases with increasing temperature. 

This finding is in agreement with the macroscopic observation of increasing birefringence 

and increasing viscoelasticity with increasing temperature and corresponds to an increase 

of the average bicelle diameter with temperature. When the disc diameter increases, the 

rotation of the bicelles is progressively more hindered as the diameter grows in relation to 

the average spacing of the bicelles. The increase in size on the other hand can be explained 

by a decrease in molecular segregation of the two surfactants. With increasing temperature, 

more C8E8CH2COOH molecules are incorporated into the flat part of the bicelle, which 

decreases the volume fraction of the rim and leads to a growth of the bicellar diameter. Up 

to 25°C, the peak position is rather constant at q = 0.280 nm-1, corresponding to a repeat 

distance of D* = 22.4 nm, which is smaller than the outer radius of around 26 nm obtained 

from the form factor in SANS at 20°C. Therefore, bicelles with an equatorial radius of 

26 nm seem to be a reasonable assumption even at higher concentrations and in H2O. How-

ever, it should be noted that the total surfactant concentration and the change of solvent 

from H2O to D2O can influence the size of the bicelles. In surfactant systems, the average 

size of aggregates tends to increase with increasing surfactant concentration [35]. On the 

other hand, a decrease in diameter of classical lipid bicelles with increasing lipid concen-

tration was reported. The influence of concentration on bicellar size is, however, small 

compared to the effect of the lipid composition [9,13]. An increase of the average diameter 

beyond 26 nm with increasing surfactant concentration is to be expected in the presented 

system, as the nematic phase exhibits significant viscoelastic gel-like behavior (Fig. C.5), 

suggesting that the disc radius is considerably larger than the repeat distance of 22.4 nm. A 

further hint at disc growth with increasing surfactant concentration may be the transition of 

the nematic phase to a lamellar phase around 55 wt% of surfactant, see Figs. IV.3 and C.7, 

which can be interpreted either as “infinite” growth of the discs to lamellae, or as a dense 

lamellar packing of large discs [71]. An effect of D2O is to be expected, because D2O shifts 

all phase transitions to lower temperatures, and therefore, at the same temperature, the 
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degree of molecular segregation should vary in D2O compared to H2O. 

Before transitioning into a pseudo-lamellar phase at 35°C, the structure factor peak of the 

nematic phase becomes even sharper and its position shifts to slightly lower q1 = 0.257 nm-1 

(D1* = 24.4 nm) at 30°C. Even a weak second order peak around q2 = 2·q1, typical for la-

mellar ordering [72], appears, indicating an increase in long-range order. Before intram-

icellar segregation into a rim and a flat part disappears completely, discs grow much larger, 

i.e., smaller discs merge into larger ones, resulting in a quasi-lamellar organization of large 

discs. When reaching the lamellar phase at 35°C, the structure factor peak is shifted to 

lower q = 0.221 nm-1 (D* = 28.5 nm), broadened, and no second order peak is visible. 

Hence, the formed lamellae are not “infinite” but finite undulating pseudo-lamellae with a 

low degree of long-range order. Undulations lead to a higher consumption of surfactant 

material for the same average thickness, resulting in a larger average spacing. A first eval-

uation to estimate the long-range order in smectics can be made by using the Scherrer rela-

tion [73]: The ratio qmax/Δq(FWHM), i.e., the ratio of the position of the structure factor 

peak maximum to the full width at half maximum (FWHM). This ratio gives the coherence 

length in number of layers before a defect occurs. The ratio is plotted as a function of tem-

perature in Fig. C.10A. The higher the ratio is, the higher is the long-range order. From 

15°C to 25°C, the ratio is about 4 in the nematic phase, meaning that on average four bi-

celles are stacked before a defect occurs, increases to 7 at 30°C, and eventually decreases 

to 2 when the pseudo-lamellar phase is reached at 35°C. This progression reflects the con-

clusions drawn above. 

It is also worth noting that the bicelles in the nematic phase can be oriented by shear. While 

usually no anisotropic scattering was observed in SAXS, SANS measurements of corre-

sponding samples in D2O, see Section IV.4.4., at 20°C showed significant anisotropy in 

scattering along the direction of applied shear during cuvette filling. For SANS, cuvettes 

with a thickness of 1 mm were used and cuvettes were not shaken after capillary filling, 

whereas for SAXS, capillaries with a thickness of 1.5 mm were used and capillaries were 

shaken after filling. A 2D SANS pattern of sample d-20M, containing 20 vol% of surfactant 

mixture with R(C18:1E2CH2COOH) = 0.655, at 20°C is shown in Fig. C.10B. As can be 

inferred from the scattering pattern, the scattered intensity is higher along the direction of 

cuvette filling, the highest intensity being observed in an azimuthal angle sector of 30°. 

This implies that the bicelles are oriented along the direction of applied shear and are mostly 
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tilted by an angle φ ≤ 15° relative to the direction of shear, showing that the rotation of the 

bicelles is sufficiently hindered to retain the shear-induced orientation. 

When further heating the sample to 40°C, the pseudo-lamellar phase transforms into an 

isotropic phase, before at 45°C phase separation occurs above the critical solution temper-

ature. Within the isotropic phase, the structure factor peak flattens even more and is only 

weak and broad, which is a result of the loss of long-range order. The peak position is 

shifted to higher q = 0.322 nm-1 (D* = 19.5 nm). As can also be seen in SANS data of sam-

ple d-20M at 20°C (1f N) and 33°C (1f I), given in Fig. C.11, the form factor does not 

significantly change in the isotropic phase. As mentioned above, all phase boundaries are 

shifted to lower temperatures in D2O, see Fig. C.8. The SANS data at 33°C can be fitted 

with a core-shell ellipsoid form factor and a simple Hayter-Penfold RMSA structure factor 

[59,74], see dashed line in Fig. C.11 and Table C.2. The obtained parameters for the polar 

shell thickness (0.8 nm), the equatorial shell thickness (2.3 nm), and the polar core radius 

(2.2 nm) are similar to those obtained for the form factors of 5 vol% samples and are in 

agreement with the molecular dimensions, see Section IV.4.2. The only significant differ-

ence is the equatorial core radius, which is 11.8 nm in the isotropic phase at 20 vol% sur-

factant at 33°C, and therefore considerably smaller than a radius around 24 nm found in the 

flow-birefringent phase at 5 vol%. Note that the surfactant ratio is slightly different 

(R(C18:1E2CH2COOH) = 0.655 compared to 0.677) and the potential effect of the surfactant 

concentration on the disc size is unknown. For sample d-20M (D2O), the peak of the iso-

tropic phase at 33°C is located at q = 0.211 nm-1 (D* = 29.8 nm), while the peak position 

in the nematic phase at 20°C is located at slightly higher q = 0.259 nm-1 (D* = 24.2 nm). 

Since a repeat distance of 24.2 nm is only slightly smaller than the outer radius, including 

the shell, of the disc observed at 5 vol% (≈26 nm), while the sample is viscoelastic, the 

average disc radius must be larger than 26 nm. An outer radius, including the shell, close 

to 14 nm in the isotropic phase is considerably smaller than the average spacing of 29.8 nm. 

As a result, the discs can freely rotate, which is in agreement with the phase being isotropic. 

It is important to note that the peak position of the isotropic phase in SANS of sample d-

20M (D2O) is at slightly lower q than that of the nematic phase at 20°C (Fig. C.11), while 

in SAXS the peak of sample 20M (H2O) is at slightly higher q in the isotropic phase than 

in the nematic phase (Fig. IV.6). At 33°C, sample d-20M is very close to the phase transi-

tion from a pseudo-lamellar phase to the isotropic phase (less than 1°C), while at 40°C, 

sample 20-M is at least 1°C further above the phase transition temperature. The same phase 
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transitions and the same changes in SAXS were also seen for samples 15-M and 25-M, 

containing, respectively, 15 vol% and 25 vol% of surfactant in H2O, see Fig. C.12. In all 

cases, the peak position in the isotropic phase varies relative to the peak position of the 

nematic phase, and of the pseudo-lamellar phase. The peak in the isotropic phase shifts to 

higher q, the farther away the temperature is to the transition to a pseudo-lamellar phase. A 

shift to higher q corresponds to a decreasing repeat distance as a result of a decrease in 

average size of the micelles. The general progression of the repeat distance D*, i.e., of the 

structure factor peak position is identical at all three concentrations, 15, 20, and 25 vol%, 

and is depicted in Fig. C.13 for SAXS samples in H2O. 

 
Fig. IV.6. SAXS data of sample 20M, containing 20 vol% surfactant mixture with 
R(C18:1E2CH2COOH) = 0.655 in H2O, at various temperatures, taken during heating from 5°C to 60°C and 
after re-cooling to 20°C (gray dashed line). The measured points are indicated in the phase diagrams in Figs. 
IV.2 and IV.3. At 5°C to 30°C, the sample is a nematic phase (1f N). At 35°C, a pseudo-lamellar phase (1f Lα) 
is formed, which transitions into an isotropic phase (1f I) at 40°C. At 45°C and above, phase separation into 
a dilute bottom phase and a surfactant-rich top phase (2f I) occurs. Note that data for 55°C and 60°C are 
missing because the beam did not hit the surfactant-rich phase during phase separation. The same temperature 
scans are given in Fig. C.12 for samples 15M and 25M, containing 15 vol% and 25 vol% of the surfactant 
mixture, respectively. 

At 45°C and above, after reaching the critical clouding temperature, micelles attract each 

other and a surfactant-rich isotropic phase separates from an aqueous phase. With increas-

ing temperature, the surfactant-rich phase becomes increasingly dense by expelling more 

and more water, which is indicated by a shift of the structure factor peak to higher q. After 

re-cooling the separated phases to 20°C (dashed line in Fig. IV.6), the surfactant-rich top 

phase, containing about 65 wt% of surfactant, forms a lamellar phase made of “infinite” 
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sheets, much larger than the observed spacing, which is sufficiently well ordered to produce 

sharp first- and second-order Bragg-peaks. A comparison of SAXS of the nematic phase at 

20°C and of the metastable lamellar phase after re-cooling is also given in semi-logarithmic 

scale in Fig. C.14. If the two phases are re-mixed at 20°C by shaking, the nematic phase is 

formed. Note that the scattering curves of sample 20M are missing for 55°C and 60°C, 

because the beam did not hit the surfactant-rich phase. A similar series of measurements 

for a similar sample (20M*, see figure caption), recorded on another occasion, is given in 

Fig. C.15, showing the same phase behavior, including the two higher temperatures. 

 

IV.4.4. Effect of Nematic Gel Dilution at Room Temperature 

In Fig. IV.7, the effect of dilution on the small-angle scattering of the nematic gel is de-

picted. SAXS of three samples 15M, 20M, and 25M, containing 15 vol%, 20 vol%, and 

25 vol% of surfactant mixture with R(C18:1E2CH2COOH) = 0.655 in H2O, is shown in Fig. 

IV.7A. SANS of the corresponding samples in D2O, d-15M, d-20M, and d-25M, containing 

the same volume fractions of surfactant, is shown in Fig. IV.7B. The repeat distance D*, 

extracted directly from the scattering curve, increases from 18.2 nm at 25 vol% surfactant 

to 22.4 nm at 20 vol% to 31.1 nm at 15 vol% in SAXS, and from 19.1 nm to 24.2 nm to 

32.9 nm in SANS. As can be seen in a plot of D* versus the number density of surfactant 

molecules in Fig. IV.7C, the swelling of the structures upon dilution is close to one-dimen-

sional swelling (slopes of -1.04 and -1.05). This is in agreement with two-dimensional 

structures, such as the proposed stacks of large discs or lamellar structures. Due the swell-

ing relation and since scattering curves do not significantly change apart from the structure 

factor, the basic structural units remain unchanged on dilution. The swelling is expected to 

persist to a minimum of 8 wt% of surfactant, below which the mixture loses permanent 

birefringence. Thus, the maximum spacing is around 60 nm, the water layer thickness being 

in the same order of magnitude as the bicelle diameter. The expected minimum spacing 

before forming a lamellar phase around 55 wt% of surfactant is close to 9 nm. Macroscop-

ically, dilution leads to a decrease in viscosity, viscoelasticity, and eventually in birefrin-

gence. This is a result of the average spacing significantly exceeding the bicellar radius, 

leading to free rotation of bicelles and a loss of preferential order. To the best of our 

knowledge, such a behavior is here found by combining two single chain surfactants for 
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the first time. This peculiar nematic phase is only present because alkyl chains are interdig-

itated to produce stiffer discs, as could be demonstrated by SANS/SAXS, and because in-

tramicellar segregation of the two surfactants is efficient. These properties probably allow 

for a series of formulations of low active matter content, polymer-free, self-thickening hy-

drogels. 

 
Fig. IV.7. (A) SAXS data of nematic gel samples 15M, 20M, and 25M at 20°C, containing, respectively, 
15 vol%, 20 vol%, and 25 vol% surfactant mixture with R(C18:1E2CH2COOH) = 0.655 in H2O. The same data 
can be seen in the temperature series given in Figs. IV.6 and C.12. (B) SANS data of corresponding nematic 
gel samples d-15M, d-20M, and d-25M at 20°C, containing the same volume fractions of surfactant in D2O 
with R(C18:1E2CH2COOH) = 0.655. (C) Repeat distance D* = 2π/qmax, obtained from the peak maxima in (A) 
and (B), as a function of the number of surfactant molecules per unit volume N(surfactant). Dashed lines 
represent linear fits of the data obtained by SAXS (red points) and SANS (black squares) with slopes of -1.04 
and -1.05, respectively. 

As can be seen in Fig. C.16, the magnitude of the slope of the swelling law increases with 

increasing temperature, which is in agreement with increasing fluctuations in bilayer thick-

ness due to increasing intramicellar mixing, as discussed in Section IV.4.3. The most neg-

ative slope of -1.33 is observed in the undulating pseudo-lamellar phase, indicating the 

“loss” of material due to undulations, according to the Helfrich model [75]. In the isotropic 

phase, the slope increases to -0.89 as a result of smaller discs no longer swelling in one 

dimension only, since the distance between neighboring discs in their equatorial plane can 

no longer be neglected. Note that the slope in the isotropic phase is also influenced by the 

change in micellar size, depending on the exact position in the isotropic domain of the phase 

diagram, see Section IV.4.3.  
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IV.4.5. Effect of NaOH/Ca(OH)2 and NaCl/CaCl2 on the Ne-

matic Gel 

In Fig. IV.8A, the pH and specific conductivity measured during titration of a sample con-

taining 20 wt% surfactant (R(C18:1E2CH2COOH) = 0.655) with 1 M NaOH solution at 

25°C are given. A phase diagram versus temperature and the degree of ionization at a con-

stant surfactant content of 20 wt% with R(C18:1E2CH2COOH) = 0.655 is shown in Fig. 

IV.8B. As can be seen in both Fig. IV.8A and IV.8B, introducing electrostatics by deproto-

nation of the surfactants’ carboxylic acid moieties destabilizes the nematic phase. Despite 

the total surfactant concentration decreasing to 13.3 wt% over the course of the titration in 

Fig. IV.8A, the phase transitions are almost identical compared to a constant surfactant 

concentration in Fig. IV.8B. At 25°C, deprotonating only 5% of the surfactants leads to the 

disappearance of the nematic phase. First, a biphasic region with an isotropic top phase and 

a lamellar bottom phase occurs, before two isotropic phases are formed above 8% of depro-

tonation. When reaching a deprotonation of around 70%, the mixture becomes a single 

isotropic phase of low viscosity. This phase sequence suggests that making the headgroups 

increasingly ionic results in a structural transition towards increasingly globular micelles, 

as electrostatic repulsion between adjacent headgroups leads to an increase in area per head-

group, and therefore to a decrease of the spontaneous packing parameter. Up to around 15% 

of deprotonation, the introduced electrostatic repulsion can be compensated by headgroup 

dehydration on increasing temperature. Around 15% of deprotonation a temperature of at 

least 90°C is required to form the nematic phase. Despite the high temperature, the mixtures 

appear to be strongly viscoelastic. Note that the obtained apparent acid fraction of 

74.7 mol% of the surfactant mixture, calculated using the average molar masses of the sur-

factants, is lower than the apparent acid fraction of around 82 mol% found for 

C8E8CH2COOH (Fig. C.1). This is in agreement with the higher content of nonionic ester 

impurities expected for C18:1E2CH2COOH, see Section IV.3.1. and Appendix C.2. 

The pH and reduced molar conductivity of a mixture initially containing 20 wt% of surfac-

tant with R(C18:1E2CH2COOH) = 0.655 measured at 27°C during titration with a 5 M NaCl 

solution is given in Fig. IV.8C. A phase diagram as a function of temperature and NaCl 

concentration, obtained by addition of NaCl to a mixture with an initial surfactant concen-

tration of 20 wt% with R(C18:1E2CH2COOH) = 0.655, is given in Fig. IV.8D. NaCl has a 

salting-out effect on the surfactant mixture, decreasing the phase transition temperatures by 
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dehydrating the surfactant headgroups without altering the phase sequence. The nematic 

phase is stable up to at least 0.6 M NaCl at room temperature, and thus should be formed 

even in sea water [76]. The initial decrease of the pH by around 0.3 pH units is partially a 

result of H+ release as Na+ partially replaces H+ as a counterion of the carboxylate groups. 

At higher NaCl concentrations, the pH electrode reading is influenced by the salt, resulting 

in up to 0.2 pH units lower readings [77]. The reduced molar conductivity, i.e., the ratio of 

the molar conductivity of the mixture and the molar conductivity of brine containing the 

same salt concentration, is below 0.1 in the viscous nematic gel, and sharply increases in 

the pseudo-lamellar phase until it reaches a value of around 0.4 in the isotropic phase. A 

relative water self-diffusion of around 0.5 [78] and a reduced conductivity of around 0.5 

[79] were reported for 10 vol% to 20 vol% of a L3 sponge phase formed by C12E5. The 

relative water self-diffusion typically found in a micellar L1 phase of globular nonionic 

micelles of similar volume fraction is between 0.7 and 0.8 [80]. However, as pointed out 

by Photinos and Saupe [81], a slightly perforated lamellar structure and a layered structure 

of discs are not easily distinguishable in terms of conductivity. Thus, it can be expected that 

conductivities of an isotropic phase containing relatively large discs and an isotropic 

sponge phase are similar as well. 

The important conclusions to be drawn from this investigation are the limiting salt concen-

trations for a possible viscosity control strategy using salt, as commonly applied for sodium 

dodecyl sulfate (SDS) or sodium dodecylbenzenesulfonate (SDBS), and that the nematic 

gel can be transformed into standard globular micelles by adding 0.5 NaOH per surfactant 

molecule. 
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Fig. IV.8. (A) pH (solid black line) and specific conductivity (dotted red line) measured during titration of a 
20 wt% nematic gel (R(C18:1E2CH2COOH) = 0.655) with 1 M NaOH solution at 25°C. Dilution due to titra-
tion leads to a progressive decrease of the surfactant content to 13.3 wt%. 
f(RCOO- Na+) = n(RCOO- Na+)/[n(ROOH)+n(RCOO- Na+)] is the fraction of ionic surfactants with sodium 
as counterion in the surfactant mixture and was corrected by the obtained apparent acid fraction of 74.7%. 
(B) Phase diagram at a constant surfactant concentration of 20 wt% with R(C18:1E2CH2COOH) = 0.655 as a 
function of the degree of ionization. f(RCOO- Na+) was varied by addition of NaOH. The dashed red line is 
probed in the titration in (A), with the difference of a gradually decreasing surfactant concentration in (A). 
(C) pH (solid black line) and reduced molar conductivity (dotted red line) measured during titration of a 
20 wt% nematic gel (R(C18:1E2CH2COOH) = 0.655) with 5 M NaCl solution at 27°C. Dilution due to titration 
leads to a progressive decrease of the surfactant content to 12.1 wt%. The linear bottom x-axis was calculated 
with an apparent acid fraction of 74.7%, while the non-linear top x-axis gives the molar concentration of 
NaCl at various points. (D) Phase diagram as a function of the NaCl concentration, recorded by adding NaCl 
to a mixture with an initial surfactant concentration of 20 wt% with R(C18:1E2CH2COOH) = 0.655. The bot-
tom x-axis gives the mole ratio of NaCl and carboxylic acid surfactants, considering an apparent acid fraction 
of 74.7%, while the top x-axis gives the molar concentration of NaCl. The dashed red line is probed in the 
titration in (C), with the difference of a gradually decreasing surfactant concentration in (C). For the phase 
notations, see previous phase diagrams. 

It should also be noted that NaOH and NaCl have opposing effects on curvature, the former 

increasing it by introducing electrostatic repulsion, and the latter decreasing it by dehydrat-

ing headgroups and screening electrostatics. Thus, the nematic phase can also be tweaked 

by combining the additions of NaOH and NaCl. As can be seen in Fig. IV.8A and IV.8B, a 

nematic phase cannot be obtained in the whole temperature range if 30% of the carboxylic 
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acid groups are deprotonated with NaOH, i.e., if f(RCOO- Na+) = 0.3. When NaCl is added 

to a mixture with an initial surfactant content of 20 wt% with R(C18:1E2CH2COOH) = 0.655 

and f(RCOO- Na+) = 0.3, see Fig. IV.9, a nematic phase can be obtained. With increasing 

NaCl concentration, the phase transition temperatures decrease. In this case, a shift of the 

nematic phase to room temperature is not quite reached. A very high NaCl concentration of 

around 2.5 mol·L-1, approaching saturation, is required, which corresponds to about 7 NaCl 

per carboxylate surfactant, to obtain a nematic phase at 26°C. For lower initial values of 

f(RCOO- Na+), lower temperatures can be reached with less added NaCl. Another example 

is given in Fig. C.17, where NaCl is added at an initial surfactant content of 20 wt% with 

R(C18:1E2CH2COOH) = 0.655 and f(RCOO- Na+) = 0.1. In this case, only around 

0.3 mol·L-1 NaCl, i.e., around 1 equivalent of NaCl per carboxylate surfactant, are required 

to reduce the minimum temperature of the nematic phase from 45°C to room temperature. 

 
Fig. IV.9. Phase diagram recorded by addition of NaCl to a mixture with an initial surfactant concentration 
of 20 wt% with R(C18:1E2CH2COOH) = 0.655 and an initial 
f(RCOO- Na+) = n(RCOO- Na+)/[n(ROOH)+n(RCOO- Na+)] = 0.3, corrected for an apparent acid fraction of 
74.7 mol% (see Fig. IV.8A), as a function of the NaCl concentration. The bottom x-axis gives the mole ratio 
of NaCl and carboxylate surfactants (RCOOX = RCOOH + RCOO- Na+), considering an apparent acid frac-
tion of 74.7%, while the top x-axis gives the molar concentration of NaCl. The right y-axis gives the measured 
pH (orange crosses). The horizontal orange dashed line indicates the pH of a respective mixture of the two 
acidic surfactants, i.e., at f(RCOO- Na+) = 0, in absence of salt. The phase notations can be inferred from 
previous phase diagrams. 

In principle, the above-mentioned behavior is similar with calcium as divalent counterion, 

using Ca(OH)2 and CaCl2 instead of NaOH and NaCl. In analogy to Fig. IV.8B, a phase 

diagram recorded at a constant surfactant content of 20 wt% with 
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R(C18:1E2CH2COOH) = 0.655 as a function of the fraction of ionic surfactant species with 

calcium as counterion is shown in Fig. C.18. As with sodium, the minimal temperature 

required for nematic phase formation increases with increasing ionization. However, within 

the covered temperature range, a nematic phase is found at high temperatures up to around 

60% of deprotonated carboxylic acid groups, i.e., f[RCOO- (Ca2+)0.5] ≈ 0.6, which is a 

much higher limiting fraction than f(RCOO- Na+) ≈ 0.15 found for sodium. Another differ-

ence is that the isotropic monophasic domain found in the case of sodium above 

f(RCOO- Na+) ≈ 0.7 is not observed for calcium, where two isotropic phases are in equilib-

rium up to full ionization. These findings can be explained with intramicellar bridging of 

adjacent surfactant anions by calcium, which opposes the effect of electrostatic repulsion 

between the surfactant anions. While the electrostatic repulsion leads to a reduction of the 

spontaneous packing parameter, in favor of globular aggregates, the ion bridging increases 

the packing parameter. As a result, the transition into globular micelles is faster with sodium 

than with calcium. In analogy to Fig. IV.9, when CaCl2 is added to a mixture with an initial 

surfactant content of 20 wt% with R(C18:1E2CH2COOH) = 0.655 and 

f[RCOO- (Ca2+)0.5] = 0.3, see Fig. C.19, the temperature required for the nematic phase to 

be formed can be reduced. Interpretation is further complicated by the fact that CaCl2 is not 

only screening electrostatics but is also pH active, making the mixture more acidic, as can 

also be seen in Fig. C.19. However, a nematic phase is also not obtained at room tempera-

ture with this approach. 

Without the addition of salt for electrostatic screening, the accessible metal counterion frac-

tion to obtain a nematic phase at room temperature is limited to less than 10%. In an attempt 

to increase the metal fraction, mixtures of the surfactant alcohols C18:1E2 and C8E8 and the 

calcium salt (C18:1E2CH2COO-)2 Ca2+ or (C8E8CH2COO-)2 Ca2+ were tested. The observed 

phase behavior as a function of the fraction of ionic surfactant with calcium as counterion 

is similar to that shown in Fig. C.18 for the mixtures of carboxylic acid surfactants. The 

fraction of ionic surfactant for which a nematic phase is obtained at room temperature can-

not be increased by spacing the ionic species with purely nonionic species.  
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IV.5. Molecular Segregation Controlling Bicellar Size 

As discussed in Section IV.4., intramicellar molecular segregation is the reason for bicelle 

formation. C18:1E2CH2COOH favors a low curvature, adopting lamellar packing, while 

C8E8CH2COOH favors a high curvature, adopting spherical packing, see Chapters II. and 

III. The former tendency is expressed in the formation of a Lβ phase in binary mixtures of 

C18:1E2CH2COOH and water, see Fig. IV.1A. On mixing of the two surfactants, 

C8E8CH2COOH forms curved rims, limiting the size of the C18:1E2CH2COOH bilayers. The 

resulting shape is a bicelle, as sketched in Fig. IV.10, in which the two surfactants are 

segregated. To quantify segregation, one can introduce separate surfactant mole fractions 

for the bilayer disc and the spheroidal rim. 

xdisc(C8E8CH2COOH) = ndisc(C8E8CH2COOH)/[ndisc(C8E8CH2COOH) + ndisc(C18:1E2CH2C

OOH)] is the mole fraction of C8E8CH2COOH in the flat disc part, while 

xrim(C18:1E2CH2COOH) is the mole fraction of C18:1E2CH2COOH in the spheroidal rim. For 

complete intramicellar segregation, xdisc(C8E8CH2COOH) = 0 and 

xrim(C18:1E2CH2COOH) = 0, while for full intramicellar mixing the mole fractions are given 

by R(C18:1E2CH2COOH), where xdisc(C8E8CH2COOH) = 1 - R(C18:1E2CH2COOH) and 

xrim(C18:1E2CH2COOH) = R(C18:1E2CH2COOH). For a given composition of the surfactant 

mixture, the bicellar dimensions can be calculated as a function of xdisc(C8E8CH2COOH) 

and xrim(C18:1E2CH2COOH), see Appendix C.5. For R(C18:1E2CH2COOH) = 0.706, the 

calculated values of the bicellar hydrophobic core radius Rcore are given as a function of 

xdisc(C8E8CH2COOH) and xrim(C18:1E2CH2COOH) in Fig. IV.10. In the case of full intram-

icellar mixing, indicated as a green line in Fig. IV.10, the core radius diverges and cannot 

be predicted. The opposite case of complete intramicellar segregation would produce bi-

celles with Rcore = 10.3 nm, significantly smaller than Rcore ≈ 24 nm obtained from SANS 

fits, see Fig. IV.5. Complete intramicellar segregation is only a hypothetical state, as a 

certain degree of mixing of the two surfactants is to be expected due to the entropy of 

mixing. For a core radius of 24 nm at 20°C, indicated as a blue plane in Fig. IV.10A, a 

variety of disc and rim compositions would be feasible, as can be derived by considering 

the intersection of the plane with the possible values for Rcore (black surface in Fig. 

IV.10A). The possible combinations of the two compositions can be seen in the graph as a 

projection of the intersection to the xdisc(C8E8CH2COOH)-xrim(C18:1E2CH2COOH)-plane 

(blue line). High values of xrim(C18:1E2CH2COOH) are unrealistic, as that would imply a 
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preference of C18:1E2CH2COOH for high curvature. Thus, the most probable combinations 

of xdisc(C8E8CH2COOH) and xrim(C18:1E2CH2COOH) are those with low values of 

xrim(C18:1E2CH2COOH), which is indicated by a more intense color of the blue line. If the 

rims are made predominantly of C8E8CH2COOH, i.e., if xrim(C18:1E2CH2COOH) ≈ 0, the 

predicted disc composition for a core radius of 24 nm would be 

xdisc(C18:1E2CH2COOH) ≈ 0.8 > R(C18:1E2CH2COOH). 

 
Fig. IV.10. Calculated hydrocarbon core radius Rcore of a bicelle consisting of a flat cylindrical disc and a 
spheroidal rim as a function of the surfactant mole fractions xdisc(C8E8CH2COOH) and 
xrim(C18:1E2CH2COOH). xdisc(C8E8CH2COOH) = 1 - xdisc(C18:1E2CH2COOH) describes the mole fraction of 
C8E8CH2COOH in the flat disc, and xrim(C18:1E2CH2COOH) = 1 - xrim(C8E8CH2COOH) describes the mole 
fraction of C18:1E2CH2COOH in the spheroidal rim. In the calculations, see Appendix C.5., the solvent-free 
hydrophobic core is considered. Thus, both mole fractions only take into account the two surfactants. A total 
surfactant composition as in samples 5M_a_0.706 and d-5M_a_0.706 is assumed 
(R(C18:1E2CH2COOH) = 0.706). The vertical green line indicates where 
xdisc(C8E8CH2COOH) = 1 - R(C18:1E2CH2COOH) and 
xrim(C18:1E2CH2COOH) = R(C18:1E2CH2COOH) = 0.706, i.e., where the two surfactants fully mix. At these 
points, the calculation of Rcore diverges and Rcore cannot be predicted. A scaled model of a bicelle with full 
intramicellar segregation is also shown. 
(A) The blue plane indicates Rcore at 20°C, as obtained from a fit of the SANS data of sample d-5M_a to a 
core-shell ellipsoid form factor, see Fig. IV.5A. The intersection of the blue plane and the black surface (Rcore) 
is shown as a projection to the xdisc(C8E8CH2COOH)-xrim(C18:1E2CH2COOH)-plane (blue line) and yields the 
possible combinations of xdisc(C8E8CH2COOH) and xrim(C18:1E2CH2COOH) to obtain a bicelle with 
Rcore = 24 nm. The darker color of the blue line at lower values of xrim(C18:1E2CH2COOH) indicates that larger 
values for xrim(C18:1E2CH2COOH) are unlikely. (B) The red plane indicates Rcore at a higher temperature, 
where Rcore was arbitrarily chosen to be 40 nm. In addition to the blue the xdisc(C8E8CH2COOH)-
xrim(C18:1E2CH2COOH) projection from (A), the intersection of the red plane and the black surface (Rcore) is 
shown as a projection to the the xdisc(C8E8CH2COOH)-xrim(C18:1E2CH2COOH)-plane (red line) and yields the 
possible combinations of xdisc(C8E8CH2COOH) and xrim(C18:1E2CH2COOH) to obtain a bicelle with 
Rcore = 40 nm. 

An increase in temperature facilitates intramicellar mixing, reducing the volume fraction 

of rims limiting the bicellar size, thus increasing its core radius. This is visualized in Fig. 
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IV.10B, where the red plane indicates an arbitrarily chosen core radius of 40 nm at elevated 

temperature. The possible rim and disc compositions for Rcore = 40 nm are given as a red 

line in Fig. IV.10B, where the blue line for Rcore = 24 nm is also shown for comparison. To 

increase Rcore, xdisc(C8E8CH2COOH) has to increase, i.e., more C8E8CH2COOH has to be 

removed from the rim and mixed into the disc. For xrim(C18:1E2CH2COOH) ≈ 0, 

xdisc(C18:1E2CH2COOH) would decrease from around 0.8 at 20°C to around 0.75. Note that 

the required change of xdisc(C8E8CH2COOH) to increase Rcore would decrease with increas-

ing xrim(C18:1E2CH2COOH), as a state of full intramicellar mixing would be approached. 

 

IV.6. Conclusion and Outlook 

Synthetic (lipid-free), almost uncharged bicelles are formed by mixing C8E8CH2COOH and 

C18:1E2CH2COOH in appropriate ratios R(C18:1E2CH2COOH). The bicelles are formed due 

to intramicellar segregation of the two surfactants into a high curvature rim, favored by 

C8E8CH2COOH, and a flat disc, favored by C18:1E2CH2COOH. The bicellar size at a given 

surfactant composition is controlled by the degree of intramicellar segregation, which is 

influenced by temperature. For the compositions investigated by small-angle scattering at 

room temperature, typical bicelle diameters are around 50 nm. In sufficient number, above 

8 wt% of surfactant, the bicelles form a discotic viscoelastic nematic phase with a maxi-

mum swelling of 60 nm. The nematic phase is surrounded by various lamellar phases. 

Above 55 wt% of surfactant, bicelles either fully merge into “infinite” lamellae or only 

partially merge to form a lamellar-like stack of large discs [71]. On decreasing 

R(C18:1E2CH2COOH) below the limit of the nematic phase, molecular segregation is inter-

micellar, resulting in phase separation of a C18:1E2CH2COOH-rich lamellar phase and a 

C8E8CH2COOH-rich isotropic phase. On increasing R(C18:1E2CH2COOH) or temperature, 

the nematic phase transitions into a pseudo-lamellar phase of large undulating discs, fol-

lowed by an isotropic phase of smaller disc-like micelles, and eventually phase separation 

occurs on reaching the critical solution temperature. The latter is the classical clouding 

phenomenon observed for ethoxylated nonionic surfactants [53]. After phase separation 

above the critical temperature, there is a metastable state of a concentrated lamellar top 

phase and a dilute isotropic bottom phase after re-cooling, which returns to the nematic 

equilibrium state on mixing the two phases. This should allow for a formulation of a 
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concentrated lamellar phase as a precursor to the viscoelastic nematic phase, achievable by 

simple dilution. 

Two possible applications of nematic phases of swollen bicelles were tested: 

(a) Incorporation of droplets of apolar hydrocarbon oils by dispersion in the nematic 

phase. However, even when adding very apolar oils (high oil/water partition coeffi-

cient logP value) such as squalane, the nematic phase disappears. Phase maps ob-

tained by successive addition of squalane to nematic gels containing 20 wt% surfac-

tant with varying R(C18:1E2CH2COOH) are given in Fig. C.20. A small amount of 

squalane is solubilized in the nematic phase, before a transition to a lamellar phase, 

followed by a transition to a microemulsion, is induced. The solubilization perfor-

mance tends to increase with increasing R(C18:1E2CH2COOH). At 

R(C18:1E2CH2COOH) = 0.615 and room temperature, the nematic phase and the mi-

croemulsion persist up to 2 wt% and 10 wt% squalane, respectively. At 

R(C18:1E2CH2COOH) = 0.688, the nematic phase persists up to 7 wt% squalane, 

while the microemulsion is stable up to 20 wt% squalane. When using the surfactants 

purified by ion exchange, the solubilized amount of oil in a nematic phase can be 

further increased, because higher values of R(C18:1E2CH2COOH) are accessible, see 

Fig. C.3. However, no dispersion of excess oil droplets in the nematic phase could 

be achieved with hydrocarbon oils. The only tested oil that is dispersible in the ne-

matic phase for several weeks without destroying the gel-like nature of the mixture 

is a linear polydimethylsiloxane oil (Huber M20). Further details on tests aiming for 

the dispersion of different oils in the nematic phase are described in Appendix C.6. 

(b) The threshold between infinite entrapment and floating of air bubbles introduced by 

simple shaking by hand was evaluated as described in Section IV.3.9. and Appendix 

C.4. Considering the dynamic range of radii of air bubbles that could be tracked be-

tween 190 μm and 1070 μm, a slope of -1 is evidenced in Fig. IV.11. This shows that 

the floating is driven by defects in the nematic phase. To the best of our knowledge, 

the nematic phase is the first fully open structure that shows a threshold without 

closed microcapsules, thus enabling capsule-free encapsulation. A nematic phase 

with similar properties but made of sheets consisting of small prolate micelles linked 

by carboxylic acid dimerization [82] instead of large discs, thus requiring fatty acids 

as linkers, was recently reported by Tchakalova et al. [44]. A short comment on this 
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nematic phase is given in Appendix C.7. Since the disc radius is typically 25 nm, air 

bubbles with a diameter of 1 mm have a threshold linked to the number of defects in 

1 mm3 of sample. The number of defects is also linked to the color bands seen in the 

polarized image of a nematic gel shown in Fig. IV.2A. By extrapolation of the data 

in Fig. IV.11, a threshold for floating of an object of 8 μm radius is expected to be of 

the order of 300 Pa. Transposing this to typical capsules in this size range and a con-

servative value of fragrance density of 0.8 g·cm-3, suggests that entrapment of such 

capsules would persist up to typical ultracentrifugation. These values show that the 

threshold in Pa is sufficient to encapsulate objects for a very long time, until shaking 

or temperature increase releases objects from the shear thinning nematic phase that 

is stable up to 34°C in the examined case. 

 
Fig. IV.11. Testing entrapment of air bubbles in a nematic gel containing 20 wt% surfactant mixture with 
R(C18:1E2CH2COOH) = 0.655 at 25°C. It reveals the size dependence of the threshold between full entrap-
ment and floating, determined by progressive soft centrifugation (Appendix C.4.). 

The investigated nematic gels can be loaded with oils, but have a relatively low perfor-

mance in solubilization of oils compared to other microemulsions [83,84]. They are good 

for encapsulating air bubbles as well as any micron sized objects other than liquids that 

influence phase behavior. Note that the low pH (≈2.2) of the presented nematic gels can 

be limiting for the selection of dispersible materials. However, the same nematic gel can 

be achieved without carboxylic acid groups, i.e., with C18:1E2 and C8E8, in which case 

the pH can be freely varied. On the other hand, the presence of the carboxylic acid groups 

allows for the implementation of at least a few percent of counterions, which could 
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potentially extend the field of application, e.g., to magnetic properties and catalysis. The 

nematic gel is easy to handle since the viscosity is low when shear is applied. At zero 

shear, on the other hand, viscosity is “infinite”, and the relaxation time for structure res-

toration after applied shear is negligible (<1 s), see also Video C.1. This should make 

mixing with high pressure homogenizers very easy. In addition, any solute released from 

an entrapped capsule is free to move by diffusion in a totally continuous aqueous phase 

and does not have to cross multiple bilayers in an uncontrolled way. 

A somewhat similar mixture of surfactants, comprising C18:1E9CH2COOH, 

C8E8CH2COOH, and C6E3CH2COOH, is commercialized by Kao Chemicals under the 

name Akypo® TEC-AM VG. However, this mixture cannot form a bicellar nematic phase 

because the long-chain surfactant, C18:1E9CH2COOH, is too hydrophilic and has a lower 

spontaneous packing parameter. 
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Chapter V. 
The Effect of Common Additives on Nematic Gels 

Formed by Mixtures of Polyoxyethylene Alkyl 

Ether Carboxylic Acids 

 
What happens to the nematic gel described in the previous chapter when three of the most 

common additives in health- and home-care formulation, namely propylene glycol (top), 

glycerol (center), and ethanol (bottom), are added? 

 

 

 

 

 

Note: 
Most of this chapter is already published (P. Denk, L. Matthews, T. Zemb, W. Kunz, Formulating additives 
in thermoresponsive surfactant-based nematic liquid crystals, Tenside Surfactants Detergents 61 (2024) 228–
239 [1]. The author of this thesis is the first author of the publication, wrote the original draft, evaluated the 
data, and conducted most of the experiments. The co-authors Prof. Dr. Thomas Zemb and Prof. Dr. Werner 
Kunz assisted by reviewing the draft and giving scientific input throughout the work. The co-author Dr. Lau-
ren Matthews performed the small-angle scattering measurements and the treatment of raw scattering data. 
The interns Julia Grasenhiller and Markus Maier were involved in performing preliminary experiments on 
this subject, but did not contribute to the data presented in this chapter. 
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V.1. Abstract 

It was shown in Chapter IV. that bicelles can be formed by mixing in given mole fractions 

two ethoxylated alkyl ether carboxylic acid surfactants of very different hydrophilic-lipo-

philic balance (HLB) in water. Since the viscoelastic nematic gel has potential application 

in encapsulation, for example of fragrances or microcapsules, its stability towards additives 

often used in formulation is of interest. 

In the present chapter, the effect of adding three of the most used additives in formulation 

in health- and home care, propylene glycol, glycerol, and ethanol, is determined. The effects 

of the additives are determined and compared in a concentrated isotropic phase above the 

lower-critical solution temperature (LCST), a pseudo-lamellar phase, and a discotic ne-

matic phase. The two latter are birefringent, and the nematic phase is viscoelastic. Propyl-

ene glycol acts as a co-solvent, improving the temperature stability of the nematic phase up 

to 20 wt% propylene glycol. Further addition of propylene glycol reduces the phase transi-

tion temperatures, inducing microstructural changes due to headgroup dehydration and 

preferential solubilization of the hydrophilic short chain surfactant. Glycerol acts as an anti-

solvent, progressively decreasing phase transition temperatures by dehydration of head-

groups. Ethanol is a good co-solvent for the surfactant-mixture. Adding up to 5 wt% ethanol 

increases the temperature stability of the nematic phase. Higher concentrations of ethanol 

lead to a single isotropic phase with increasingly molecular dissolution of the surfactants. 

The effect of the considered additives on molecular packing is followed by high resolution 

X-Ray scattering. 
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V.2. Introduction 

Lyotropic nematic phases can be divided into two major subclasses, the calamitic and the 

discotic nematic phases. While calamitic nematic phases are made of finite elongated pro-

late ellipsoidal or rod-like micelles with a preferential orientation, discotic nematic phases 

consist of disc-like micelles. A well-known class of disc-like micelles are bilayer micelles, 

abbreviated as bicelles, classically formed by mixing a long-chain lipid, e.g., 

dimyristoylphosphatidylcholine (DMPC), with a short-chain lipid, e.g., dihexa-

noylphosphatidylcholine (DHCP) [2–6], in water. The basic mechanism governing bicelle 

formation is intramicellar molecular segregation of the two lipid species, which can be eas-

ily rationalized using the geometrical chain packing model introduced by Israelachvili et 

al. [7]. The hydrophobic long-chain lipid has a spontaneous packing parameter p0 ≈ 1, thus 

favoring low curvature in a bilayer packing, whereas the hydrophilic short-chain lipid has 

a p0 ≈ 1/3, thus favoring high curvature in a spherical packing. The definition of the packing 

parameter can be inferred from Appendix A.3. The resulting structure is a disc-like bicelle, 

consisting of a flat bilayer part and a spheroidal rim. Bicelles are typically formed if the 

lipid mixture contains 65–85% of the long-chain lipid [2–4]. The diameter of a bicelle, 

typically in the range of 15-50 nm, mainly depends on the mixing ratio of the two lipids 

and on the degree of intramicellar segregation [8–11], both influencing the volume fraction 

of rims available to limit bilayer growth. Instead of lipids, various other surfactants can be 

used to form disc-like micelles, following the same principle. As in Chapter IV., all disc-

like micelles formed by intramicellar segregation are referred to as bicelles in this chapter. 

Examples are mixtures of lipids and synthetic surfactants [12,13], catanionics [9–11,14], 

mixtures of two ionic or nonionic surfactants or mixtures of ionic surfactants with a co-

surfactant and a salt [15–22], or in rare cases even binary mixtures of a surfactant and water 

[23–25]. It should be noted that classical lipid mixtures typically form disc-like bicelles 

only below the chain melting temperature of the long-chain surfactant [3,5]. While disc-

like bicelles can form nematic phases in absence of a magnetic field if the number density 

of bicelles is sufficiently high [14,18–21,24,26,27], mixtures containing bicelles are often 

isotropic and a nematic order is only induced by applying a strong external magnetic field 

[2,4,5,28,29]. Even in the former case, nematic phases are usually of low viscosity and not 

or only slightly viscoelastic [30–33]. 

In Chapter IV., a new discotic lyotropic nematic phase made of bicelles formed by mixing 
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octaoxyethylene octyl ether carboxylic acid (C8E8CH2COOH) and dioxyethylene oleyl 

ether carboxylic acid (C18:1E2CH2COOH) in water is described. At rest, the bicellar nematic 

phase exhibits viscoelastic gel-like behavior with peculiar entrapment properties. Large air 

bubbles or other objects that do not alter the surfactant aggregation can be entrapped for a 

long time, as the buoyancy or gravitational force must exceed a certain threshold to induce 

floating, creaming, or sedimentation. At the same time, its strong shear-thinning behavior 

and almost instantaneous relaxation after destroying the structure by shear make the ne-

matic gel easy to handle and easy to mix with other components. 

In this chapter, the effects of three common alcohol additives, propylene glycol (PG), glyc-

erol (G), and ethanol (EtOH), on the phase behavior of this system are explored. Phase 

diagrams are constructed as a function of temperature and additive concentration and the 

effects of the additive concentration and the temperature on the microstructures are exam-

ined via high-resolution small-angle X-ray scattering. 

 

V.3. Experimental Section 

V.3.1. Materials 

The liquid surfactants octaoxyethylene octyl ether carboxylic acid, C8E8CH2COOH 

(M = 541 g·mol-1, HLB = 16), commercialized under the name AkypoÒ LF2 (90.0 wt% ac-

tive matter, 0.9 wt% NaCl, 9.1 wt% water), and dioxyethylene oleyl ether carboxylic acid, 

C18:1E2CH2COOH (M = 415 g·mol-1, HLB = 8), commercialized under the name AkypoÒ 

RO 20 VG (95.8 wt% active matter, 0.1 wt% NaCl, 4.1 wt% water), as well as their ethox-

ylated alcohol precursors, were a generous gift by Kao Chemicals GmbH (Emmerich am 

Rhein, Germany). Both surfactants are technical products with a broad distribution of the 

degree of ethoxylation. Typical impurities are small amounts of glycolic acid, formic acid, 

diglycolic acid, polyethylene glycol, carboxymethylated polyethylene glycol, nonionic pol-

yoxyethylene alkyl ethers and various esters of the type C8ExCH2COOEyC8 or 

C18:1ExCH2COOEyC18:1, respectively. Though different batches of the surfactants may not 

be identical, no differences in phase behavior were observed using different batches. 

To remove hydrophilic impurities and NaCl, cloud point (CP) extraction was performed. 
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After thorough mixing of the surfactant with excess water (≈70 vol%), phase separation 

was induced by equilibration at 90°C. Once phase separation was complete, the aqueous 

phase was removed, and the procedure was repeated two additional times. As a last step, 

the surfactant was vacuum dried. 

It was observed that phase boundaries of aqueous C8E8CH2COOH/C18:1E2CH2COOH mix-

tures shift if C18:1E2CH2COOH is dried prior to use. The extent of the shift depends on the 

resting time of C18:1E2CH2COOH in absence of water. The reason for the changes is most 

likely the slow formation of more esters between carboxylic acid surfactant molecules and 

nonionic alcohol surfactant impurities, as the removal of water shifts the equilibrium to-

wards the esters. For C8E8CH2COOH, which has a higher degree of ethoxylation and con-

tains less nonionic impurities, no effect on phase behavior is observed. 

Propylene glycol (p.a., ≥99.5%) and ethanol (p.a., ≥99.8%) were purchased from Sigma-

Aldrich (St. Louis, Missouri, USA). Glycerol (p.a., ≥99%) was purchased from Fisher Sci-

entific (Pittsburgh, Pennsylvania, USA). Ultrapure water from a Millipore purification sys-

tem (resistivity >18 MΩ cm) was used for all experiments. 

For the determination of phase diagrams, C18:1E2CH2COOH was used as received, while 

C8E8CH2COOH was used after CP extraction. Samples for small-angle X-ray scattering 

(SAXS) experiments were prepared using both surfactants after CP extraction, explaining 

the occasional mismatch between the expected phase at a given temperature from the phase 

diagram and the actually observed phase in SAXS. 

 

V.3.2. Phase Diagram Determination 

A Julabo (Seelbach, Germany) F32-HD refrigerated and heating circulator was used to de-

termine phase diagrams in a temperature range of 10°C to 95°C. Samples were prepared in 

16×100 mm test tubes with sealed polypropylene screw caps. During sample preparation, 

mixing was usually facilitated by heating to 50°C. Phase boundaries were determined dur-

ing heating by visual observation with the help of crossed polarizers. The accuracy in tem-

perature is ±1°C, as temperature was adjusted in steps of 1°C with a minimum equilibration 

time of 10 min. Phase transitions were found to be much faster than 10 min and the same 

phase boundaries are found during cooling. Inhomogeneous samples were agitated using a 
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vortex mixer and equilibrated again to ensure the observation of the equilibrium phase. To 

examine the separating phases, biphasic samples were sometimes left equilibrated for up to 

72 h to allow complete macroscopic phase separation. At room temperature, phase separa-

tion was facilitated using a 3-18KS centrifuge from Sigma Laborzentrifugen (Osterode am 

Harz, Germany). 

 

V.3.3. Small-Angle X-Ray Scattering 

Small-angle X-ray scattering (SAXS) data were performed on the ID02, TRUSAXS, beam-

line at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). The X-ray 

energy used was 12.23 keV, corresponding to a wavelength, λ = 0.101 nm. A single sample-

to-detector distance of 0.8 m was used, covering a q-range of 0.072–7.5 nm-1, where q is 

the magnitude of the scattering vector and is given by q = sin(θ/2)·4π/λ. Measurements 

were carried out in quartz capillaries of diameter ø = 2 mm. 2D SAXS patterns were rec-

orded by a Dectris (Baden-Daettwil, Switzerland) Eiger2 4M pixel array detector and the 

sample transmission was simultaneously measured. To obtain sufficient statistics for good 

data quality, 12 frames of 1 s exposure time were averaged, and samples underwent a radi-

ation damage test to ensure this did not cause damage to the sample. The resulting 2D 

images were normalized to an absolute intensity scale and azimuthally averaged to obtain 

the 1D profiles. The 1D SAXS patterns were then subtracted using a capillary of water 

adjusted by a factor to account for the respective additive and the temperature. All samples, 

except M-20PG, are radially averaged. For sample “M-20PG”, the 2D SAXS pattern is 

anisotropic due to microstructure orientation in the sample, and to avoid artifacts in the 1D 

profiles, the averaging was restricted to an azimuthal angle range of 50–80°. 

 

V.3.4. NMR Spectroscopy 

Quantitative 13C-NMR was measured at a temperature of 25°C using a 600 MHz spectrom-

eter equipped with a TCI cryoprobe. To ensure accurate quantification, a pulse sequence 

incorporating inverse gated decoupling was employed. The experiment was performed at a 

frequency of 150.94 MHz and comprised 128 scans with an FID resolution of 0.50 Hz and 
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a relaxation delay of 10 seconds. The sample containing H2O was measured without disso-

lution in a solvent. D2O was set as solvent for the measurement, despite not being present 

in the sample. 

 

V.4. Results and Discussion 

A detailed study of the phase behavior of C8E8CH2COOH/C18:1E2CH2COOH mixtures in 

water is given in Chapter IV. A nematic gel made of disc-like bicelles can be achieved in 

a large range of surfactant mixing ratios and total surfactant concentrations. A monophasic 

nematic gel in water is formed at room temperature for 

0.60 ≤ R(C18:1E2CH2COOH) ≤ 0.69, where 

R(C18:1E2CH2COOH) = 
 n(C18:1E2CH2COOH)

n(C18:1E2CH2COOH) + n(C8E8CH2COOH)  , (V.4.1) 

in a concentration range from 8 wt% to 55 wt% of surfactant. As demonstrated in Chapter 

IV., the clear nematic domain can be extended to a larger range of R(C18:1E2CH2COOH) by 

removal of the hydrophobic ester impurities. Throughout this chapter, the total surfactant 

concentration is fixed at 20 wt% and the mixing ratio is fixed at 

R(C18:1E2CH2COOH) = 0.655. The pH of the mixture in absence of additives is around 2.2. 

The effect of three alcohols as additives, namely propylene glycol (PG), glycerol (G), and 

ethanol (EtOH), is examined. Findings are interpreted assuming intramicellar molecular 

segregation of the two surfactants, for details the reader is referred to Chapter IV. 

C18:1E2CH2COOH (HLB = 8, spontaneous packing parameter p0 ≈ 1) favors lamellar pack-

ing, whereas C8E8CH2COOH (HLB = 16, p0 < 1/3) favors high curvature spherical pack-

ing. The compromise is a disc-like bicelle with intramicellar segregation, where 

C8E8CH2COOH favors the curved rim and C18:1E2CH2COOH favors the flat bilayer part. 

The phase observed for samples in SAXS at a given temperature does not always corre-

spond to the phase suggested by the given phase diagrams. The reason for the difference is 

the usage of vacuum dried C18:1E2CH2COOH for SAXS samples, instead of 

C18:1E2CH2COOH as received for the phase diagrams, leading to a slight shift of the phase 

boundaries, see Section V.3.1. 
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It is also worth noting that the carboxylic acid surfactants may react with alcohols to form 

esters. This is indicated by a shift of the phase boundaries over time, see Fig. D.1. Gener-

ally, the formation of these esters seems to have a stabilizing effect on the nematic phase. 

The reaction was not quantified, but the reaction appears to be facilitated at high tempera-

tures during the determination of the phase boundaries, while being slow when stored at 

room temperature. As already mentioned in Section IV.4.1., it was observed that the same 

nematic gels are formed using the surfactants’ alcohol precursors, C8E8OH and C18:1E2OH. 

This way, side reactions with the alcohol additives can be prevented. 

 

V.4.1. Effect of Propylene Glycol 

In absence of additives, see Chapter IV., the viscoelastic nematic phase (1f N) transitions 

into an isotropic fluid (1f I) at 39°C via a pseudo-lamellar phase (1f Lα), before the critical 

temperature is reached at 42°C and a concentrated surfactant-rich phase separates from a 

dilute aqueous phase. The latter is the typical clouding phenomenon observed for ethox-

ylated nonionic surfactants. The transition of the nematic phase made of disc-like bicelles 

into a pseudo-lamellar phase is observed at 34°C. For the sake of clarity, a small tempera-

ture-range, in which the pseudo-lamellar phase and the isotropic phase coexist, is not shown 

in the phase diagrams. The bicelles with a diameter of around 50 nm at room temperature 

tend to grow with increasing temperature due to a decrease of intramicellar segregation. 

The pseudo-lamellar phase appears close to full intramicellar mixing, leading to the growth 

of bicelles to giant undulating discs that organize in a quasi-lamellar arrangement. The iso-

tropic state at even higher temperature contains smaller disc-like mixed micelles, after 

“melting” the pseudo-lamellar phase. 

The effect of adding propylene glycol (PG) on the phase behavior can be inferred from the 

phase diagram shown in Fig. V.1. The phase sequence remains the same as without additive. 

The nematic phase persists up to almost 30 wt% PG. Up to 20 wt% PG, PG has a stabilizing 

effect versus temperature, leading to a shift of the phase boundaries to slightly higher tem-

peratures. The phase sequence observed on increasing the PG content is similar to the phase 

sequence observed on increasing temperature. Beyond 30 wt% PG, the nematic phase is 

instable. First, a lamellar phase forms in equilibrium with an isotropic phase. This domain 

is similar to the small 2f Lα/I domain observed during heating. Further increasing the PG 
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content leads to the transition to an isotropic phase and eventually to the phase separation 

into a concentrated isotropic and a dilute isotropic phase. 

 
Fig. V.1. Phase diagram of 20 wt% of surfactant mixture with R(C18:1E2CH2COOH) = 0.655 in propylene 
glycol (PG)/water mixtures as a function of the PG weight fraction. Colored crosses indicate the points where 
SAXS was measured. 1f I: Monophasic isotropic liquid. 2f I/I: Two isotropic liquids in equilibrium. In the 
notation 2f I/I, the former I regards the top phase, whereas the latter I regards the bottom phase. Lα: Lyotropic 
lamellar phase. N: Lyotropic nematic phase. The transition 1f N ® 1f Lα is shown as a dotted line and is not 
accurate, because it is hard to determine macroscopically. 

Points measured by SAXS are indicated as colored crosses in Fig. V.1, though the phase 

diagram does not directly reflect the phases for the SAXS samples (see Section V.3.1.). The 

1D scattering curves are given in Fig. V.2. A temperature scan of a sample containing 

20 wt% PG, see Figure V.2A, reveals the same scattering progression on heating of the 

nematic phase as in absence of PG, see Section IV.4.3. This suggests that PG does not alter 

the general microstructures and thus does not have a significant influence on intramicellar 

segregation. As shown by Shigeta et al. [34], the addition of PG increases the cloud point 

of C18:1Ej with j ≥ 10.7 by progressively dissolving the surfactant. Further, the critical mi-

celle concentration (CMC) is slightly increased when adding PG [35,36], suggesting that 

PG rather acts as a co-solvent than as a co-surfactant. The increased solubility of the sur-

factants in the mixed solvent could explain the increase of the cloud point up to 20 wt% PG 

in the present system. A second stabilizing effect could be the increase of the repulsive 

hydration force between the structures, opposing intermicellar attraction involved in 
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clouding. As can be inferred from Fig. D.2, the shift of the peak position with increasing 

temperature, i.e., the progression of the repeat distance D* = 2π/qmax, is also similar with 

and without PG. Compared to no added additive, D* is slightly increased by approximately 

2 nm from close to 23 nm to around 25 nm, suggesting either a decrease of the total volume 

fraction of aggregates due to dissolution of surfactant in the solvent, or a growth of discs in 

presence of PG. The surfactant dissolution is expected to be more significant for 

C8E8CH2COOH, which is miscible with PG, than for the more hydrophobic 

C18:1E2CH2COOH, which is barely soluble in PG. Predominant dissolution of 

C8E8CH2COOH would effectively increase the C18:1E2CH2COOH fraction in the bicelles, 

which would additionally lead to a slight growth of their average size. Even though the role 

of PG is mainly that of a co-solvent, the bicelle size may also be slightly influenced by PG 

acting as a co-surfactant. In analogy to the additive-free system (Section IV.4.3.), when 

cooling down after phase separation at 60°C, a concentrated lamellar phase in equilibrium 

with a dilute isotropic phase is obtained that is metastable at room temperature. It can be 

easily transformed to a nematic phase by shaking and remixing the two phases. 

Scattering of the isotropic phase at 38 wt% PG, see Figure V.2B, is similar to scattering of 

the isotropic phase at elevated temperature in absence of PG, see Section IV.4.3. SAXS at 

55 wt% PG reveals scattering of worm-like aggregates in the surfactant-rich top phase, typ-

ical of concentrated phases of many nonionic surfactants [37,38], see Figure V.2C. The 

average spacing, as derived from the peak maximum in a Holtzer-plot (I(q)·q versus q), is 

10 nm. The bottom phase on the other hand, see Figure V.2D, exhibits almost no scattering. 

An analysis of the two phases at 55 wt% PG, separated at 25°C, reveals that 

C18:1E2CH2COOH is almost entirely in the top phase (≈ 59 wt% solvent), while 1/3 of 

C8E8CH2COOH remains in the bottom phase (≈ 94.5 wt% solvent), see Table D.1 and Fig-

ure D.3. This confirms the assumption made above that preferentially C8E8CH2COOH is 

monomerically dissolved in the solvent. Since PG does not significantly enhance the solu-

bility of C18:1E2CH2COOH, the decrease of the clouding temperature above 20 wt% PG is 

explainable by PG dehydrating the surfactant headgroups, and, to a smaller extent, by dis-

solution of C8E8CH2COOH leading to a higher fraction of C18:1E2CH2COOH in the struc-

tures. Note that the situation changes over time as the surfactants form esters with PG, 

increasing their solubility in the solvent. 

In conclusion, moderate amounts of PG can be used as an additive to a bicellar nematic 
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phase formulation, while higher amounts of PG can be used to induce a bicelle-to-worm-

like micelle transition. High amounts of PG could be used if separation of hydrophilic and 

hydrophobic ethoxylated alkyl ether (carboxylic acid) surfactants is required, for instance 

in closed-loop process charts, implying circular use of surfactants. 

 
Fig. V.2. SAXS data obtained at different temperatures and propylene glycol (PG) concentrations. The tem-
perature scan was performed during heating from 5°C to 60°C, and in addition, scattering was recorded after 
re-cooling from 60°C to 20°C. For the explanation of phase notations and the approximate locations of the 
measured samples in the phase diagram, see Fig. V.1. (A) Sample “M-20PG”, containing 20 wt% PG. The 
present phase at 5°C to 15°C is not known for sure. Either the pseudo-lamellar phase of the 2f Lα/I domain 
or a weakly birefringent nematic phase is seen. In the 2f I/I domain, the scattering of the surfactant-rich phase 
is seen. (B) Sample “M-38PG”, containing 38 wt% PG. (C) Sample “M-55PG top”, i.e., the top phase sepa-
rated at 25°C from the biphasic system containing 55 wt% PG. (D) Sample “M-55PG bottom”, i.e., the bottom 
phase separated at 25°C from the biphasic system containing 55 wt% PG. 

 

V.4.2. Effect of Glycerol 

Addition of glycerol (G) does not change the general phase behavior and the observed 

phase sequence, see Fig. V.3. The addition of G leads only to a continuous decrease of the 

phase transition temperatures, in contrast to PG, for which the phase transition temperatures 
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go through a maximum around 20 wt% PG. G is not able to dissolve either of the two 

surfactants. Thus, G has an anti-solvent effect, i.e., a “salting-out” effect, on the surfactants 

by effectively dehydrating their polar headgroups. G has no direct influence on the micelles 

by acting as a co-surfactant or accumulating in the poly(oxyethylene) shell. This was also 

pointed out in ref. [34,39,40] for various other nonionic surfactants, for which the addition 

of G generally decreases the clouding temperature. As a result, the addition of G is virtually 

equivalent to increasing the temperature. At room temperature, the nematic phase is stable 

up to about 20 wt% G. 

 
Fig. V.3. Phase diagram of 20 wt% of surfactant mixture with R(C18:1E2CH2COOH) = 0.655 in glycerol 
(G)/water mixtures as a function of the G weight fraction. Colored crosses indicate the points where SAXS 
was measured. 1f I: Monophasic isotropic liquid. 2f I/I: Two isotropic liquids in equilibrium. In the notation 
2f I/I, the former I regards the top phase, whereas the latter I regards the bottom phase. Lα: Lyotropic lamellar 
phase. N: Lyotropic nematic phase. 

Points measured by SAXS are indicated as colored crosses in Fig. V.3. Note, however, that 

the phase diagram does not directly reflect the phases of the SAXS samples (see Section 

V.3.1.). The 1D scattering curves are given in Fig. V.4. The data of a sample containing 

10 wt% G, see Fig. V.4A, and of a sample containing 21 wt% G, see Fig. V.4B, confirm 

that G does not alter the principal phase behavior, only shifting the phase transitions to 

lower temperatures. This can also be seen in the similar progression of the repeat distance 

D*, see Fig. D.2. In both cases, the correlation peaks in the nematic phase are sharp, and 

the closer the temperature is to the transition from the nematic phase to a pseudo-lamellar 
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phase, the sharper the peak becomes. Even a weak second order correlation peak at 

qmax,2 = 2·qmax,1 is visible, indicating well-ordered stacks of the quasi-two-dimensional very 

large discs, approaching the structure of a pseudo-lamellar phase. The same effect is ob-

served without additive because an increase in temperature favors intramicellar mixing, 

leading to an increase of the average disc size, see Chapter IV. The fact that peaks are 

sharper at lower temperatures in presence of G shows that the presence of G favors intram-

icellar mixing. Thus, the addition of G is equivalent to an increase in temperature. Conse-

quently, addition of G decreases the stability of the nematic gel towards higher tempera-

tures. As in absence of additive or with PG, when cooling down after phase separation at 

60°C, a concentrated lamellar phase in equilibrium with a dilute isotropic phase is obtained 

that is metastable at room temperature and can be safely transformed into a nematic phase 

upon gentle shaking. The air bubble encapsulating nematic phase can be observed by cus-

tomers similar to the Triphasic™ shampoo. 

At 55 wt% G and a temperature of 25°C, phase separation into two isotropic phases occurs. 

The more viscous top phase takes up around 25 vol% of the sample, while the bottom phase 

takes up around 75 vol%. The physical densities at 25°C are 1.0012 g·cm-3 and 

1.1725 g·cm-3 for the top and bottom phase, respectively, while the water contents are 

around 7 wt% and 32 wt%. Since the physical density of the bottom phase is almost iden-

tical to the value of 1.1724 g·cm-3 expected for a G/water mixture containing 32 wt% of 

water [41], it can be inferred that the bottom phase is the mixed solvent and does not contain 

a significant amount of surfactant. Note that the sample composition suggests a mixed sol-

vent containing close to 33 wt% of water. The physical density of the more viscous top 

phase, containing mainly the surfactant mixture, on the other hand, is close to the physical 

density 0.9984 g·cm-3 of the neat surfactant mixture. Thus, G results in significant dehy-

dration of the surfactants. These findings are in agreement with SAXS, suggesting densely 

packed worm-like micelles in the top phase, see Fig. V.4C, and no aggregates in the bottom 

phase, see Fig. V.4D. The repeat distance between the axes of cylinders found in the top 

phase at 55 wt% G is D* ≈ 5 nm (derived from a Holtzer plot), compared to D* ≈ 10 nm at 

55 wt% PG, where the solvent content in the phase is significantly higher (59 wt%). 

All these findings are in agreement with the idea that G is an anti-solvent for the surfactants, 

whereas PG is, at least up to a certain concentration, a co-solvent for the surfactants. 
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Fig. V.4. SAXS data obtained at different temperatures and glycerol (G) concentrations. The temperature scan 
was performed during heating from 5°C to 60°C, and in addition, scattering was recorded after re-cooling 
from 60°C to 20°C. For the explanation of phase notations and the approximate locations of the measured 
samples in the phase diagram, see Fig. V.3: (A) Sample “M-10G”, containing 10 wt% G. (B) Sample “M-
21G”, containing 21 wt% G. (C) Sample “M-55G top”, i.e., the top phase separated at 25°C from the biphasic 
system containing 55 wt% G. (D) Sample “M-55G bottom”, i.e., the bottom phase separated at 25°C from 
the biphasic system containing 55 wt% G. 

 

V.4.3. Effect of Ethanol 

The influence of ethanol (EtOH) on the phase behavior of the system is shown in Fig. V.5. 

Up to 5 wt%, EtOH has a similar effect as PG has up to 20 wt%, stabilizing the nematic gel 

towards higher temperatures. The nematic phase is only stable up to less than 10 wt% 

EtOH. Up to about 20 wt% EtOH, the general phase behavior is similar to the phase be-

havior in absence of additives. Above 20 wt% EtOH, a single isotropic phase is formed, 

and the only remaining feature is a cloud point. The cloud point sharply increases above 

20 wt% EtOH and completely disappears close to 30 wt% EtOH. The formation of a single 

isotropic mixture over the whole temperature range is not observed for G and PG as addi-

tives, suggesting that ethanol is a good co-solvent for both surfactants, in turn leading to 
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gradual dissolution of surfactant. Indeed, ethanol is miscible with both C8E8CH2COOH and 

C18:1E2CH2COOH, while PG is a good solvent only for C8E8CH2COOH and G is a bad 

solvent for both. The co-solvent effect of ethanol is also known to increase the cloud point 

of other ethoxylated nonionic surfactants [42]. Since the surfactants are both soluble in 

ethanol, it is peculiar that phase separation occurs even at low temperatures above around 

45 wt% EtOH. Within this biphasic domain, only a small volume (≈ 3 vol%) of an isotropic 

phase containing around 5 wt% of water separates from the rest of the isotropic mixture. 

At 55 wt% EtOH, the small phase is the denser bottom phase, whereas at 50 wt% EtOH the 

small phase is the less dense top phase. Since the top phase at 55 wt% EtOH has a density 

of 0.8878 g·cm-3 and adding more EtOH decreases the density, the density of the smaller 

phase should be slightly above 0.8878 g·cm-3. Due to the small volume, much less than the 

total surfactant volume of approximately 20 vol%, it was expected that this phase contains 

mainly the insoluble ester impurities (see Section V.3.1.). This was confirmed by using 

purified surfactants without ester impurities, in which case the whole biphasic domain at 

higher EtOH contents disappears. For details on the purification, the reader is referred to 

Appendix C.2. and ref. [43]. 

 
Fig. V.5. Phase diagram of 20 wt% of surfactant mixture with R(C18:1E2CH2COOH) = 0.655 in ethanol 
(EtOH)/water mixtures as a function of the EtOH weight fraction. Colored crosses indicate the points where 
SAXS was measured. 1f I: Monophasic isotropic liquid. 2f I/I: Two isotropic liquids in equilibrium. In the 
notation 2f I/I, the former I regards the top phase, whereas the latter I regards the bottom phase. Lα: Lyotropic 
lamellar phase. N: Lyotropic nematic phase. 
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SAXS data recorded at 5 wt% EtOH, see Fig. V.6A, confirm that small amounts of EtOH 

do not alter the principal phase behavior. This is also reflected in the progression of the 

correlation peak position, as can be seen in Fig. D.2. The typical observation that within 

the nematic phase an increase in temperature leads to an increasingly pronounced correla-

tion peak is also observed. The structural reason for this phenomenon is an increase in 

bicellar diameter with increasing temperature due to enhanced intramicellar mixing of the 

two surfactants, effectively decreasing the fraction of high curvature rims limiting the discs. 

Macroscopically, the increasing correlation peak, i.e., the growing discs, manifest as in-

creasing birefringence and viscosity. In presence of 5 wt% EtOH, the discs at 5°C and 10°C 

are too small to impose any long-range order, thus there is no correlation peak, and the 

sample is less viscous and only flow birefringent. In addition to the co-solvent effect of 

EtOH, slightly reducing the volume fraction of bicelles by dissolving some of the surfac-

tant, EtOH could also have an effect as a co-surfactant, as EtOH is known to affect surfac-

tant aggregation [44–47]. As for PG, see Section V.4.1., the co-solvent effect, i.e., the de-

crease of the aggregating surfactant volume fraction, is also indicated by an increase of the 

spacing D* between discs by at least 2 nm compared to the sample without additive. As 

with the other two additives described or without any additive, a metastable lamellar phase 

is formed after re-cooling from 60°C to 20°C. Note that the scattering of the lamellar phase 

is not shown, because only scattering of the dilute phase was recorded. 

Scattering in the isotropic phase at 30 wt% EtOH, see Fig. V.6B, reflects either worm-like 

or more or less globular micelles. As typical for high ethanol contents, the aggregates are 

expected to be less defined and pervaded by ethanol [44–47]. With increasing EtOH con-

tent, the pervaded aggregates are expected to be increasingly globular. A globular state is 

certainly reached at 55 wt% EtOH, see Fig. V.6C, where barely any scattering from small 

aggregates remains, i.e., where most of the micelles are dissolved. As mentioned above, the 

small bottom phase at 55 wt% EtOH probably contains a large fraction of ester impurities. 

Since the water content is only around 5 wt%, the SAXS curves, see Fig. V.6D, resemble 

scattering of hydrocarbon cores in a medium of hydrated headgroups, similar to what was 

found for sub-CMC auto-coacervation of C8E8CH2COOH, see Chapter IV. A spacing of 

3.2 nm (qmax ≈ 1.98 nm-1) is in good agreement with the dimensions of a 

C18:1E2CH2COOE2C18:1 ester, where the length of a C18:1 chain is 2 nm and the length of 

the hydrophilic linker is around 2 nm, which would result in a center-to-center distance of 

around 3 nm between hydrocarbon cores. 
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Similar to PG, EtOH acts mainly as a co-solvent. Compared to PG, EtOH is a better co-

solvent for both surfactants, capable of dissolving both surfactants completely. Despite not 

being a nematic gel, it is interesting to note that the mixture containing 20 wt% to 40 wt% 

EtOH is a four-component specific formulation that should be able to solubilize hydropho-

bic molecules as well as electrolytes such as sodium salicylate. 

 
Fig. V.6. SAXS data obtained at different temperatures and ethanol (EtOH) concentrations. The temperature 
scan was performed during heating from 5°C to 60°C, and in addition, scattering was recorded after re-cooling 
from 60°C to 20°C. For the explanation of phase notations and the approximate locations of the measured 
samples in the phase diagram, see Fig. V.5: (A) Sample “M-5E”, containing 5 wt% of EtOH. (B) Sample “M-
30E”, containing 30 wt% EtOH. (C) Sample “M-55E top”, i.e., the top phase separated at 25°C from the 
biphasic system containing 55 wt% EtOH. (D) Sample “M-55E bottom”, i.e., the bottom phase separated at 
25°C from the biphasic system containing 55 wt% EtOH. 
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V.5. Conclusion and Outlook 

The effect of propylene glycol (PG), glycerol (G), and ethanol (EtOH) on a bicellar lyo-

tropic nematic gel formed by a mixture of C8E8CH2COOH and C18:1E2CH2COOH, de-

scribed in detail in Chapter IV., was tested. The nematic gel has a peculiar entrapment 

property, capable of entrapping even large air bubbles or particles at rest, while being easy 

to handle due to strong shear-thinning. PG and EtOH act as co-solvents, whereas G acts as 

an anti-solvent. EtOH is a good solvent for both surfactants and is effective in destroying 

the nematic phase by dissolution of the micelles. The nematic gel is stable up to less than 

10 wt% of EtOH. Up to 5 wt% of additive, however, EtOH slightly stabilizes the nematic 

gel at higher temperatures. PG is a worse co-solvent because it is not able to dissolve 

C18:1E2CH2COOH in significant amounts and the nematic gel persists up to almost 30 wt% 

PG. PG stabilizes the nematic gel up to 20 wt% PG. G on the other hand is not leading to 

dissolution of surfactant and only dehydrates the surfactant headgroups. This is equivalent 

to a salting-out effect, decreasing the temperature stability of the nematic gel. Due to this 

effect, however, the gel is more viscoelastic at lower temperatures in presence of G. At 

room temperature, the nematic gel is stable up to around 20 wt% G. 

These effects can also be seen in Fig. V.7, in which the SAXS data of the nematic gel 

without additive at 25°C, with 5 wt% EtOH at 30°C, with 10 wt% G at 25°C, with 21 wt% 

G at 15°C, and with 20 wt% PG at 30°C are superposed. The temperatures were chosen so 

that the sample is well inside the nematic domain. The scattering is similar in all cases and 

only differs in shape due to variations in scattering contrast with different (mixed) solvents. 

At 10 wt% G, the correlation peak is not shifted compared to the additive-free sample be-

cause no additional surfactant is monomerically dissolved in the mixed solvent. The slight 

shift to lower q at 21 wt% G, also observed in absence of additives close to the transition 

into a pseudo-lamellar phase at higher temperature, is a result of disc growth due to head-

group dehydration, which leads to increased intramicellar mixing of the two surfactants. At 

20 wt% PG on the other hand, the peak is slightly shifted to lower q because some surfac-

tant is dissolved in the mixed solvent and the preferential dissolution of C8E8CH2COOH 

leads to bicellar growth. The shift is more pronounced with only 5 wt% EtOH, as EtOH is 

a better co-solvent for both surfactants. 

The formation of a single isotropic phase above 15 wt% EtOH due to surfactant 
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solubilization allows for a formulation of an isotropic phase that becomes nematic (or la-

mellar) on evaporation of EtOH first and water later. Since the metastable state of coexist-

ence of a surfactant-rich lamellar phase and a dilute solvent phase after phase separation 

above the critical temperature and subsequent re-cooling can be easily transformed back 

into a nematic phase by simple mixing, a formulation of a concentrated lamellar phase as 

precursor to a viscoelastic nematic phase would be feasible. 

 
Fig. V.7. SAXS data of samples “M”, identical to sample “20M*” in Chapter IV., containing no additive, at 
25°C, “M-5E”, containing 5 wt% EtOH, at 30°C, “M-10G”, containing 10 wt% G, at 25°C, “M-21G”, con-
taining 21 wt% G, at 15°C, and “M-20PG”, containing 20 wt% PG, at 30°C. All samples contain 20 wt% of 
a C8E8CH2COOH/C18:1E2CH2COOH surfactant mixture with R(C18:1E2CH2COOH) = 0.655, and are nematic 
gels (1f N) at the given temperatures. 
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Chapter VI. 
Microstructure of Fibrillar Hydrogels Formed by 

Glycyrrhizic Acid Monoammonium Salt – Effects 

of Ethanol, Temperature, pH, and Salt 

 
Left: In the binary system glycyrrhizic acid monoammonium salt (AGA)/H2O, “infinite” 

rigid helical fibrils coexist with shorter fibrils. Middle: Ethanol (EtOH, red) as a co-solvent 

facilitates the formation of end caps, thus reducing the length of short fibrils; the “infinite” 

ones stay initially intact as they do not have unstable ends. Right: As EtOH reaches a thresh-

old concentration (≈30 wt%), only end caps remain, meaning that all fibrils have been 

transformed into micelle-like aggregates pervaded by an EtOH-enriched solvent. 

 

Note: 
The content presented in this chapter is already published (P. Denk, S. Prévost, L. Matthews, Q. Prasser, T. 
Zemb, W. Kunz, The effect of ethanol on fibrillar hydrogels formed by glycyrrhizic acid monoammonium 
salt, J Colloid Interface Sci 630 (2023) 762–775.) [1]. The author of this thesis is the first author of the 
publication, wrote the original draft, evaluated the data, and conducted most of the experiments. The co-
authors Dr. Sylvain Prévost, Prof. Dr. Thomas Zemb, and Prof. Dr. Werner Kunz assisted by reviewing the 
draft and giving scientific input throughout the work. Small-angle scattering measurements and the treatment 
of raw scattering data were performed by the co-authors Dr. Lauren Matthews (SAXS) and Dr. Sylvain Pré-
vost (SAXS and SANS). The simulations given in Figs. E.17 and E.18, as well as the calculation given in 
Appendix E.4., were done by Dr. Sylvain Prévost. The co-author Dr. Quirin Prasser recorded parts of the 
presented phase map during his time as an intern at our institute. He was supervised by Christiane Beate Jung, 
Dr. Didier Touraud, and Dr. Eva Müller, without whose groundwork the publication and this chapter would 
not have come to existence. 
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VI.1. Abstract 

While Chapters II. to V. are thematically related and build upon each other, a different 

topic is discussed in this chapter. In contrast to all previous chapters, this chapter does not 

deal with polyoxyethylene alkyl ether carboxylic acid surfactants, but with an amphiphilic 

natural sweetener, the monoammonium salt of glycyrrhizic acid (AGA). Despite being am-

phiphilic, AGA is different from classical surfactants due to its molecular shape. AGA is 

known to form fibrillar hydrogels and few studies regarding self-assembly of AGA have 

been published. Yet, the understanding of the fibrillar microstructures and the gelation re-

mains vague. Thus, an attempt is made in this chapter to achieve a deeper understanding of 

the microstructures and the gelation process of binary solutions of AGA in water. Further, 

the effect of ethanol on the microstructures is examined to pave the way for potential en-

hancement of drug loading in AGA hydrogels. 

A partial room temperature phase map of the ternary system AGA/ethanol/water was rec-

orded. Small-angle X-ray and neutron scattering experiments were performed over wide 

ranges of compositions in both binary AGA/water and ternary AGA/ethanol/water mixtures 

to get access to the micro-structuring. 

Binary aqueous solutions of AGA form birefringent gels consisting of a network of long 

helical fibrils. “Infinitely” long negatively charged fibrils are in equilibrium with shorter 

fibrils (≈25 nm), both of which have a diameter of about 3 nm and are made of around 30 

stacks of AGA per helical period (≈9 nm), with each stack consisting of two AGA mole-

cules. The interaxial distance (order of magnitude ≈20 nm) varies with an almost two-di-

mensional swelling. Addition of ethanol reduces electrostatic repulsion and favors the for-

mation of fibrillar end caps, reducing the average length of shorter fibrils, as well as the 

formation of small, swollen aggregates. While the gel network built by the long fibrils is 

resilient to a significant amount of ethanol, all fibrils are finally dissolved into small aggre-

gates above a certain threshold concentration of ethanol (≈30 wt%). 
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VI.2. Introduction 

Glycyrrhizic acid (or glycyrrhizin) is an edible natural sweetener obtained from the licorice 

root (glycyrrhiza glabra) and is at least 30 times sweeter than sucrose. Currently, glycyr-

rhizic acid (GA) and its ammonium salt (AGA) are listed in the register of flavoring sub-

stances, allowing their unrestricted use in food. GA is contained in licorice confectionery, 

and both GA and AGA are added not only to a wide range of food products, but also to 

health products and personal care products such as toothpaste. Only if ingested in large 

quantities, various studies indicate negative effects such as hypertension [2–4]. For regular 

ingestion, the Scientific Committee on Food of the European Commission recommends a 

maximum ingestion of 100 mg/day [5]. Chemically, GA is a monodesmosidic saponin con-

sisting of a pentacyclic triterpenoid aglycone part (18β-glycyrrhetenic acid) and a glycone 

part made of a disaccharide (β-(1,2)-diglucuronic acid). After ingestion, GA is hydrolyzed 

to give 18β-glycyrrhetenic acid, which is the biologically active metabolite. It is known to 

possess a multitude of beneficial pharmaceutical properties. For an overview, the reader is 

referred to Asl et al. [4] and Graebin [6]. Thus, it is still subject of great interest in pharma-

ceutics. Among others, anti-inflammatory, antimicrobial and antiviral, antiprotozoal, and 

antitumor activities are reported. GA was shown to inhibit SARS coronaviruses in vitro 

almost 20 years ago [7]. Recently, GA was shown to also effectively inhibit SARS-CoV-2 

replication in vitro [8]. In addition to its own biological activity, GA is interesting for drug 

delivery in pharmaceutical applications [9,10]. GA is slightly amphiphilic and, at interme-

diate pH (4–6), capable of forming aggregates and supramolecular hydrogels [11]. The in-

termediate pH is inherent for AGA, which is known to form fibrillar hydrogels [12,13]. 

Due to its ability to form supramolecular hydrogels, AGA (M = 840 g·mol-1) is considered 

a natural low molecular weight (LMW) hydrogelator. Most of the commonly used LMW 

hydrogelators are synthetic derivatives [14–21], but some natural molecules have also been 

used to form supramolecular hydrogels [21,22]. Since hydrogel formation by AGA is a 

result of self-assembly, i.e., of weak interactions, and not of covalent crosslinking (as in 

polymeric hydrogels), other (hydrophobic) compounds can be incorporated to a certain ex-

tent and easily released later. Thus, AGA is both a solubilizer and a hydrogelator, two prop-

erties that render AGA a promising drug delivery agent. In addition, AGA hydrogels are 

birefringent, i.e., the natural compound alone forms a liquid crystalline hydrogel. 

A potential to incorporate various solutes in gels and solutions of AGA was already 
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predicted by Tykarska et al. [23] in 2013, who investigated the unusual solid state isomor-

phism of GA and its salts. In the solid state, GA is arranged in a layered structure, in which 

the diglucuronic acid moieties form sugar platforms separated by hydrophobic layers of 

aglycone moieties. The arrangement leaves rather hydrophilic channels (≈42 % of the crys-

tal volume), where solvent molecules and ions can be incorporated. These channels are the 

origin of the isomorphism, because cations like NH4+ can replace hydrogen bonded water 

molecules within the channels without changing the molecular arrangement. In solution, 

the degree of ionization is much more important. The fully protonated form (GA) is not 

sufficiently soluble in water to allow any self-assembly. While mono- or di-deprotonated 

forms are required to enable self-assembly in water, a too high degree of ionization inhibits 

self-assembly and leads to a monomeric (or dimeric) solution. As a consequence, self-as-

sembly of GA is observed in a rather narrow pH range from pH ≈ 4 to pH ≈ 7 [11]. Binary 

solutions of AGA always have a natural pH in this range and thus AGA can self-assemble. 

Opposed to the solid state, AGA does not form layered, but fibrillar aggregates in solution 

[11–13]. As will also be shown in this chapter, the fibrils are rather of a core-shell-like 

nature and too thin to have an internal structure similar to that in the solid state. Saha et al. 

[12] have recently shown that the fibrils are right-handed helices. 

Though there is already a principal understanding of the aggregation and gelation of AGA 

in water in the literature, the system is far from being fully understood. The aim of this 

chapter is to give a more complete description of the microstructuring of AGA in water, 

and further to examine the effect of ethanol as a hydrotrope or cosolvent on the microstruc-

tures and gelation. In the scope of solute solubilization and drug delivery, adding a hy-

drotrope like ethanol should further increase the solubility of hydrophobic solutes in the 

gel. This important aspect will be investigated in another paper, currently in preparation by 

Kunz and co-workers [24]. In this chapter, a partial ternary phase map of the system 

AGA/ethanol/water at room temperature will be given. With the aid of mainly small- and 

wide-angle X-ray scattering (SWAXS) as well as small-angle neutron scattering (SANS) 

over large ranges of compositions with and without ethanol, and additionally considering 

already published studies [11–13], a detailed description of the formed microstructures and 

their impact on gelation is offered. The effects of temperature, salt (NaCl) addition, and pH 

help getting a better understanding of the forces involved in microstructuring and gelation. 
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VI.3. Experimental Section 

VI.3.1. Materials 

Glycyrrhizic acid monoammonium salt (≥95%), herein abbreviated as AGA (ammonium 

glycyrrhizic acid), and ethanol (≥98.8%) were purchased from Sigma-Aldrich (St. Louis, 

Missouri, USA). Note that, according to the supplier, the main impurity in AGA is water. 

D2O (99% D) and d6-ethanol (99% D) were supplied by Eurisotop (Saint-Aubin, France). 

Sodium hydroxide solution (1 mol·L-1) and sodium chloride (≥99.5 %) were purchased 

from Carl Roth (Karlsruhe, Germany). Hydrochloric acid solution (1 mol·L-1) was pur-

chased from Supelco (Bellefonte, PA, USA). Ultrapure water from a Millipore purification 

system (resistivity > 18 MΩ·cm) was used for all systems containing water. 

 

VI.3.2. Phase Map Determination 

As will be shown below, prepared gels and sols are not always in the thermodynamic equi-

librium state and the observed viscosity depends on the preparation history. The micro-

structures in the sub-nm to hundreds of nm range are accessible by investigating series of 

dilutions with small-angle scattering. While the general microstructures and the close-range 

ordering are found to be much less dependent on preparation history, not a real thermody-

namic phase diagram is determined, but a ‘‘phase map”. The phase map captures some of 

the features of true phase diagrams, but not all. The term phase map will be used throughout 

this chapter. The partial ternary phase map of the system glycyrrhizic acid monoammonium 

salt (AGA)/H2O/ethanol (EtOH) was determined at room temperature (≈23°C) by prepar-

ing various samples with different AGA and ethanol contents. Generally, the AGA content 

was varied at a fixed ethanol content to find the critical gel concentration (CGC) or the 

solubility limit. Typically, the appropriate amount of AGA was weighed in a glass vial 

(4 cm length × 1.9 cm diameter) and the desired amounts of EtOH and water were added. 

A vortex mixer was used to homogenize the mixture, which was further stirred for several 

minutes. Except for some samples containing larger amounts of AGA, samples were not 

heated to facilitate mixing. This is important to note because the optical appearance is found 

to be influenced by heating and the subsequent cooling rate. Thus, the reported optical 
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appearance of a sample corresponds to its appearance after mixing at room temperature 

without heating. A sample is considered a gel if no gravitational flow is observed after in-

version of the vial at room temperature. 

 

VI.3.3. Small- and Wide-Angle X-Ray Scattering 

Small- and wide-angle X-ray scattering (SWAXS) data were all acquired on the beam line 

ID02 at the European Synchrotron Radiation Facility (ESRF, Grenoble, France), in four 

occasions. Samples were always contained in quartz capillaries, but depending on the ex-

periment and the viscosity of the sample set, they were either in individual quartz capillaries 

(10 μm quartz thickness, WJM-Glas / Müller GmbH, Berlin, Germany) or in a flow-through 

capillary (50 μm quartz thickness, Hilgenberg GmbH, Malsfeld, Germany). 

SWAXS of samples containing 3.0 wt% AGA and a varying amount of ethanol, as well as 

samples containing no ethanol and a varying concentration of AGA, were measured on the 

beamline ID02 [25] at ESRF. The detector was a CCD Rayonix MX170-HS from Rayonix, 

L.L.C. (Evanston, Illinois, USA), placed at the sample-to-detector distances of 0.77, 5, and 

30.69 m, thus covering a total q-range of 0.002–10 nm-1, where q is the magnitude of the 

wavevector: q = sin(θ/2)·4π/λ, θ being the scattering angle. A fixed wavelength of 0.099 nm 

was chosen (ΔE/E ≈ 10-4). Samples were poured in individual quartz capillaries of 10 μm 

quartz walls and a diameter of around 1.55 ± 0.15 mm. Typically, eleven successive acqui-

sitions at different positions in the capillaries were averaged, also providing the standard 

deviation and corresponding error-bars. A water capillary was used as a background sub-

tracted from all data files. SWAXS data of all other samples containing 30 wt% ethanol and 

a varying amount of AGA were also measured on the beamline ID02 [26] at ESRF, but in 

a flow through setup with an inner capillary diameter of 2 mm. For these measurements an 

Eiger2 4 M pixel array detector from Dectris (Baden-Daettwil, Switzerland) was used, and 

the sample transmission was measured simultaneously. 2D SAXS patterns were measured 

at three sample-to-detector distances: 1, 10, and 31 m, covering a total q-range of 

0.001–7 nm-1. 2D WAXS patterns were measured simultaneously using a CCD Rayonix 

LX170-HS detector at a sample-to-detector distance of 0.145 m, covering a q-range of 

5.26–36.8 nm-1. To improve data statistics, 20 acquisitions were made at each distance and 

averaged, using an exposure time of 1 s for the WAXS and 1 m measurements, and 0.1 s 
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for the 10 m and 31 m measurements. Scattering of the solvent (30 wt% EtOH/70 wt% H2O 

or D2O) was subtracted as background from all data files. Further, small-angle X-ray scat-

tering of samples containing 3.0 wt% AGA, with or without 30 wt% ethanol, and a varying 

amount of NaCl was measured analogously, but samples were measured in individual 

quartz capillaries. Scattering of the solvent (including ethanol and NaCl) was subtracted as 

background from all data files. SAXS of samples containing 3.0 wt% AGA in H2O at pH 

3.99, 4.65, 5.10, 6.00, and 6.99, respectively, was also measured on the beamline ID02 [26] 

at ESRF. The pH of the mixtures was adjusted using a NaOH solution (1 mol·L-1) or HCl 

solution (1 mol·L-1), respectively. Gel samples (pH 3.99 and 4.65) were measured in indi-

vidual quartz capillaries with a typical diameter of around 1.8 mm, while liquid samples 

were measured in a flow through setup with an inner capillary diameter of 2 mm. Data were 

acquired at two detector distances of 1.0 m and 9.7 m, at a wavelength of 0.099 nm, using 

an Eiger2 4 M pixel array detector from Dectris. Data were corrected for flat field, spatial 

distortion, electronic and dark noise, and transmitted flux. If not stated otherwise, 1D data 

are radially averaged. 1D data were normalized using the level of water as a standard 

(dσ/dΩ = 0.0163 cm-1) and dividing by the corresponding path lengths. The temperature 

was kept constant at 25°C using a Peltier stage LFI3751 from Wavelength Electronics (Bo-

zeman, Montana, USA). For a sample containing 3.0 wt% AGA in H2O, temperature was 

varied using the same Peltier stage, and samples were left for equilibration for at least 

30 min prior to data acquisition. 

 

VI.3.4. Small-Angle Neutron Scattering 

Small-angle neutron scattering (SANS) data were measured at the Institut Laue-Langevin 

– The European Neutron Source (ILL, Grenoble, France) on instrument D33 [27] for AGA 

in D2O and on D11 [28] for AGA in D2O/ethanol mixtures (with either perdeuterated 

d6-ethanol, or hydrogenated d0-ethanol). For both instruments, three sample-to-detector 

distances were used. On D11, the wavelength was 0.46 nm (FWHM 9%) and the distances 

were 1.4, 8, and 39 m. On D33, the wavelength was 0.60 nm (FWHM 10%) at sample-to-

detector distances of 2 m and 5 m, and 1.30 nm (FWHM 10%) at a sample-to-detector dis-

tance of 12.8 m. Data were corrected with the program LAMP, accounting for deadtime, 

transmission, detector background (using measurements with 10B4C as absorber), and 
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normalizing with monitor, using a flat field obtained from H2O (1 mm) measurement. The 

contribution from the empty container was subtracted. Absolute scale was determined from 

the flux by acquisition of the attenuated direct beams. 

Note that as opposed to all other samples, for SANS, samples were not only prepared with 

D2O, but (due to the viscosity of the gel) also directly quartz cuvettes with 1.25 mm quartz 

walls and a sample pathway of 2 mm (model 120-QS from Hellma GmbH, Müllheim, Ger-

many) were used, and to dissolve AGA a heat gun was used to warm up and homogenize 

the solution. However, the resulting spectra are similar to those obtained by SAXS, i.e., the 

preparation does not have a significant effect on the structure at the nanoscale. 

 

VI.3.5. Density Measurements 

The physical density of AGA was calculated from the densities of solutions containing 

AGA. The first solution contained 0.5 wt% AGA in water, while the second solution con-

tained 1.0 wt% AGA and 30 wt% ethanol in water. Densities of the two solutions and their 

respective solvents were measured at 25°C multiple times using a density meter DMA 5000 

M from Anton Paar (Graz, Austria), which operates with the oscillating U-tube method. 

Assuming a linear dependence of the reciprocal density on the mass fraction, the apparent 

density of AGA was obtained by linear extrapolation, leading to a value of ρ = 1.339 g·cm-3 

(apparent volume V = 1.042 nm3). Measured densities are given in Table E.1. 

 

VI.3.6. Molecular Volumes and Scattering Length Densities 

The experimentally measured apparent molecular volume of AGA (see Section VI.3.5.) 

was split into two groups: (a) The ammonium diglucuronate moiety and (b) the aglycone 

moiety. The molecular volume of the aglycone part was estimated using ChemSketch, and 

the density value obtained for the sugar-based headgroup is close to the classical value of 

≈ 1.6 g·cm-3 for polysaccharides. The molecular volumes as well as the scattering length 

densities (SLDs) used for the AGA molecule and the solvents, H2O, D2O, ethanol, and 

d6-ethanol, are summarized in Table VI.1. 
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Table VI.1. Scattering length densities for X-rays (SLDX) and neutrons (SLDN), as well as molecular volumes 
V, physical densities ρ (at 25°C), and molar masses M of the compounds used in this study. Labile hydrogens 
will exchange with the solvent, and the number of hydrogens concerned is marked as (H/D) in the molecular 
formula. SLDN is strongly affected, which is reflected by its dependence on the fraction of exchangeable 
deuterium in the solvent d (d = 0 in H2O and d = 1 in D2O). Note that all other values are given for the 
compound without any H/D exchange. 

compound formula M 
[g·mol-1] 

ρ 
[g·cm-3] 

V 
[nm-3] 

SLDX 
[10-4 nm-2] 

SLDN 
[10-4 nm-2] 

water H2O 18.015 0.997 0.030 9.41 -0.56 

heavy water D2O 20.028 1.109 0.030 9.41 6.38 

ethanol C2H6O 46.068 0.789 0.097 7.57 -0.34 

d6-ethanol C2D6O 52.105 0.892 0.097 7.57 6.10 

AGA C42H55(H/D)10NO16 839.963 1.339 1.042 12.24 1.33+1.00d 

aglycone C30H44(H/D)O3 453.677 1.138 0.662 10.61 0.73+0.16d 

ammonium 
diglucuronate C12H11(H/D)9NO13 386.286 1.688 0.380 15.09 2.36+2.47d 

 

The intensity recorded in small-angle scattering is proportional to the square of the differ-

ence in scattering length densities, called contrast. For X-rays, the main contrast is that 

between solvent and diglucuronate moiety, which is 4.7 times higher than that between 

solvent and aglycone. For neutrons, the main contrast is between the solvent and the agly-

cone moiety. Taking into account H/D exchange of labile hydrogens (only 1 for the agly-

cone part, but 6 for the glucuronate part and 3 for the ammonium ion), the aglycone/D2O 

contrast is 3.5 times higher than that of diglucuronate/D2O. 

 

VI.3.7. Potentiometric pH Titration 

The potentiometric titration of a sample containing 3.0 wt% AGA in water and pH meas-

urements were performed at room temperature (≈23°C) using a 905 Titrando high-end ti-

trator for potentiometric titration equipped with a flat membrane pH glass electrode and an 

800 Dosino dosing unit from Metrohm (Herisau, Switzerland).  
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VI.4. Results and Discussion 

VI.4.1. Phase Map 

The recorded partial ternary phase map of the glycyrrhizic acid monoammonium salt 

(AGA)/ethanol (EtOH)/H2O system at room temperature is shown in Fig. VI.1. Fig. VI.1A 

is a triangular representation, in which the different macroscopic states are schematically 

indicated based on the actually investigated points. Fig. VI.1B is the same phase map in a 

rectangular representation, showing only the investigated points. The same rectangular 

phase map is given in mole fractions instead of weight percent in Fig. E.1. 

 
Fig. VI.1. (A) Partial ternary phase map of the AGA/EtOH/H2O-system at room temperature (≈23°C) in wt%. 
Investigated compositions are indicated. (B) Rectangular representation of the determined phase map at room 
temperature. Empty blue points indicate a saturated sol of AGA in equilibrium with excess solid AGA, green 
points indicate a monophasic sol, orange squares a turbid gel, and red triangles a clear gel. Black crosses mark 
the compositions of samples used for small-angle X-ray scattering (SAXS). Black dashed arrows signal the 
three dilution lines examined by SAXS. Note that the turbidity of the gel does not originate from insoluble 
residues of AGA, but from inhomogeneities within the gel. The same rectangular phase map (B) is given in 
mole fractions in Fig. E.1. 

It is important to note that the reported macroscopic properties in Fig. VI.1 and Fig. E.1 

are valid for samples that were prepared without heating, see Section VI.3.2. The effect of 

heating can be quite different in different systems of LMW gelators, as discussed for ex-

ample by Draper and Adams [29]. In this case, heating during homogenization of the sam-

ple can affect the gelation process, leading to either a turbid or a clear gel. The turbidity of 

the gels is not assigned to a macroscopic phase separation, but to inhomogeneities in the 

gel network. Note that for all gels in this work a shear-thinning behavior and self-healing 
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properties are observed. Vigorous shaking of a sample leads to a transition from a gel to a 

fluid state. At rest, the gel can reform after a while. In absence of EtOH, binary mixtures of 

AGA and water are liquid sols at AGA contents below 2.0 wt% and a turbid gel at an AGA 

content of at least 2.0 wt%. 

In the following, the lowest concentration of AGA, where gelation occurs, will be referred 

to as the critical gel concentration (CGC). However, the CGC in this system is also 

influenced by the method of sample preparation. If samples are heated during sample prep-

aration, and then re-cooled to room temperature without agitation, a (weak) gel can already 

form at 0.5 wt% of AGA, compared to 2.0 wt% without heating. In both cases, not only the 

gel samples, but also the sol samples can appear birefringent between crossed polarizers. 

The sols can either appear isotropic or birefringent, depending on sample preparation, i.e., 

samples are birefringent if they are liquid, but exhibit increased viscosity, whereas they are 

isotropic if the viscosity is seemingly close to that of pure water. The increased viscosity 

indicates the presence of gel-like domains, which should be responsible for birefringence. 

Without heating, the addition of EtOH gradually reduces the CGC to 1.2 wt% AGA at 

15 wt% EtOH, while the formed gels still appear turbid. A further increase of the EtOH 

content on the other hand significantly increases the CGC to about 4.5 wt% AGA at 25 wt% 

EtOH and results in the formation of clear gels. At even higher EtOH concentrations, gel 

formation is no longer observed. Instead, only isotropic colloidal sols with a maximum 

solubility of AGA are formed. An overall maximum solubility is found at 30 wt% EtOH, 

where around 6.0 wt% AGA are solubilized. Above 30 wt% EtOH, the solubility of AGA 

gradually decreases until AGA is barely soluble in pure EtOH. 

The fundamental features of the phase behavior are that addition of ethanol induces first a) 

a vanishing of the turbidity indicating large domains of heterogeneities, then b) with higher 

ethanol content, a sudden gel-sol transition, and c) with even more added ethanol, phase 

separation with excess solid, identified as mainly solid AGA microcrystallites, induced by 

anti-solvent effects dominant at high EtOH concentration. 

Before coming to the molecular mechanisms in the ternary fluid, the focus first lies on the 

microstructures formed in binary mixtures of AGA and water, followed by the modifica-

tions observed in ternary mixtures of AGA/EtOH/H2O. Small-angle X-ray scattering 

(SAXS) measurements along three dilution lines (black crosses in Fig. VI.1) are discussed. 

The binary dilution line does not involve EtOH and covers 0.5 wt% to 3 wt% AGA in water. 
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The second dilution line concerns the effect of EtOH on the microstructuring of samples 

containing 3 wt% AGA. Thus, the EtOH content is varied between 0 wt% and 30 wt% 

EtOH. A third dilution line at a constant EtOH content of 30 wt%, where a gel can no longer 

form, covers the sol state of the mixtures over the whole solubility range of AGA up to 

6 wt%. The three dilution lines are signaled in the phase map (Fig. VI.1B) by three black 

dashed arrows with black crosses identifying the explored points. 

 

VI.4.2. Revisiting the Glycyrrhizic Acid Ammonium Salt Self-

Assembly in Water 

Before heading to ternary systems of AGA/EtOH/H2O, the purpose of this section is to 

describe the AGA molecule with respect to its dimensions and to identify the microstruc-

tures formed in binary mixtures of AGA and water. The micro-structuring in binary mix-

tures of AGA and water was initially explored in two seminal papers by Saha et al. [12], 

who focused on the elucidation of the microstructures formed in binary mixtures of AGA 

and water by means of atomic force microscopy (AFM) of dried samples, and by Matsuoka 

et al. [11], who described the effect of pH on the aggregation of glycyrrhizic acid (GA) at 

lower GA concentrations (≤1 wt%). Recently, Tucker et al. [13] examined the self-assem-

bly of lower concentrations of AGA (<0.5 wt%) in D2O by means of small-angle neutron 

scattering (SANS). Note that samples were heated to 45°C and ultrasonicated for 30 min, 

and samples measured by SANS had not gelled. All of the investigations agree on the for-

mation of rod-like aggregates and suggest that formed gels are fibrillar networks. However, 

the understanding of the microstructuring of AGA is still quite limited in the literature. 

Adding SAXS information on a large q-range and a large concentration-range, comple-

mented by SANS, a complete picture of the aggregation of AGA in water is proposed in 

this work. 

Glycyrrhizic acid (GA) is a monodesmosidic saponin consisting of a hydrophopic pentacy-

clic triterpenoid aglycone part (18β-glycyrrhetenic acid) and a hydrophilic glycone part 

made of a disaccharide (β-(1,2)-diglucuronic acid), see Fig. VI.2A. AGA, as used in this 

work, is the monoammonium salt of GA. As a result, AGA is slightly amphiphilic. The 

molecule contains three carboxylic acid groups, two in the hydrophilic part (pKa1 and pKa2) 

and one in the hydrophobic part (pKa3). Zeng and Hu [30] reported the dissociation 
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constants of glycyrrhizic acid to be 3.98 (pKa1), 4.62 (pKa2), and 5.17 (pKa3). Our potenti-

ometric titration of an aqueous 3 wt% AGA sample, see Fig. E.2, suggests equal apparent 

dissociation constants for the remaining two carboxylic acid groups of 5.01 (apKa2 and 

apKa3). The pH of a binary mixture of 3 wt% AGA and water is around 4.6, suggesting that 

at least 85% of the GA molecules are at least singly deprotonated in solution, if pKa1 is 

assumed to be 3.98. Note that Tucker et al. [13] reported similar pH values for their AGA 

solutions, but, based on their data on the surface adsorption of AGA with and without added 

electrolyte, assumed that GA molecules are mainly protonated and thus nonionic, in con-

trast to what is expected for the given pH and pKa values. A plot of the expected fractions 

of all protonated GA species in solution as a function of pH is shown in Fig. E.3, assuming 

either the pKa values reported by Zeng and Hu [30] or apKa2 = apKa3 = 5.01, as measured 

in this study (Fig. E.2), and pKa1 = 3.98, as reported by Zeng and Hu. Matsuoka et al. [11] 

have shown that the pH strongly affects the self-assembly of GA. They found that rod-like 

aggregates form above the critical micelle concentration (CMC) at pH 5–6, whereas they 

no longer observed any self-assembly at pH 7 by means of light scattering, suggesting that 

mono- and di-deprotonated forms of GA are required for self-assembly. 

 
Fig. VI.2. (A) Ball-and-stick model of the glycyrrhizic acid (GA) molecule. The blue ellipse illustrates the 
modelling of the hydrophilic diglucuronic acid part as a blue ellipsoid and the orange rectangle illustrates the 
modelling of the hydrophobic aglycone part as an orange cuboid. Red ellipses underline the positions of 
negative charges in the case of dissociation. (B) Scaled block model of the GA molecule. The assumed di-
mensions as well as the volumes of the hydrophilic and the hydrophobic parts, see main text, are indicated. 
Blue dots on the orange cuboid represent the hydrophilic carboxylic acid and carbonyl groups of the aglycone 
part. It should be noted that those two groups are not included in the given hydrophilic volume, but in the 
hydrophobic volume. (C) Dimeric GA subunit of fibrillar stacks of GA as proposed by Saha et al. [12]. (D) 
Dimeric GA subunit of fibrillar stacks of GA proposed in this work. The indicated length of 2.3 nm is inferred 
from the first peak of the form factor oscillation in SAXS, see Fig. VI.4B. (E) Scaled right-handed helix 
comprising stacks of GA-dimers. 
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The GA molecule has a L-shaped structure, which can be coarse-grained into a double block 

model similar to the one proposed by Saha et al. [12], see Fig. VI.2B. The hydrophobic 

aglycone part (orange) is modelled as a cuboid and the hydrophilic glycone part (blue) as 

an ellipsoid. Blue dots drawn on one side of the slightly flat orange cuboid reflect the local 

polarity induced by the presence of carboxylic acid and carbonyl groups of the aglycone 

part. However, the aglycone part as a whole is considered as the hydrophobic part of the 

molecule in the following. As shown in Table VI.1, molecular volumes of V = 1.04 nm3, 

Vhydrophobic = 0.66 nm3, and Vhydrophilic = 0.38 nm3 are deduced for AGA, the aglycone part, 

and the glycone part, respectively. Since Saha et al. [12] inferred a stacking distance of 

0.61 nm between AGA molecules within fibrils, we use 0.61 nm as the height of the cuboid 

and hence as the vertical stacking distance in the helical stacks. The length of the cuboid is 

estimated to be 1.17 nm, leaving a width of 0.93 nm to get the correct Vhydrophobic. The gly-

cone part is approximated as a prolate ellipsoid with an ellipticity (ratio of axial radius and 

equatorial radius) of 2. The equatorial radius and the axial radius are then given as 0.36 nm 

and 0.72 nm, respectively. The combined length of the whole molecule is then 

2·0.36 nm + 1.17 nm = 1.89 nm, which is close to the energy minimized length of glycyr-

rhizic acid of 1.86 nm [12]. 

It was already shown that AGA forms long helical fibrils leading to hydrogel formation in 

aqueous solution. In this work, a dimeric building block similar to the one suggested by 

Saha et al. [12] is assumed, which is also supported by the fibrillar diameter they deduced 

from wide-angle X-ray scattering (WAXS) and AFM. They suggested that aglycone moie-

ties interact laterally, leaving the hydrophilic glycone units exposed to water on opposite 

sides. In their depiction, adapted in Fig. VI.2C, the glycone units maximize the distance to 

each other, resulting in the hydrophilic groups of the aglycone parts to point towards each 

other, thus not being exposed to water. In this work, more compact dimers are suggested, 

as depicted in Fig. VI.2D, with the hydrophilic groups of the aglycone parts being exposed 

to water. Note that, though they are referred to as dimers, these subunits are not actually 

dimers in water, but stacking units within larger aggregates. Structures of actual dimers of 

GA in water were examined by means of molecular dynamics simulations by Zelikman et 

al. [31]. Saha et al. [12] reported that the fibrils formed by AGA have a right-handed twist 

with a periodicity of 9 nm. Both WAXS data presented by Saha et al. and our small-angle 

scattering data are in agreement with a fibrillar diameter of around 3 nm. It should be noted 

that, though Saha et al. deduced a fibrillar diameter of 2.5 nm from the height-profile of 
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their AFM measurements, the lateral thickness of the fibrils in their AFM images seems to 

be close to 10 nm. The full width at half maximum of the fibrils’ transversal height profile, 

i.e., the height profile perpendicular to the fibrillar axis, they give is around 7.7 nm. Thus, 

in this work it is proposed that AGA fibrils with a diameter of around 3 nm form right-

handed helices with an outer diameter of 7.7 nm and a periodicity of 9 nm. A scaled repre-

sentation of one period (≈9 nm) of a right-handed helix made of our proposed dimeric GA 

subunits is shown in Fig. VI.2E. A periodicity of 9 nm with a stacking distance of 0.61 nm 

is obtained for 30 stacks of GA dimers with an intra-stack local rotation of the dimers 

around their own axis by approximately 25° per stack. This means about 30 stacks induce 

one helical turn. The periodicity in the z-plane (parallel to the fibrillar axis) would corre-

spond to a weak broad band expected around 0.7 nm-1 in SAXS. The illustration given in 

Fig. VI.2E is also in good agreement with forward scattering and fits to a simplified model, 

as will be shown in Section VI.4.5. Note, however, that the given dimensions of the helical 

structure (i.e., helical diameter and period) are likely polydisperse in solution, as distinct 

features in the scattering patterns would be expected for monodisperse helices. 

The small-angle scattering analysis is started by a comparison of radially averaged SAXS 

and SANS of a gel containing 3 wt% AGA in H2O or D2O, respectively, see Fig. VI.3. 

Samples were measured at their natural pH or pH*, respectively. The pH of 3 wt% AGA in 

H2O is around 4.6, while the pH*, i.e., the direct reading of the H2O-calibrated pH electrode 

in D2O, of 3 wt% AGA in D2O is around 4.8, which is equivalent to a pH of around 4.9 

[32]. Note that the same phase behavior is found for D2O instead of H2O. Due to different 

scattering contrasts (see Sections VI.3.3. and VI.3.4. for details), SAXS is mostly sensitive 

to the hydrophilic diglucuronic acid moiety, while SANS is mostly sensitive to the hydro-

phobic aglycone moiety. While the low- (<0.06 nm-1) and mid-q (0.06 nm-1 to 1.5 nm-1) 

ranges of the scattering curves are similar, the high-q (>1.5 nm-1) range exhibits character-

istic form factor oscillations in SAXS, the first one ranging from q = 2 nm-1 to 5 nm-1, but 

not in SANS, where the intensity falls off only at q ≈ 5 nm-1. From this it can be concluded 

that the form factor oscillations in SAXS are originating from repeat distances of hydro-

philic diglucuronic acid moieties, i.e., that the structure is core-shell-like, where mostly the 

shell is seen in SAXS and mostly the core is seen in SANS. Note that the repeat distance 

of the hydrophobic aglycone part, as expected from the structure illustrated in Fig. VI.2E, 

should be reflected in the neutron scattering at higher q-values than measured (a repeat 

distance of D* = 0.61 nm would appear at q = 2π/D* = 10.3 nm-1). In fact, the first 
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minimum of the form factor oscillations in SANS is seen just within the measured q-range. 

The low-q intensity is assigned to the gel-network formed by “infinite” fibrils. Comparing 

SAXS and SANS of a liquid sample containing 1 wt% AGA, see Fig. E.4, the same obser-

vations are made. Coexistence of shorter fibrils and “infinite” fibrils is suggested by the 

scattering patterns (see end of Section VI.4.2. and fits in Section VI.4.5.) and is in agree-

ment with macroscopic observations, as will be discussed throughout this work. Radial 

anisotropy of scattering is observed for all gel samples, see Fig. E.5. The 2D SAXS pattern 

of the gel containing 1.5 wt% AGA in H2O is exemplarily shown in Fig. E.6A. Anisotropy 

is almost exclusively seen in the mid-q range and is mostly induced by shear in the process 

of filling capillaries with the gel samples, i.e., radial scattering of heated samples gelling 

inside the capillary upon re-cooling is rather isotropic. However, the anisotropy only con-

cerns the scattering intensity, while the scattering pattern itself is independent of the azi-

muthal angle. This is clearly seen comparing the 1D spectra of the sample containing 

1.5 wt% AGA at different azimuthal angles Ψ, see Fig. Ε.6B. As shown in Fig. Ε.6C, the 

scattering intensity can be explained by the sum of two contributions: (a) An isotropic (Ψ-

independent) power law Iiso(q) and (b) an anisotropic (Ψ-dependent) peaked profile 

C(Ψ)·Ianiso(q), where C(Ψ) only depends on Ψ and Ianiso(q) only depends on q (i.e., the scat-

tering angle and not the azimuthal angle). The periodicity of C(Ψ) is displayed in Fig. E.6B, 

from which a period of about 180° can be inferred. The dependence of the scattering inten-

sity on the azimuthal angle indicates (shear-induced) alignment of scatterers along particu-

lar directions. In this case, the preferential direction corresponds to the direction of capillary 

filling. Since the peak position as well as the peak width is, however, independent of the 

azimuthal angle, i.e., an isotropic periodicity of uniform distribution is observed, the repeat 

distance between scatterers is not influenced by the alignment. This observed heterogeneity 

in orientation means that local alignment is imposed by the presence of long fibrils, and 

only larger domains are oriented by shear. Thus, liquid crystalline domains with inherent 

preferential orientation of the fibrils are suggested. A preferential orientation of shorter fi-

brils is expected to be imposed by the surrounding “infinite” fibrils. The ordering of the 

shorter fibrils may be described as a nematic ordering. Note that others have successfully 

created lyotropic nematic gels by inducing gel formation in a nematic phase formed by a 

surfactant system by adding low-molecular-weight gelators, which form a fibrillar gel net-

work [33]. We note that these systems are rather complex and contain multiple components, 

whereas a simple binary system of AGA and water can form a similar structure. Shear-

induced alignment of domains of pre-oriented shorter fibrils within a network of “infinite” 
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fibrils can also explain the observation of one anisotropic and one isotropic scattering con-

tribution. On capillary filling, a portion of the domains is aligned in the direction of capil-

lary filling, while another portion remains isotropically oriented. Scattering of the aligned 

domains is anisotropic, whereas scattering of the isotropically oriented domains is iso-

tropic. In principle, both contributions should have the same scattering pattern, i.e., a 

peaked profile with identical peak position, with the difference of a Ψ-independent intensity 

in the isotropic case and a Ψ-dependent intensity in the anisotropic case. However, since 

the intensity is much more pronounced in the anisotropic contribution, the peaked profile 

is included in the anisotropic contribution during principal component analysis (PCA) and 

thus subtracted from the isotropic contribution. The remaining isotropic scattering is the 

observed power law. 

 
Fig. VI.3. Comparison of the SAXS (orange) and SANS (black) data obtained for two samples containing 
3.0 wt% of AGA in H2O or D2O, respectively. The low-q scattering intensity to the left of the vertical dashed 
line reflects the scattering of the gel network formed by “infinite” fibrils. Orange and black arrows indicate 
the first minimum of the form factor oscillations seen in SAXS and SANS, respectively. 

Anisotropy of the gel samples is also seen macroscopically between crossed polarizers. 

Birefringence of a gel made of 3.0 wt % AGA in H2O observed between crossed polarizers 

is shown in Fig. E.6D. 

SAXS spectra measured along the binary dilution line in the phase map (Fig. VI.1), cover-

ing mixtures of 0.5 wt% to 3.0 wt% AGA in H2O, are shown in a logarithmic scale in Fig. 

VI.4A. To highlight the form factor oscillations, the high-q data are also plotted in a linear 

scale in Fig. VI.4B. A green color indicates that the samples containing 0.5 wt% to 1.5 wt% 
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AGA were still able to flow under gravity, while an orange color indicates the gel-like na-

ture of the samples containing 2.0 wt% to 3.0 wt% AGA. It is important to note that the 

liquid-like samples can also be birefringent and are also capable of forming gels, if they are 

heated and re-cooled with sufficiently low agitation. Further, the cooling rate can certainly 

influence the gelation process. Lower cooling rates are expected to favor the growth of 

longer fibrils, thus favoring gel formation. The spectra in Fig. VI.4 suggest that similar 

microstructures form in all samples. Except for the intensity, form factor oscillations are 

almost identical in all cases with peak positions around q = 2.74 nm-1, corresponding to a 

length of D* = 2π/q = 2.3 nm, and q = 6.16 nm-1, corresponding to D* = 1.0 nm. This 

proves that the close-range ordering of the AGA molecules is identical in the examined 

concentration-range for both liquid-like and gel-like samples. The length of 2.3 nm reflects 

the spacing between centers of the hydrophilic diglucuronic acid moieties perpendicular to 

the helical fibril’s long axis, i.e., the diameter of the fibril. The second peak (q = 6.16 nm-1) 

is either a second order peak of the first peak (q = 2.74 nm-1) or reflects the average repeat 

distance of the hydrophilic groups along the fibril. If the latter is the case, a rotation of each 

stack around its own local axis by approximately 25° relative to its neighboring stacks, as 

illustrated in Fig. VI.2E, is implied. Saha et al. [12] deduced a comparable diameter for 

AGA fibrils from AFM (2.5 nm) of dried samples and WAXS (2.8 nm) of a lyophilized gel. 

Small changes of the diameter could be induced upon solvent removal. Further, the scatter-

ing of the liquid 0.5 wt% AGA sample exhibits a q-1 decay in the mid-q range, in agreement 

with a rod-like or fibrillar scatterer. As can be seen in SANS of samples containing 0.1 wt% 

to 3.0 wt% AGA, see Fig. E.7, similar scatterers are formed even at 0.1 wt% AGA, indi-

cating that the critical aggregation concentration (CAC) is below 0.1 wt% (1.2 mM) AGA. 

In addition to the underlying slope of approximately -1, a second contribution to the mid-q 

scattering emerges in the form of a structure factor peak with increasing AGA concentra-

tion. To extract the correct structure factor peak positions, the structure factor S(q) is ap-

proximated by dividing the data shown in Fig. VI.4 by the data obtained for the sample 

containing 0.5 wt% AGA, see Fig. E.8A. The peak position is indicative of a typical in-

teraxial distance that is the 2D analogue of a mesh size observed in isotropic gels. Hence, 

the interaxial distance ξexp = 2π/qpeak is derived. Note that the peak does not reflect a 2D 

mesh size of the network formed by the “infinite” fibrils, but the interaxial distance between 

both “infinite” fibrils and shorter fibrils and is caused by electrostatic repulsions between 

the fibrils. A second oscillation is visible at higher AGA concentrations, showing a repeat 

distance in the directions perpendicular to the helical fibrils that is a few times the interaxial 



VI.4. Results and Discussion 
 

 219 

distance ξexp. The obtained values for ξexp are 24.2 nm (1.5 wt% AGA), 20.8 nm (2.0 wt% 

AGA), 19.5 nm (2.5 wt % AGA), and 17.1 nm (3.0 wt% AGA) and are plotted as a function 

of the volume fraction of AGA φ(AGA) in a logarithmic scale in Fig. E.8B. Note that only 

the volume fraction of the AGA molecules participating in aggregate formation should be 

used, but since the actual CAC is not known and relatively low (<0.1 wt%), the total vol-

ume fraction of AGA is used. The slope of -0.48 indicates a 2D dilution law, in which all 

present molecules participate. This is to be expected for charged repulsive helical fibrils 

with an average length larger than the interaxial distance. Note that, the slope of the low-q 

scattering is typical for gels, but also measured for the solvent due to parasitic scattering 

and reflections at interfaces (see Fig. E.9 for a comparison of the solvent subtracted scat-

tering to scattering of only H2O). However, the low-q scattering intensity is significantly 

higher for all samples containing AGA than for just water. This conforms to the formation 

of “infinite” fibrils by AGA, which is consistent with the formation of a gel, but is also 

influenced by microheterogeneities of the quartz capillaries and the gel. 

 
Fig. VI.4. (A) SAXS spectra of binary mixtures of AGA and water with AGA concentrations ranging from 
0.5 wt% to 3.0 wt% in logarithmic scale. Sol samples are shown in green, while samples that formed a turbid 
gel are shown in orange. Solvent scattering (H2O) is subtracted. (B) The form factor oscillations seen in the 
higher q-range are given in a linear scale. The maxima of the form factor oscillations are indicated. 

Since the average length of the helical fibrils is around 25 nm (see Section VI.4.5.), and 

the number of AGA stacks per helical period of 9 nm is around 30, we can evaluate the 

overlap volume fraction φ*, see Appendix E.2. Assuming that the average length is roughly 

independent of the AGA concentration (vide infra) and not taking into account additional 

space required due to electrostatic repulsion, φ* is around 1.00 at a concentration of 

2.8 wt% AGA and increases to 1.06 at 3.0 wt% AGA, meaning that the semi-dilute regime 

is reached at around 2.8 wt% AGA. Taking into account a few nanometers of repulsion 
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between negative charges, the samples showing an interaction peak in SAXS (≥1.5 wt% 

AGA) are well above the semi-dilute regime and the electrostatic repulsion between fibrils 

justifies the swelling relation that is nearly two-dimensional. As discussed above, the data 

and macroscopic appearance suggest that a portion of the AGA molecules forms “infinite” 

fibrils responsible for the gel-like network, while the other portion of AGA molecules forms 

shorter bits of fibrils that are slightly longer than their interaxial distance. The orientation 

of the latter is imposed by the orientation of the longer fibrils. For the sake of completeness, 

the possibility of a gel made of only “infinite” fibrils without any shorter fibrils is briefly 

discussed. Due to the fibrillar structure and the birefringence (anisotropy) of the gels, the 

gel can be modelled as “infinite” fibrils made of dimeric stacks of AGA (Fig. VI.2E) ori-

ented in a hexagonal lattice to calculate the expected 2D mesh size ξcalc. To this purpose, 

on the one hand the fraction of AGA molecules participating in the fibril formation and on 

the other hand the helicity of the fibrils, i.e., the average number of individual fibrils form-

ing a superhelical fibril, are varied to match ξcalc and the experimentally found ξexp. For 

each combination of the two parameters, the total available length of fibrils is given by the 

AGA concentration. The calculation is given in Appendix E.3. and a plot of ξexp versus 

ξcalc is shown in Fig. E.10. It can be seen that ξexp and ξcalc perfectly match for two border-

line cases: (a) Only 90% of the AGA molecules form fibrils that do not form any superheli-

ces (helicity of 1), or (b) all AGA molecules form fibrils that form superhelices in average 

consisting of 1.1 fibrils (helicity of 1.1). Case (a) would mean that 10% of the AGA mole-

cules are dissolved as monomers (or dimers), which is unlikely because fibrils already form 

at much lower concentrations. Case (b) does in principle conform to the AFM images pre-

sented by Saha et al. [12], where few entanglements of fibrils are seen. Of course, any 

intermediate case between (a) and (b) would be possible, and an intermediate case also 

seems reasonable. Saha et al. also reported only long (“infinite”) fibrils and no shorter ones, 

opposing what we suggest. Probably the shorter fibrils grow into larger ones during the 

process of solvent evaporation prior to AFM imaging. However, our data suggest the coex-

istence of “infinite” and shorter fibrils (see further discussion and especially the fits in Sec-

tion VI.4.5.). Note that, since the dilution law is almost 2D, shorter fibrils are expected to 

be in average quite close to each other in the direction of the fibrillar axis. This could result 

in a relatively small error, when assuming only “infinite” fibrils, if the shorter fibrils have 

the same local orientation. While the orientation of the short fibrils is in principle expected 

to follow that of the “infinite” fibrils, the assumption of a perfect local orientation in a 

hexagonal lattice remains an approximation. 
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Note that also the gel’s shear-thinning and self-healing properties may be explained by co-

existence of “infinite” and shorter fibrils. On applying shear, “infinite” fibrils are broken 

down into shorter fibrils, in turn leading to the destruction of the gel network and the tran-

sition to a fluid state. The self-healing of the gel can be explained by regrowth of the “infi-

nite” fibrils by both diffusion of AGA monomers/dimers and interconnection of shorter 

fibrils. It is to be expected that the self-healing properties are the better the higher the AGA 

concentration is, because more shorter fibrils are in close proximity to each other with in-

creasing AGA concentration. This is most likely the reason why, in contrast to higher con-

centrations, no stable gel is formed below 2.0 wt% AGA if the sample is continuously agi-

tated at room temperature during sample preparation, even though a gel can be formed if 

the sample is mixed at elevated temperature and re-cooled at rest. 

The proposed structures are in good agreement with the data presented by Matsuoka et al. 

[11] for 5 mM GA (≈0.4 wt%) at pH 5 and Tucker et al. [13] for AGA in a concentration 

range from 1 mM to 5 mM (≈0.08 wt% to 0.4 wt%). It needs to be emphasized that meas-

urements of both Matsuoka et al. and Tucker et al. were performed at significantly lower 

concentrations than the majority of the measurements presented in this study. However, as 

mentioned before, the here presented data suggest that for all investigated concentrations 

the same microstructures are formed. Matsuoka et al. attempted to fit their SAXS data to 

the form factor of a rod-like scatterer and derived a radius of 1.5 nm and an average length 

of 21 nm, whereas Tucker et al. attempted to fit their SANS data to a model of a prolate 

core-shell ellipsoid and derived an outer radius of 1.6 nm and an ellipticity around 17, cor-

responding to a length of 27 nm. As can be expected, both models yield similar results. 

Note that their results are in favor of the assumption of a roughly constant average fibrillar 

length, as three independent studies suggest fairly similar values for different concentra-

tions. A diameter of 3 nm is in good agreement with our proposed fibrillar structure, where 

the center-to-center distance between two hydrophilic diglucuronic acid moieties is 2.3 nm, 

giving an outer diameter of approximately 3 nm if two times the radius of the hydrophilic 

moiety (0.36 nm) is added. Tucker et al. suggested that gel formation originates from a 3D 

network of the long prolate ellipsoids, because they found no indications of a detectable 

number of longer (“infinite”) fibrils. We emphasize that the sample preparation has a strong 

influence on fibrillar growth and that the “infinite” fibrils cannot be distinguished from 

shorter ones in the mid-q range, and suggest that the shorter (≈25 nm) elongated aggregates 

are indeed shorter fibrils with no structural difference compared to the “infinite” fibrils. 
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The observation that gelation is enhanced by pre-heating the sample and letting it re-cool 

at rest, is in agreement with that idea, because (slow) cooling from a dissolved monomeric 

(or dimeric) state, see Section VI.4.4., is expected to favor longer growth of the fibrils due 

to a smaller number of “nucleation” sites. In fact, Tucker et al. heated their samples to 45°C 

and ultrasonicated them for 30 min, which likely prevents the formation of longer fibrils. 

Further, Tucker et al. did not measure the low-q range <0.06 nm-1, where scattering of “in-

finite” fibrils is detected in this study. 

 

VI.4.3. Modification of the Microstructures by the Addition of 

Ethanol 

To study the effect of ethanol (EtOH) on the microstructures of AGA, SAXS spectra of 

samples containing 3 wt% AGA and a varying amount of EtOH in H2O were recorded and 

are shown in a logarithmic scale in Fig. VI.5. Samples containing 0 wt% to 20 wt% EtOH 

are birefringent gels, whereas samples containing 25 wt% or 30 wt% EtOH are isotropic 

liquids. The scattering patterns and the fact that a gel still forms, prove that the fibrillar 

structure persists up to 20 wt%. Also, the positions of the high-q form factor oscillations 

remain virtually unchanged upon addition of EtOH, suggesting unchanged close-range or-

dering of the AGA molecules, at least as far as the cross-section perpendicular to the fibril-

lar axis, i.e., the diameter of the fibril, is concerned. At 20 wt% EtOH, the form factor os-

cillations start to vanish, until they are completely gone at 30 wt % EtOH. This suggests 

that the close-range ordering of the AGA molecules changes, which is clearly visible at 

30 wt% EtOH, where only an interaction peak originating from repulsive aggregates much 

smaller than the fibrils remains. The smaller aggregates at 30 wt% EtOH are expected to 

contain a significant amount of EtOH and are a result of EtOH acting as a co-solvent to 

make the water/EtOH mixture a better solvent for AGA, breaking down the fibrillar stack-

ing of AGA, and will be discussed in more detail in Section VI.4.4. Since a gel still forms 

at 20 wt% EtOH, “infinite” fibrils must still form, and the vanishing of the form factor 

oscillations suggests that two different close-range orderings of the AGA molecules coex-

ist: (a) Fibrillar stacks of AGA molecules and (b) smaller, less-ordered aggregates of AGA 

containing EtOH. A slope of -0.92 in the mid-q range suggests that there are still fibrils in 

the liquid sample at 25 wt% EtOH, which are insufficient in number or length to enable gel 
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formation (similar to the liquid samples in the binary mixtures of AGA and water, see Sec-

tion VI.4.2., with the difference that the form factor oscillations vanish with EtOH). This 

suggests that more and more fibrils are broken down into smaller aggregates with an in-

creasing amount of EtOH. Note that, as can be inferred from the phase map in Fig. VI.1, it 

is still possible to form a gel at 25 wt% EtOH if the AGA content is increased to 4.6 wt%, 

i.e., it is possible to increase the length or number of the remaining fibrils by increasing the 

AGA concentration. This is no longer possible at 30 wt% EtOH. 

 
Fig. VI.5. SAXS spectra of ternary mixtures of AGA/EtOH/H2O at a constant AGA content of 3 wt% and a 
varying EtOH content. The EtOH concentration is increased from 0 wt% to 30 wt% in steps of 5 wt%. Note 
that the spectrum at 0 wt% EtOH is identical to the spectrum of the binary mixture of 3 wt% AGA and H2O, 
shown in Figs. VI.3 and VI.4. An orange color indicates a turbid gel, a red color indicates a clear gel, and a 
green color indicates a liquid behavior. The q-range around the correlation peak is given in linear scale in Fig. 
E.11. 

Before discussing the structure factor peak around q = 0.3 nm-1, it is worth noting that the 

shear-induced anisotropy of the mid-q scattering data originating from capillary filling does 

influence the visibility of the structure factor peak (see Section VI.4.2. and Fig. E.6). How-

ever, the anisotropy, see Fig. E.5B, is consistent and quite reproducible, i.e., observed dif-

ferences of the structure factor peak in the averaged spectra of different samples are not 

merely a result of random differences in anisotropy caused by capillary filling. Upon addi-

tion of EtOH in presence of 3 wt% AGA, the interaction peak around q = 0.3 nm-1 vanishes 

above 5 wt% EtOH, best seen in a linear scale in Fig. E.11. This observation would be in 

line with a reduced surface charge density of the fibrils, resulting in decreased electrostatic 

repulsion between fibrils. Surface charge density can be reduced by protonation of the 
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carboxylic acid moieties of AGA and/or penetration of EtOH in the fibrillar structure. It is 

suggested in the literature that the pKa value of a carboxylic acid in aqueous solution in-

creases with an increasing EtOH concentration, because the relative permittivity of the sol-

vent decreases, leading to a decreasing degree of dissociation [34,35]. In this case, the pH 

should increase with increasing EtOH content. However, the pH is found to actually de-

crease from 4.63 at 0 wt% EtOH to 4.33 at 15 wt% EtOH, indicating a slightly higher de-

gree of dissociation in presence of EtOH. Thus, it can be excluded that the effect of EtOH 

as a cosolvent on the acid dissociation constants of AGA is responsible for the vanishing of 

the repulsive interaction peak. 

It is also known that EtOH decreases the surface charge density of surfactant micelles by 

increasing their surface by penetration of the micelles [36]. A similar effect could play a 

role here and would give an explanation for the counter-intuitive decrease of pH upon ad-

dition of EtOH. If incorporation of EtOH into the fibrils would slightly increase the stack-

ing distance of AGA molecules parallel to the fibrillar axis, the increased spacing between 

the carboxylic acid moieties would enable a higher degree of dissociation according to the 

universal charge regulation model [37]. While some penetration of EtOH in the fibrils to a 

small extent cannot be excluded, the spacing of the carboxylic acid moieties certainly 

changes when fibrils break down into smaller aggregates containing EtOH. Thus, the struc-

tural changes could explain why the pH decreases with addition of EtOH. 

Hence, EtOH has two opposing effects on the dissociation of the carboxylic acid moieties 

and therefore on the pH: (a) EtOH reduces the relative permittivity of the solvent and makes 

the solvent less favorable for dissociated ions, which results in an increasing pH, and (b) 

EtOH increases the distance between carboxylic acid moieties of neighboring AGA mole-

cules, enabling a higher degree of dissociation and thus decreasing the pH. The latter is 

certainly achieved by the formation of smaller solvent-containing aggregates, i.e., by a 

change of the microstructuring, and possibly by incorporation of some EtOH into the fi-

brillar structure. Up to 30 wt% EtOH, the pH decreasing effects exceed the pH increasing 

co-solvent effect. Above 30 wt% EtOH, however, the pH increases with increasing EtOH 

content, because the structural change from AGA fibrils to smaller aggregates of AGA and 

EtOH is complete. Note that both the “infinite” fibrils and the shorter fibrils contribute to 

the interaction peak in the mid-q range. One can expect that fibrillar end caps similar to the 

smaller aggregates form in presence of EtOH, and that EtOH (at first) preferably breaks 
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down the shorter fibrils, while keeping most of the “infinite” fibrils intact, because the end 

points of the fibrils are energetically unfavorable. The conversion of some of the shorter 

fibrils to smaller aggregates and possibly a reduction of the average length of remaining 

smaller fibrils can also explain the vanishing of the interaction peak: If the distance between 

fibrils increases and the average length of the shorter fibrils becomes smaller than the dis-

tance between the fibrils, the shorter fibrils become free to rotate, which in turn leads to a 

broadening of the peak. This would also result in a vanishing of the local nematic order, 

which is in agreement with the significant decrease in anisotropy of the data seen above 

5 wt% EtOH, see Fig. E.5B. As mentioned earlier, the low-q scattering is susceptible to 

influences of inhomogeneities on the micron-scale, but its intensity can give a hint towards 

the formation of micrometer sized aggregates (“infinite” fibrils). The low-q scattering at 

30 wt% EtOH deviates from the solvent scattering by only about 1%, in line with the idea 

that all long fibrils are broken down into smaller aggregates. The liquid 25 wt% sample still 

exhibits a one order of magnitude larger low-q scattering intensity, indicating that there are 

still remaining “infinite” fibrils, and conforming to the hypotheses made above. 

 

VI.4.4. Microstructuring at a Constant, Higher Ethanol Con-

tent 

To further examine the small aggregates formed at 30 wt% EtOH, where samples are iso-

tropic liquids no longer containing fibrils, SAXS of samples containing 30 wt% EtOH and 

0.5 wt% to 6.0 wt% AGA in H2O or D2O was measured. The spectra are shown in a loga-

rithmic scale in Fig. VI.6A and in a linear scale in Fig. E.12. Samples containing 0.5 wt% 

and 1.0 wt% AGA show virtually no scattering (same order of magnitude as the solvent), 

whereas samples containing more AGA exhibit an interaction peak at an almost constant 

position (0.732 nm-1 ≤ qpeak ≤ 0.755 nm-1; 8.3 nm ≤ D* ≤ 8.6 nm). Only at 2.0 wt%, where 

the peak is less pronounced and the reading of qpeak therefore is more error-prone, qpeak is 

found at slightly lower q (qpeak = 0.667 nm-1; D* = 9.4 nm). This indicates that the CAC in 

presence of 30 wt% EtOH is between 1.0 wt% and 2.0 wt% AGA, compared to <0.1 wt% 

AGA in absence of EtOH. The significant increase of the CAC shows that the mixture of 

water and 30 wt% EtOH is a better solvent for AGA than pure water. 

In solvent mixtures, it is frequently observed that the solvation layer around a solute is 
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enriched in one solvent component, which is known as preferential solvation [38–40]. To 

check whether there is an enrichment of ethanol inside the aggregates, i.e., preferential 

solvation of AGA, small-angle scattering data acquired with three different contrasts are 

compared in Fig. E.13. SAXS of a sample containing 3 wt% AGA and 30 wt% d0-EtOH 

in H2O is mainly sensitive to the diglucuronic acid groups, while SANS of a sample con-

taining 3 wt% AGA and 30 wt% d6-EtOD in D2O is mainly sensitive to the aglycone 

groups, and SANS of a sample containing 3 wt% AGA and 30 wt% d0-EtOH in D2O is 

sensitive to both the aglycone groups and d0-EtOH (see Table VI.1 for the scattering length 

densities). The scattering intensities for the different contrasts suggest that there is a pref-

erential solvation of the AGA molecules with ethanol inside the aggregates (see Appendix 

E.4. for the calculation). Thus, the aggregates are pervaded preferentially by ethanol. While 

the peak positions are the same for the two different contrasts in SANS, the peak position 

is shifted to slightly lower q in SAXS. This indicates a form factor contribution to the SAXS 

scattering. Consequently, the peak positions extracted from SAXS spectra are not equal to 

the structure factor peak positions. 

 
Fig. VI.6. (A) SAXS spectra of samples containing 0.5, 1.0, 2.0, 3.0, 5.0, or 6.0 wt% AGA and 30 wt% EtOH 
in H2O and of a sample containing 4.0 wt% AGA and 30 wt% EtOH in D2O. Corresponding solvent (30 wt% 
EtOH in H2O or D2O) backgrounds are subtracted. Note that the spectrum at 3.0 wt% was taken in a different 
series of measurements (see Figs. VI.5 and E.11) and only H2O is subtracted as background. The same spectra 
are given in a linear scale in Fig. E.12. (B) SAXS spectra of a sample containing 3.0 wt% AGA in H2O at 
different temperatures. The sample is a gel at 20, 25, 30, 35, and 40°C and a liquid at 45, 50, 55, and 60°C. 
After re-cooling the sample from 60°C to 20°C, the gel is reformed. The solvent background (H2O) is sub-
tracted. (C) Comparison of the effect of temperature and the effect of EtOH on a sample containing 3.0 wt% 
AGA. SAXS spectra of 3.0 wt% AGA in H2O at 55°C and 60°C are compared to the SAXS spectrum of a 
sample containing 3.0 wt % AGA and 30 wt% EtOH in H2O. The data are identical to those in Fig. VI.6A 
and VI.6B. 

Based on the fibrillar structuring of AGA in the binary system and the formation of end 

caps by EtOH reducing the length of (shorter) fibrils, a slightly spherocylindrical shape 

would be expected at 30 wt% EtOH. The spherocylindrical aggregate can be imagined as a 

fibril that was shrunken until more or less only the end caps remain, i.e., an ultrashort fibril 
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pervaded by the EtOH-enriched solvent. However, scattering shows that the aspect ratio, 

i.e., the ratio of the length and the diameter, of potential spherocylinders is too small (<2) 

for them to be distinguishable from spherical aggregates. Anyway, the aggregates are ex-

pected to be significantly pervaded by the solvent, preferentially by EtOH, which as a result 

do not have a well-defined shape but a rather open structure. Assuming globular aggregates 

with a local face-centered-cubic packing and using the decoupling approximation, the re-

peat distance D* obtained from the peak position can be used to approximate the aggrega-

tion number Nagg [41,42]. The obtained values for D* and Nagg are plotted as a function of 

the number of AGA molecules participating in aggregation per unit volume N(AGA) in 

Fig. E.14. N(AGA) is corrected for a monomer/dimer concentration of 1.0 wt% AGA. It 

should be noted that D* is only approximate because the structure factor S(q) was not ex-

tracted from the scattering. Since the peak position barely changes with increasing AGA 

concentration, it does not follow a simple dilution law of an immutable aggregate. Conse-

quently, the aggregation number must increase with increasing AGA concentration, as in 

the case of short chain carboxylates [43]. The calculation suggests that Nagg increases from 

8 at 2.0 wt% AGA to 27 at 6.0 wt% AGA. 

A gel-to-sol transition is not only observed on increasing the EtOH content, but also on 

increasing temperature. SAXS spectra of a sample containing 3.0 wt% AGA in H2O at dif-

ferent temperatures ranging from 20°C to 60°C are presented in Fig. VI.6B. The sample 

was heated in steps of 5°C. It remains a gel up to 40°C and is liquid at 45°C and above. At 

60°C there is virtually no scattering, indicating that AGA is completely solubilized as mon-

omers (or dimers) at temperatures ≥60°C. Hence, water is becoming a better solvent with 

increasing temperature. Analogously, the solvent mixture H2O/EtOH is becoming a better 

solvent with increasing EtOH content. The latter is at least true up to about 30 wt% EtOH, 

as a further increase of the EtOH content leads to a decrease in AGA solubility, see Fig. 

VI.1. Nevertheless, there should be a certain threshold concentration of EtOH (>30 wt%), 

above which AGA molecules no longer aggregate, similar to what is known in the literature 

for the micellization of various surfactants [36]. From 20°C to 35°C, the intensity of the 

correlation peak at q = 0.299 nm-1 corresponding to the interaxial repeat distance of the 

fibrils continuously decreases, suggesting that the number of shorter fibrils that are longer 

than the interaxial distance decreases, i.e., that the average length of the shorter fibrils de-

creases. At 40°C, the sample is still a gel, which means that (most) “infinite” fibrils persist. 

However, the vanishing of the correlation peak suggests that shorter fibrils are free to rotate 
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and/or partially dissolved, driving towards a vanishing of the nematic order. 

At that point, another correlation peak around q = 0.4 nm-1 emerges and is shifted to higher 

q with increasing temperature, accompanied by a gel-to-sol transition. The peak positions 

are q = 0.516 nm-1, q = 0.631 nm-1, and q = 0.645 nm-1, at 45°C, 50°C, and 55°C, respec-

tively. At the same time, there is no longer an indication of “infinite” fibrils. Since the high-

q form factor oscillations, despite becoming less pronounced with increasing temperature, 

are still visible up to 55°C, suggesting that close-range ordering of the AGA molecules 

persists, the correlation peak is probably related to the repeat distance between cylindrical 

or spherocylindrical aggregates. Those aggregates may be understood as short bits of fibrils 

resulting from the destruction of longer fibrils due to thermal fluctuations and a decreased 

portion of aggregating AGA. Persistence of the form factor oscillations in the liquid state 

at higher temperatures marks a difference to the case of higher EtOH concentrations, where 

the form factor oscillations start to vanish at 20 wt% EtOH, despite the presence of fibrillar 

structures. This indicates that the solvent pervasion of the aggregates is less significant in 

heated pure water than in the mixed EtOH/H2O solvent. Fig. VI.6C serves to directly com-

pare the SAXS spectra of the liquid samples containing 3.0 wt% AGA in either pure water 

at 55°C and 60°C or in the solvent mixture 30 wt% EtOH/water at 25°C. The just mentioned 

form factor differences at high-q are clearly visible. Both the absence of the form factor 

oscillations in presence of 30 wt% EtOH and the reduced scattering intensity, suggesting 

reduced contrast, are hinting to significant solvent pervasion. Further, the correlation peak 

for the EtOH containing sample is shifted by about 0.1 nm-1 to higher q compared to the 

aqueous sample at 55°C, indicating that the aggregates are in average smaller in presence 

of EtOH. The similarity of the scattering patterns is expected to increase if temperature is 

increased above 55°C, closer to the transition to a completely dissolved state found at 60°C. 

In summary, the effects of EtOH addition and temperature are similar with respect to the 

increase in solvent quality and the triggering of a gel-to-sol transition, but the mechanisms 

behind the gel-to-sol transition differ. Since form factor oscillations persist even at 55°C, 

the pervasion of the aggregates by pure water is insignificant in a large temperature range 

up to temperatures close to complete dissolution of AGA as monomers (or dimers). While 

solvent pervasion should significantly increase at temperatures closer to the complete dis-

solution of the aggregates, the transition from defined aggregates to a monomer/dimer so-

lution is quite sharp, which indicates that the Gibbs energy of transfer from the aggregate 

to the solvent pseudo-phase is larger than a few kBT. The ethanolic solvent on the other 
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hand clearly pervades the structures and EtOH first breaks down shorter fibrils due to their 

energetically unfavorable end points and eventually also the “infinite” fibrils until only 

small, less defined structures containing a significant portion of solvent remain. Thus, the 

increase in solvent quality with increasing EtOH content is the cause of the gel-to-sol tran-

sition. 

An increase in pH has a similar effect on the microstructuring as the addition of EtOH, 

which can be seen in the SAXS spectra of 3.0 wt% AGA in H2O at pH 3.99, 4.65 (natural), 

5.10, 6.00, and 6.99 shown in Fig. E.15. At pH 3.99 and 4.65, samples are gels and the 

scattering curves conform to those shown previously, whereas at pH 6.00 and 6.99, samples 

are isotropic liquids with scattering curves similar to those seen at 30 wt% EtOH. While 

the mixture is already an isotropic liquid at pH 5.10, scattering is intermediate between 

fibrils and small aggregates, suggesting a population of both types of self-assemblies. With 

increasing pH, the degree of dissociation of AGA increases (see Fig. E.3), rendering AGA 

more soluble in water. Hence, while addition of EtOH improves the quality of the solvent 

for AGA, an increase in pH improves the solubility of AGA in the solvent, resulting in 

similar small repulsive aggregates. Another effect destabilizing the fibrillar structures is 

that intermolecular repulsions between AGA molecules within the fibrils increase with in-

creasing pH, as AGA molecules become more and more charged. 

 

VI.4.5. The Effect of NaCl on the Microstructuring 

Lastly, the effect of NaCl on the micro-structuring in both binary systems of AGA in water 

and ternary systems of AGA in water and EtOH is examined. SAXS spectra of samples 

containing 3.0 wt% AGA (≈35.7 mM) and 0, 1, 10, 30, or 100 mM NaCl in H2O (empty 

symbols), as well as of samples containing 3.0 wt% AGA, 30 wt% EtOH, and 0, 1, 3, 10, 

30, or 100 mM NaCl in H2O (full symbols) are shown in a logarithmic scale in Fig. VI.7. 

The q-ranges covering the correlation peaks are also shown in a linear scale in Fig. E.16A 

and E.16B. Addition of NaCl to the binary system clearly proves that the mid-q correlation 

peak at q = 0.326 nm-1 is indeed originating from electrostatic repulsions between fibrils. 

Increasing the NaCl concentration leads to a vanishing of the correlation peak and a transi-

tion from repulsive to attractive interactions, which is typical of electrostatic screening. At 

NaCl concentrations ≥10 mM, electrostatics are sufficiently screened for the repulsive peak 



Chapter VI. 
 

 230 

to disappear. Electrostatic screening is also observed on addition of NaCl to the ternary 

system, where the peak starts to vanish at 30 mM NaCl, proving that the peak is indeed 

caused by electrostatic repulsion between charged aggregates, despite the high EtOH con-

tent. This is also in line with the discussion of the reduced pH in presence of EtOH (Section 

VI.4.3.). In both the binary and the ternary system, no structural change is induced by the 

addition of 100 mM NaCl. 

 
Fig. VI.7. SAXS spectra of samples containing 3.0 wt% AGA in H2O and 30 wt% EtOH in H2O with various 
NaCl concentrations: 0 (black), 1 (blue), 3 (yellow), 10 (green), 30 (orange), and 100 mM (red). Correspond-
ing solvent backgrounds (including NaCl) were subtracted. The same spectra are given in a linear scale in 
Fig. E.16. 

Macroscopically, gels of 3.0 wt% AGA in water seemingly become stiffer with increasing 

NaCl concentration, which could be explained by two effects. On the one hand, a reduction 

of interfibrillar electrostatic repulsions could reduce the interaxial distance between fibrils 

and favor the formation of a higher number of “infinite” fibrils, and on the other hand, 

screening of the negative charges of AGA’s glycone part should decrease the intrafibrillar 

repulsion between stacks of AGA, which results in more stable fibrils. The latter effect can 

also explain the observed increase in the gel-to-sol transition temperature from 45°C at 

0 mM NaCl to 68°C at 100 mM NaCl since it makes the fibrils harder to break. In addition 

to simply reducing intrafibrillar repulsion, Na+ could even enable attractive bridging of 

carboxylate groups by the formation of ion triplets (RCOO-···Na+···RCOO-), leading to a 

stronger binding than that known from carboxylic acid dimers [44,45]. The effect of NaCl 

may also be simplified as a salting-out effect on AGA, where the presence of NaCl makes 
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water a worse solvent for AGA. Consequently, a higher temperature is needed to render the 

solution a better solvent for AGA. This is also in agreement with the affinities of the cations 

to the carboxylate groups of AGA. Na+ is known to have a significantly higher affinity to 

carboxylates than NH4+, forming significantly more ion pairs and reducing the solubility in 

water [46,47]. This is also a well-known counterion effect for soaps. 

The spectrum of the sample containing 3.0 wt% AGA and 100 mM NaCl in water can be 

used to estimate the average length of the shorter fibrils by fitting I(q) = P(q)S(q) to a sim-

ple form factor of long cylindrical scatterers P(q) [48] with a fractal Gaussian cutoff struc-

ture factor S(q) [49], see Fig. E.17. The average observable length is estimated to be ap-

proximately 25 nm, which is, as expected, slightly longer than the interaxial distance be-

tween fibrils, which is in the order of magnitude of 20 nm. As mentioned in Section VI.4.2., 

the interaxial distance at 3.0 wt% AGA in water is determined to be 17.1 nm. It is important 

to note that 100 mM NaCl could influence the average length and also the interaxial dis-

tance, but the fit allows the extraction of the order of magnitude of the average length of 

the shorter fibrils within the gel. In fact, a fit of SANS data obtained for a sample containing 

5 mM AGA and 50 mM NaCl by Tucker et al. [13] suggests that the average fibrillar length 

is almost doubled compared to the same system in absence of NaCl. However, their samples 

were not gels and in their case the concentration of NaCl is ten times higher than that of 

AGA, whereas in our case it is only less than three times higher. Further, the shorter fibrils 

are probably not at all uniform in length, but rather polydisperse, as one main factor limiting 

the fibrillar growth is the limited space between “infinite” fibrils. Due to the lack of a suit-

able model for the proposed helical structure, fits remain rather qualitative. 

An attempt to fit SANS data for samples containing 0.1 wt% to 3.0 wt% AGA in D2O (Fig. 

E.7), where the scattering contribution comes mainly from the aglycone units, to a simple 

form factor of a uniform rectangular cuboid of sides 1.41 nm, 5.15 nm, and 28 nm is shown 

in Fig. E.18. Though this model is certainly an oversimplification of the structure, the 

length of 28 nm is in good agreement with the previously derived average fibrillar length 

of 25 nm and the length of 1.41 nm matches well the length of the side-by-side stacks of 

two AGA molecules. Further, the obtained length of 5.15 nm is, considering that the model 

is an oversimplification, reasonably close to the total diameter of the aglycone parts of the 

proposed helix (Fig. VI.2E), i.e., 7.70 nm – 2·0.72 nm = 6.26 nm, where 7.70 nm is the di-

ameter of the helix including the glycone moieties and 0.72 nm is the thickness of a glycone 



Chapter VI. 
 

 232 

moiety. Note that the diameter of the helix was deduced from AFM data reported by Saha 

et al. [12] (see Section VI.4.2.). Further, the forward scattering obtained for these rectan-

gular cuboids (≈2.3 cm-1 per 1 wt% of AGA) leads to a molecular weight estimate of the 

aggregate of 159000 g·mol-1, which corresponds to 189 AGA molecules. Given the pro-

posed model of dimeric AGA stacks, 95 stacks form one aggregate of 28 nm length. One 

helical period of 9 nm length is therefore suggested to contain 30 stacks (see Appendix 

E.4. for the calculation). 

 

VI.5. Conclusion and Outlook 

In binary aqueous solutions of glycyrrhizic acid monoammonium salt (AGA), the basic 

structure of a helical fibril is confirmed. The formation of fibrils was previously suggested 

by Matsuoka et al. [11], Saha et al. [12], and Tucker et al. [13]. Saha et al. further observed 

a right-handed helical twist of the fibrils with a periodicity of 9 nm. In this work, it is found 

that in both gel and sol samples shorter fibrils (average length ≈25 nm) and long “infinite” 

fibrils with a diameter around 3 nm coexist. The interaxial distance between fibrils 

(≈20 nm) is in the order of magnitude of two times the helix periodicity (9 nm), and slightly 

smaller than the average length of the shorter fibrils (≈25 nm). Short and long fibrils are 

suggested to be structurally identical and are made of stacks of AGA molecules with two 

AGA molecules per stack and the hydrophilic diglucuronic acid moieties pointing outwards 

(exposed to water). Each stack is slightly rotated to give a core-shell-like helical structure 

with about 30 stacks per helical period of 9 nm. Thus, the only difference between shorter 

and longer fibrils is the total number of stacks. A network of “infinite” fibrils is responsible 

for the gelation observed for most samples and their orientation induces a local nematic 

ordering with shorter fibrils by electrostatic repulsion. The nematic phase is calamitic with 

a dilution exponent slightly higher than 2. Shorter fibrils form due to limited space between 

longer fibrils or by destruction of longer fibrils through shear forces. The latter is respon-

sible for the shear-thinning behavior of the gel samples. Self-healing properties of the gels 

are observed at higher AGA concentrations, where more shorter fibrils are in close proxim-

ity to enable reformation of longer fibrils. 

Gelation is found to be strongly influenced by heating and cooling. On heating to a certain 

temperature (60°C at 3 wt% AGA), a monomeric (or dimeric) solution of AGA is achieved, 
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which enables the growth of fewer but longer fibrils on slowly re-cooling samples. Addition 

of NaCl is found to increase the stability of the gels, both towards higher temperatures and, 

presumably, towards higher shear forces. 

Addition of ethanol causes the formation of fibrillar end caps and reduces the average 

length of fibrils. At first, this effect is predominantly affecting the shorter fibrils, until the 

interaxial distance is larger than the average fibrillar length and the nematic ordering is lost, 

while the gel network of “infinite” fibrils can persist up to about 25 wt% ethanol, depending 

on the AGA concentration. At 30 wt% ethanol, only isotropic sols are observed. Fibrils are 

no longer formed and, consequently, a gel can no longer form. Instead, only an electrostatic 

repulsion peak between small aggregates is seen in small-angle scattering. The aggregates 

could be prolate ellipsoids, a similar peak was found in SANS for prolate ellipsoids of 

sodium dodecyl sulfate in presence of strongly hydrated cosmotropic counterions by Sheu 

et al. [50] almost 40 years ago, or short bits of fibrils. In any case, the aggregates are not 

well-defined but significantly pervaded by an ethanol-enriched solvent. Up to about 

30 wt% of ethanol, ethanol acts as a co-solvent, enhancing the solubility of AGA in the 

mixed solvent. At even higher ethanol contents, ethanol acts as an anti-solvent, reducing 

the solubility of AGA in the mixed solvent. Since the structures and gels are resilient to the 

addition of a significant amount of ethanol, a combination of the solubilizing effects of 

AGA and ethanol (as a hydrotrope) is indeed feasible. An application of this combination 

will be presented in a paper currently in preparation by Kunz and co-workers [24]. 

Hopefully, the presented structural elucidation of AGA hydrogels with and without ethanol 

will allow for a deeper understanding of peculiar solubilization properties of such mixtures 

and a specific fine tuning of desired properties in formulation for potential applications 

such as drug delivery. Moreover, this work could help achieving a better understanding of 

hydrogel formation, not only by AGA, but also by similar compounds. 
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Chapter VII. 
Summary and Outlook 

 

In the last chapter of this thesis, first a brief summary of the most important results of the 

studies presented in Chapters II. to VI. will be given, followed by the description of an 

apparent paradox in the self-assembly of C8Ej surfactants, the explanation of which may be 

supported by this thesis, and a short outlook on some open questions and possible applica-

tions. The summary is meant as a short overview of these results only. For more details, the 

reader is referred to the Conclusion and Outlook sections of the respective chapters. 
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VII.1. Summary 

In Chapter II., the aqueous phase behavior of octaoxyethylene octyl ether carboxylic acid 

(C8E8CH2COOH) was studied. The large headgroup compared to the short hydrophobic 

chain is found to impose a significant steric packing constraint on micelle formation, re-

sulting in the surfactant resisting the common sphere-to-rod shape transition. As a conse-

quence, no liquid crystalline phases are formed, and only small direct globular micelles are 

found independent of surfactant concentration. Two different domains can be distinguished 

within the micellar domain, (a) the L1 phase comprising classical core-shell micelles dis-

persed in water at lower surfactant concentrations, and (b) the L1’ phase at higher surfactant 

concentrations, where all water molecules are bound as hydration water to the headgroups, 

which interdigitate to produce a dispersion of hydrocarbon cores in a medium of more or 

less hydrated headgroups. 

In the L1 phase, a constant area per molecule of around 0.6 nm2 and an aggregation number 

of around 30 is found. As headgroups start to interdigitate in the transition to the L1’ phase, 

the area per molecule increases, resulting in a lower aggregation number, reaching a mini-

mum of 8 in the total absence of water, as the area per molecule approaches a value of 

almost 1 nm2. The L1’ phase can be described as direct micelles without any “bulk” pseudo-

phase. As a consequence, there are no monomers and the chemical potential is low: One 

expects a low water reactivity, a property sometimes useful if hydrolysis should be reduced. 

As expected, due to the high degree of ethoxylation, the surfactant is found to be pseudo-

nonionic, i.e., counterions have little effect on the phase behavior and the phase behavior 

closely resembles that of a nonionic surfactant. 

However, as shown in Chapter III., the carboxylic acid group allows for fine-tuning of the 

phase behavior. If electrostatics are not screened, sodium and calcium salts of the surfactant 

no longer exhibit a lower critical solution temperature (clouding) due to electrostatic repul-

sion between micelles. In the ionic forms, the micelles are slightly ellipsoidal, indicating 

that the area per molecule slightly decreases. This is due to charge regulation [1] and bridg-

ing between neighboring headgroups via counterions. A sphere-to-rod transition is still re-

sisted throughout the whole concentration and temperature range, the only exception being 

a small hexagonal lyotropic liquid crystal present at lower temperatures around 60 wt% of 

surfactant. It is around this surfactant concentration, where the L1 phase transitions into the 
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L1’ phase. Therefore, micelles are in close proximity to each other and intermicellar coun-

terion bridging is sufficient to induce the otherwise sterically impossible sphere-to-rod tran-

sition. At even higher surfactant concentrations, headgroup interdigitation again increases 

the area per molecule, making a sphere-to-rod transition impossible. When increasing tem-

perature, the hexagonal phase again “melts” into a micellar phase of small spheroidal mi-

celles. As an intermediate phase, a previously unknown calamitic nematic phase of ion-

bridged prolate micelles is identified. Due to the ethoxylation, as explained in Section I.2. 

of Chapter I., even the neat metal salts of this surfactant are liquid at room temperature or 

slightly above room temperature, thus representing microstructured ionic liquids. 

The high Gibbs free energy necessary to induce a shape transition for C8E8CH2COOH was 

used to induce intramicellar molecular segregation into a curved rim and a flat disc, when 

mixing C8E8CH2COOH with dioxyethylene oleyl ether carboxylic acid 

(C18:1E2CH2COOH). The aqueous phase behavior of this system was studied in Chapter 

IV., revealing the formation of a discotic nematic phase made of large (diameter ≈ 50 nm) 

disc-like bicelles if the two surfactants are mixed in adequate mole ratios. The diameter of 

the discs can be controlled and fine-tuned by the exact mole ratio of the two components 

as well as by temperature, making them similar to classical lipid bicelles used to orient 

membrane proteins for scattering or NMR. C18:1E2CH2COOH has a spontaneous packing 

parameter of around 1, thus favoring the flat, i.e., zero-curvature, part of the disc, whereas 

C8E8CH2COOH has a spontaneous packing parameter below or around 1/3, thus favoring 

the curved outer rim of the bicelle. The nematic phase has interesting properties. It is self-

thickening, i.e. gel-like viscoelastic without additives, capable of entrapping air bubbles or 

other objects, while at the same time being strongly shear-thinning. Since it can be handled 

like a liquid due to the shear-thinning behavior, but does not exhibit noticeable thixotropic 

behavior, i.e., has quasi-instantaneous structural restoration, these nematic gels combine 

the benefits of gels at rest (zero-shear) with the benefits of easy-to-handle liquids. 

In Chapter V., the effects of three additives commonly used in industrial formulation for 

health- and home care on the nematic gel were examined. Propylene glycol was found to 

act predominantly as a co-solvent with a preference for one surfactant over the other, which 

can improve temperature stability of the nematic phase if used in adequate amounts. Glyc-

erol on the other hand acts as an anti-solvent, progressively decreasing the temperatures 

required to induce microstructural transitions. Ethanol was found to be a good co-solvent 
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for both surfactants, which can be used in low quantities to influence the temperature sta-

bility of the nematic phase but leads to more and more molecular dissolution in an isotropic 

liquid phase. 

The aim of Chapter VI. was to assess the influence of ethanol as an additive on the micro-

structures in fibrillar hydrogels formed by the amphiphilic natural sweetener glycyrrhizic 

acid, as ethanol could potentially be used to enhance drug loading of the hydrogels. To 

complement the already available data in the literature, the binary system of water and the 

monoammonium salt of glycyrrhizic acid (AGA) was also studied in detail by small-angle 

scattering. From the results reported in the literature and the data presented in this work, a 

model of the microstructure and its change on addition of ethanol could be constructed. 

“Infinitely” long negatively charged helical fibrils coexist with shorter fibrils with an aver-

age length of around 25 nm, both of which have an identical molecular arrangement. The 

fibrillar strand has a diameter of around 3 nm and 30 stacks of AGA molecules make up 

one helical period (≈9 nm) of the right-handed helix, each stack consisting of two AGA 

molecules. Ethanol reduces electrostatic repulsion and favors the formation of fibrillar end 

caps. As a result, the average fibrillar length decreases with increasing ethanol content, until 

only small, swollen aggregates remain. The “infinite” fibrils, which are responsible for the 

gel network, are found to be resilient to a significant amount of ethanol, i.e., ethanol first 

breaks down shorter fibrils before breaking down “infinite” fibrils. Above a certain thresh-

old concentration of ethanol, however, all fibrils are dissolved into small aggregates and 

gel formation is no longer possible. 

 

VII.2. Apparent Paradox in the Self-Assembly of C8Ej 

Surfactants 

An apparent paradox is found when comparing the phase behaviors of C8E4, C8E5, C8E6, 

and C8E8. C8E8 and homologues with even larger headgroups do not form any liquid crys-

talline phase [2] and resist a sphere-to-rod transition, as shown in this work for the similar 

C8E8CH2COOH. C8E6 on the other hand forms a hexagonal phase around 60 wt% of sur-

factant below 14°C [3], therefore not resisting a sphere-to-rod transition. C8E5 too forms a 

hexagonal phase around 55 wt% of surfactant below 6°C [4]. C8E4, however, does not form 
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a hexagonal phase above the freezing temperature of water [2]. This seems paradoxical 

because the spontaneous packing parameter decreases with decreasing headgroup size from 

C8E8 to C8E6 to C8E5 to C8E4, and therefore a sphere-to-rod transition should be easier for 

C8E4 than for C8E5 than for C8E6. However, the opposite is found and C8E6 forms the largest 

hexagonal domain. 

It is easy to rationalize that a sphere-to-rod transition is not possible for C8E8, because 

above a certain threshold number of ethylene oxide units the (hydrated) headgroup is too 

bulky and the area per molecule is just too large to adopt cylindrical packing. This was also 

demonstrated in this work for C8E8CH2COOH. But why is the formation of a hexagonal 

phase, i.e., the formation of long cylindrical micelles easier for larger headgroups below 

this threshold size? To the knowledge of the author of this thesis, this question is not yet 

answered by current theory, but a tentative idea can be formulated after this thesis: There 

must be a favorable free energy contribution linked to the lateral, i.e., intramicellar, attrac-

tive interaction of ethylene oxide chains, which increases with increasing number of eth-

ylene oxide units. 

When looking at the crystallization of polyoxyethylene chains, one finds that a larger num-

ber of ethylene oxide groups favors crystallization. As the ethylene oxide chains prefer to 

crystallize in 7/2 helices [5], the increase in the melting temperature of polyethylene glycols 

(PEGs) with each additional ethylene oxide group is most significant for low numbers (≤7) 

of ethylene oxide units, where one additional ethylene oxide unit can increase the melting 

temperature by more than 20°C, and is negligible for high numbers of ethylene oxide units. 

For crystallization to occur, the enthalpic gain in free energy by molecular interactions must 

exceed the loss in entropy due to higher order. Since the melting temperature increases with 

increasing number of ethylene oxide units, the gain in enthalpy of crystallization seems to 

dominate over the gain in conformational entropy due to increased chain flexibility. In par-

allel, interactions between neighboring ethylene oxide chains in micelles could increase 

with increasing ethylene oxide number. 

A higher order of the ethylene oxide chains imposed by these interactions would result in 

an entropic penalty due to a decreased conformational entropy. The latter is already im-

posed to some degree by a shape-transition from spherical to cylindrical, as the available 

area per headgroup decreases. Zulauf et al. [4] reported that C8E5 does not undergo a 

sphere-to-rod transition preceding the hexagonal phase, indicating that the transition from 
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globular micelles to “infinite” rods is not continuous but sharp. The same was found for the 

sodium salt of C8E8CH2COOH in this work, where the only region in the phase diagram 

where rod-like micelles are formed is the hexagonal phase. Note that in this case the sodium 

counterions are necessary for additional attractive counterion bridging. As suggested by the 

relatively sharp Bragg-like peaks of the hexagonal phase, the headgroups are well-ordered, 

though not crystalline. Therefore, the free energy gain by the ordering of the ethylene oxide 

headgroups seems to be enough for E5 and E6, but not for E4, to undergo a sphere-to-rod 

transition to form a well-ordered hexagonal phase at relatively high surfactant concentra-

tions (≈60 wt%) and low temperatures, where the penalty of a loss in conformational en-

tropy is sufficiently small. For E8, the free energy gain of the headgroup interactions would 

be higher than for E5 or E6, the area per molecule, however, is too large for a sphere-to-rod 

transition to occur. 

Further research is required to solve this apparent paradox, including the examination of 

the microstructures at temperatures above the hexagonal phases of C8E5 and C8E6 and in 

the range, where a hexagonal phase is “missing” for C8E4. If flexible worm-like cylinders 

were formed, but no hexagonal phase is found, an alternative explanation could be given: 

The smaller the headgroup is, the larger should be the flexibility of these worm-like mi-

celles. The entropic penalty of forming a well-ordered hexagonal phase is higher if formed 

from more flexible cylinders than if formed from more rigid cylinders. 

 

VII.3. Outlook – Open Questions and Possible Applica-

tions 

In absence of water, metal salts of C8E8CH2COOH or similar compounds CiEjCH2COOH 

are ionic liquids. The anion and the cation are extremely asymmetric in volume, as in the 

case of antagonistic salts [6]. The possible applications of such ionic liquids are currently 

explored at our institute. Due to the self-assembly of the surfactant’s metal salts, two fields 

of application are of particular interest: 

(a) Can the structure of the neat surfactant, comprising a continuous medium of ethox-

ylated headgroups with their metal counterions and confined hydrocarbon cores be 

used as a template for mineralization? In this case, the metal ion would be crystallized 
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by the introduction of a suitable counterion and the obtained solid would be porous 

due to holes arising from the hydrocarbon cores. Some preliminary tests trying to 

precipitate carbonates by storing the ionic liquid in a CO2-rich atmosphere or by in-

situ formation of CO2 did not yield the desired porous material. However, different 

approaches could be explored. One of the main problems is the introduction of the 

anionic counterion into the ionic liquid. Due to the increased viscosity, another solu-

tion cannot be homogeneously mixed quickly, probably leading to diffusion effects 

resulting in crystal formation outside of the “template”. In principle, one could im-

agine using two mixtures: i) A certain amount of an aqueous metal chloride solution 

is added to an ionic liquid containing the same metal as counterion. ii) An appropriate 

amount of an aqueous solution containing the desired anion for precipitation is added 

to a portion of the neat acidic surfactant. If mixtures i) and ii) are prepared in such a 

way that the water content in both mixtures is identical and low enough to preserve 

the interdigitated L1’ phase (≤30 wt% water, ideally ≤20 wt% water), the same mi-

crostructure is present in both mixtures. The problem of quick homogeneous mixing 

would remain, but possibly using the vortex tangential mixer [7,8] and/or working at 

temperatures below the chain melting could produce interesting materials or gels. It 

should also be noted that in the case of metal counterions such as Co2+, which tend 

to form metal oxides if exposed to air, slow formation of metal oxide particles is 

observed when exposing the ionic liquid to air. A characterization of these particles 

was not conducted. 

(b) Can the large internal interface between the continuous hydrophilic medium and the 

small, confined hydrocarbon cores be utilized for organic reactions? The counterion 

can be freely varied and since the headgroups are flexible, the counterions are not 

spatially confined but can move rather freely in the hydrophilic medium and thus 

could in principle act as phase-transfer catalysts. A drawback of such an ionic liquid 

is of course the high viscosity compared to classical organic solvents. However, some 

reactions may benefit from the small hydrocarbon “microreactors”, which can be 

loaded with hydrophobic compounds without changing the microstructure. Key 

points are again the reduced activity of water associated to partially interdigitated 

headgroups, and the possibility to quick-start a reaction through water release by mi-

crowave heating bursts. 

The latter statement in point (b) leads to a still unanswered question. As shown in Chapter 
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II. (Section II.4.5.), C8E8CH2COOH and its metal salts are not miscible with hydrocarbon 

oils even in the absence of water. Only a certain amount of oil can be solubilized and any 

excess oil phase separates. This suggests that the microstructure of interdigitated direct 

globular micelles persists even in presence of oil. However, experimental proof of the mi-

crostructure in presence of oil is missing, and therefore the question if the microstructure 

really remains unchanged upon saturation with oil is yet to be answered conclusively. 

Another, somewhat related, conclusion that lacks final experimental proof is that there is 

no sphere-to-cylinder transition close to the cloud point. All data presented in this work 

suggest that there is no sphere-to-cylinder growth, but no direct measurements were per-

formed close to the clouding temperature. A small-angle scattering study, probing the mi-

crostructures as a function of temperature approaching the cloud point, could be undertaken 

to give direct experimental proof. 

The discotic nematic phase made of two cheap commercial surfactants examined in Chap-

ters IV. and V. has interesting properties for encapsulation. It is easy to handle due to its 

strong shear-thinning behavior, but at rest it immediately relaxes into its viscoelastic gel 

state. Bubbles, droplets, or solid objects can be dispersed and entrapped in the nematic gel, 

as long as the dispersed material does not influence the phase behavior of the surfactant 

mixture. Since the nematic gel is made of disc-like bicelles in a continuous aqueous me-

dium, and dispersed objects are not encapsuled in a closed microstructure such as a vesicle 

or a liquid crystalline droplet, this kind of “encapsulation” can be referred to as “capsule-

free encapsulation”. The gel is self-thickening, i.e., does not require polymers or hydro-

gelators, and is thus an alternative to classical formulations based on polymers. However, 

the potential applications are greatly limited by the sensitivity of the microstructure to sol-

ubilization of other compounds. In the case of a hydrophobic liquid droplet, the surfactant 

tends to solubilize a certain amount of the oily compound, which can induce shape-transi-

tion of the micelles and consequently destroy the nematic gel. So far, the only promising 

results were obtained dispersing silicone oils, but most compounds of interest for applica-

tions, such as perfume oils, cannot be dispersed as droplets as they participate in the self-

assembly on a molecular level. 

Glycyrrhizic acid and its salts are already widely used in food, health, and personal care 

products. With the knowledge of the microstructures with and without ethanol gained in 

Chapter VI., an interesting goal for cosmetic and personal care products can be started to 
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be tackled: How to formulate four component gels made with glycyrrhizic acid salt with 

formulated cations such as choline or natural spermine or spermidine – water – ethanol or 

glycerol or other alcohols and natural lipids? Polymer-free encapsulation is a major goal 

that, to the best of the authors knowledge, has not yet been achieved in the cosmetics in-

dustry. 
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A.1. Supplementary Figures 

 
Fig. A.1. 1H-NMR (300 MHz, 16 scans, CDCl3) spectra of [Na+][C8E8CH2COO-] with a water content of 
1.1 wt% (top) and C8E8CH2COOH with a water content of 0.5 wt% (bottom). Both spectra are similar, with 
the exception of the -OH-peak (h and hydration water), which is much more pronounced in the case of 
C8E8CH2COOH, despite containing less water than [Na+][C8E8CH2COO-]. This indicates that the majority of 
the carboxylate functions is indeed deprotonated and has Na+ as their counterion. 
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Fig. A.2. Binary phase diagrams of C8E8CH2COOH (here denoted as [H+][C8E8CH2COO-]), C8E8CH2COOH 
with 0.25 CaCl2 per C8E8CH2COOH molecule, and [H+]0.5[Na+]0.5[C8E8CH2COO-] in water as a function of 
the mole fraction x([X+][C8E8CH2COO-]) in a logarithmic scale. The precision of the phase boundaries in 
temperature is ±1°C. The red dashed line at a higher concentration indicates the solubility limit of CaCl2, 
above which the mole ratio of CaCl2 and surfactant in the examined liquid deviates from 0.25. Black dashed 
circles indicate the lower critical solution temperatures. The colored arrows at the top x-axis indicate the 
respective critical micelle concentrations at 25°C. 1ϕ I: Single isotropic phase. 2ϕ I/I: Two isotropic phases 
in equilibrium. Lβ: Semi-crystalline lamellar phase. The same phase diagrams are shown as a function of the 
surfactant weight fraction in Fig. II.1 and as a function of the surfactant concentration in mol·L-1 in Fig. A.3. 
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Fig. A.3. Binary phase diagrams of C8E8CH2COOH (here denoted as [H+][C8E8CH2COO-]), C8E8CH2COOH 
with 0.25 CaCl2 per C8E8CH2COOH molecule, and [H+]0.5[Na+]0.5[C8E8CH2COO-] in water as a function of 
the molar surfactant concentration c([X+][C8E8CH2COO-]) in linear scale. The precision of the phase bound-
aries in temperature is ±1°C. The red dashed line at a higher concentration indicates the solubility limit of 
CaCl2, above which the mole ratio of CaCl2 and surfactant in the examined liquid deviates from 0.25. Black 
dashed circles indicate the lower critical solution temperatures. 1ϕ I: Single isotropic phase. 2ϕ I/I: Two iso-
tropic phases in equilibrium. Lβ: Semi-crystalline lamellar phase. The same phase diagrams are shown as a 
function of the surfactant weight fraction in Fig. II.1 and as a function of the surfactant mole fraction in Fig. 
A.2. 

 
Fig. A.4. Correlation functions obtained by dynamic light scattering at 25°C at a scattering angle of 90° with 
a measuring time of 120 s. Solid red lines represent single exponential fits. (A) Three samples containing 
0.09 wt%, 0.009 wt%, and 0.0009 wt% C8E8CH2COOH were measured after an equilibration time of 17 h. 
The exponential fits yield decay rates Γ of 0.675 ms-1 (D = 1.93 μm2·s-1), 0.639 ms-1 (D = 1.82 μm2·s-1), and 
0.526 ms-1 (D = 1.50 μm2·s-1), respectively. Using the Stokes-Einstein equation [1] and the viscosity of water, 
these diffusion coefficients correspond to hydrodynamic radii Rh of 127 nm, 135 nm, and 163 nm, respec-
tively. (B) A sample containing 0.45 wt% C8E8CH2COOH was measured after different equilibration times 
between 15 min and 17 h. The exponential fits yield Γ = 0.734 ms-1 (D = 2.09 μm2·s-1, Rh = 117 nm) after 
15 min and Γ = 0.113 ms-1 (D = 0.32 μm2·s-1, Rh = 763 nm) after 17 h. 
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Fig. A.5. The decadic logarithm of the osmotic pressure Πosm as well as the decadic logarithm of the negative 
excess chemical potential of water µwex are plotted as a function of the mole ratio of water and C8E8CH2COOH 
for several binary mixtures of C8E8CH2COOH and water. If known, the repeat distance D* = 2π·q-1 for the 
sample calculated from the peak position in the respective SAXS spectrum is shown on the non-linear top-
axis. Note that D* values for samples containing 20 wt% or 30 wt% surfactant were calculated from the 
structure factors S(q) obtained from model fits, see Section II.4.4., because no pronounced structure factor 
peaks are visible in the spectra. Πosm was calculated from the water activity aw, obtained by vapor pressure 
osmometry, according to eq. (II.4). The excess chemical potential of water µwex is given by eq. (II.3). 
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Fig. A.6. Physical densities of mixtures of C8E8CH2COOH and water at 25°C with C8E8CH2COOH contents 
ranging from 0 wt% to 99.5 wt% as a function of the C8E8CH2COOH content in wt%. The dashed line indi-
cates the linear relation between density and concentration up to around 60 wt%. The corresponding data are 
given in Table A.2. Note that the used surfactant was only dried with subsequent removal of precipitated 
NaCl, without preceding cloud point extraction, in contrast to following chapters. 

 
Fig. A.7. SWAXS data of binary mixtures of 10 wt% to 80 wt% C8E8CH2COOH and water in logarithmic 
scale. The same data are presented in linear scale in Fig. II.5. 
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Fig. A.8. SWAXS data of the neat surfactants C8E8CH2COOH (≥99.5 wt%, ≤0.15 H2O per surfactant mole-
cule), here denoted as [H+][C8E8CH2COO-], and [H+]0.5[Na+]0.5[C8E8CH2COO-] (≥99.2 wt%, ≤0.30 H2O per 
surfactant molecule), as well as of both surfactants in presence of 8 H2O molecules per surfactant molecule 
in linear scale. The same data are presented in linear scale in Fig. II.6. 

 
Fig. A.9. Cryo-TEM images of C8E8CH2COOH in water. Images (A) and (B) represent a concentration of 
2 wt%, where the small spherical micelles are more scattered than in images (C) and (D), which represent a 
concentration of 20 wt%. The scale bars indicate a length of 50 nm. 
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Fig. A.10. Cryo-TEM images of 20 wt% [H+]0.5[Na+]0.5[C8E8CH2COO-] in water. Images (A) and (B) were 
recorded using the T12, while images (C) and (D) were recorded using the Talos. A high accumulation of 
small spherical micelles is seen in all of the images. The scale bars indicate a length of 50 nm. 

 
Fig. A.11. Ternary phase diagram of H2O/C8E8CH2COOH/n-hexane at a temperature of 23°C. The precision 
in w(n-hexane) is at least ±0.5 wt%. 1ϕ I: Single isotropic phase. 2ϕ I/I: Two isotropic phases in equilibrium. 
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A.2. Supplementary Tables 

Table A.1. Analysis of the impurities contained in the Akypo® LF2 (C8E8CH2COOH) batch received from 
Kao Chemicals. The analysis was provided by Kao Chemicals and the water content was checked by Karl 
Fischer titration. 

substance content [wt%] 
water 9.0 

NaCl 0.9 

acetic acid 0 

formic acid 0.0324 

glycolic acid 0.0197 

diglycolic acid 0.1349 
 

Table A.2. Measured physical densities of various binary mixtures of C8E8CH2COOH and water at 25°C. 
Note that the used surfactant was only dried with subsequent filtration to remove precipitated salt, not cloud 
point extracted as typically done in following chapters. The precision of a single measurement is 
1·10-6 g·cm-3. While only single measurements were performed, variations between different fillings of the 
oscillating tube with the same sample are typically only found in the last given digit, as can also be seen in 
the deviation of the measured value of pure water from the literature value of 0.99705 g·cm-3 [2]. 

w(C8E8CH2COOH) [wt%] n(H2O)/n(C8E8CH2COOH) ρ [g·cm-3] 
99.5 0.15 1.06265 

96.8 1 1.06383 

93.8 2 1.06469 

87.9 4 1.06594 

80.0 7.5 1.06455 

79.0 8 1.06413 

70.0 13 1.06101 

60.0 20 1.05414 

50.0 30 1.04554 

40.0 45 1.03606 

30.0 70 1.02590 

20.0 120 1.01671 

10.0 270 1.00701 

0 – 0.99700 
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Table A.3. Fitting parameters of the best fits obtained using a sphere form factor for spheres suspended in a 
fluid made of partially interdigitated headgroups and hydrating water and an effective Hayter-Penfold RMSA 
structure factor. The respective fits are shown in Figs. II.7 and II.8A. The given values for the scattering 
length densities of the solvents, sld_solvent, are calculated based on the sample composition, using the meas-
ured physical densities given in Table A.2, and were not fitted as the amount of hydrating water is known 
and cannot vary. The scattering length density of the hydrocarbon cores, sld_core = 7.44·10-4 nm-2, is fixed 
and calculated using the molecular volume of a C8 chain, Vchain = 0.247 nm3, obtained by addition of group 
contributions, CH3: 0.0548 nm3 [3] and CH2: 0.0274 nm3 [4]. φeff: Effective volume fraction of the hydrocar-
bon cores. Rc: Radius of the spheres, i.e., of the hydrocarbon cores. q: Effective charge of the spheres, which 
in this case does not correspond to the actual surface charge. The scale factor was fixed at a value of 1. 
Additional quantities are derived from the fitting parameters. Nagg: Aggregation number, Nagg = V/Vchain. V: 
Volume of the hydrocarbon sphere, V = 4πRc3/3. A: Surface area of the hydrocarbon sphere, A = 4πRc2. a: 
Area per molecule, a = A/Nagg. 

 w(C8E8CH2COOH) 
[wt%] 

w([H+]0.5[Na+]0.5[C8E8CH2COO-]) 
[wt%] 

 50 60 70 79 80 ≥99.5 79.3 ≥99.2 

n(H2O)/n(sur
factant) 30 20 13 8 7.5 ≤0.15 8 ≤0.30 

sld_solvent 
[10-4 nm-2] 10.2 10.4 10.5 10.6 10.6 10.8 10.7 10.7 

φeff 5.3·10-2 6.7·10-2 7.3·10-2 6.6·10-2 7.7·10-2 4.6·10-2 9.9·10-2 9.9·10-2 

Rc [nm] 1.13 1.19 1.16 1.10 1.12 0.77 1.31 1.00 

q [e] 41.8 46.0 45.6 39.5 42.9 19.6 54.3 31.2 

background 
[cm-1] 2.9·10-2 2.6·10-2 2.5·10-2 3.1·10-2 2.9·10-2 2.3·10-2 3.8·10-2 2.4·10-2 

Nagg 24 29 27 23 24 8 38 17 

V [nm3] 6.0 7.2 6.5 5.6 5.8 1.9 9.4 4.2 

A [nm2] 16 18 17 15 16 7.5 21 13 

a [nm2] 0.66 0.62 0.64 0.67 0.66 0.96 0.57 0.74 
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Table A.4. Fitting parameters of the best fits obtained using a core-shell sphere form factor and a Hayter-
Penfold RMSA structure factor, as well as a Schulz polydispersity distribution for the radius and shell thick-
ness. The respective fits are shown in Fig. II.8B. The scattering length density of the solvent (water), sld_sol-
vent = 9.41·10-4 nm-2, is known. The scattering length density of the hydrocarbon cores, 
sld_core = 7.44·10-4 nm-2, is fixed and calculated using the molecular volume of a C8 chain, 
Vchain = 0.247 nm3, obtained by addition of group contributions, CH3: 0.0548 nm3 [3] and CH2: 0.0274 nm3 
[4]. The volume fraction of surfactant φ is approximated using the physical densities of neat C8E8CH2COOH 
and water, assuming ideal mixing, and was fixed during fitting. Rc: Radius of the hydrocarbon core. ts: Thick-
ness of the shell. Reff: Effective radius of the core-shell sphere. q: Effective charge of the spheres, which does 
not necessarily correspond to the actual surface charge. sld_shell: Fitted scattering length density of the shell. 
PD(Rc): Polydispersity of Rc. PD(ts): Polydispersity of ts. The scale factor was fixed at a value of 1. Additional 
quantities are derived from the fitting parameters. Nagg: Aggregation number, Nagg = Vc/Vchain. Vc: Volume of 
the hydrocarbon core, Vc = 4πRc3/3. Ac: Surface area of the hydrocarbon core, Ac = 4πRc2. a: Area per mole-
cule, a = Ac/Nagg. Vs: Volume of the shell, Vs = 4πReff3/3-Vc. νhead: Volume fraction of the headgroups in the 
shell, calculated with eq. (II.6). The scattering length density of the headgroup, sld_head was calculated using 
the physical density of the neat surfactant to obtain the molecular volume of the surfactant 
Vsurfactant = 0.848 nm3 and subtracting Vchain to obtain the molecular volume of the headgroup 
Vhead = 0.601 nm3. rshell: Number of water molecules per headgroup in the shell according to νhead. L: Apparent 
length of the headgroup, L = (Vsurfactant+rshell·Vw)/a, where Vw = 0.030 nm3 is the molecular volume of water. 
Note that the extended length of EO8CH2COOH, approximated as EO9, is 3.3 nm [5]. 

 w(C8E8CH2COOH) 
[wt%] 

 10 20 30 40 50 60 70 80 

n(H2O)/n(sur
factant) 270 120 70 45 30 20 13 7.5 

φ 9.5·10-2 1.91·10-1 2.88·10-1 3.86·10-1 4.85·10-1 5.86·10-1 6.87·10-1 7.90·10-1 

Rc [nm] 1.23 1.24 1.19 1.20 1.22 1.25 1.21 1.21 

ts [nm] 1.21 1.18 1.17 1.24 1.16 1.08 1.04 1.04 

Reff [nm] 2.43 2.43 2.37 2.44 2.37 2.33 2.25 2.25 

q [e] 2.5 2.7 2.9 8.9 6.4 7.1 6.7 6.7 

sld_shell 
[10-4 nm-2] 9.93 9.95 9.89 9.89 9.96 10.04 10.06 10.06 

PD(Rc) 2.63·10-7 9.52·10-2 1.58·10-1 2.03·10-1 2.76·10-1 3.38·10-1 3.75·10-1 3.75·10-1 

PD(ts) 4.09·10-1 2.63·10-7 1.48·10-1 7.26·10-6 2.89·10-6 2.30·10-4 6.95·10-2 6.95·10-2 

background 
[cm-1] 1.45·10-2 1.83·10-2 1.67·10-2 2.35·10-2 2.80·10-2 2.63·10-2 2.49·10-2 2.49·10-2 

Nagg 31 33 29 30 31 33 30 30 

Vc [nm3] 7.7 8.1 7.1 7.3 7.5 8.2 7.4 7.4 

Ac [nm2] 18.9 19.4 17.9 18.2 18.6 19.6 18.4 18.4 

a [nm2] 0.60 0.59 0.62 0.62 0.61 0.59 0.61 0.61 

Vs [nm3] 52.6 51.7 48.4 53.4 48.3 44.6 40.1 40.1 

νhead 3.59·10-1 3.80·10-1 3.59·10-1 3.32·10-1 3.81·10-1 4.45·10-1 4.52·10-1 4.52·10-1 

rshell 36 33 36 40 33 25 24 24 

L [nm] 3.2 3.1 3.1 3.3 3.0 2.7 2.6 2.6 
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A.3. Different Packing Parameters Encountered in the 

Literature and the One Used in This Work 

A theory attempting to predict the self-assembly of surfactants into different micellar 

shapes, taking into account thermodynamics, interaction free energies, and geometrical 

packing constraints, was presented by Israelachvili et al. in 1976 [6]. The “packing param-

eter” was originally used in a “packing equation”, quantifying the sterical constraints in-

duced by lateral packing in a molecular film. In the literature, there are now three different 

adjectives trying to sharpen the concept of the packing parameter and its quantification, the 

“spontaneous” packing parameter, the “effective” packing parameter, and the “critical” 

packing parameter. 

The “spontaneous” packing parameter p0 of a surfactant consisting of a hydrophobic chain 

and a hydrophilic headgroup is defined as 

p0 = 
ν

a0·lc
 , (A.3.1) 

where ν is the partial molecular volume attributed to the hydrophobic chain, lc is the critical 

length that the radius or thickness of the micellar hydrocarbon core cannot exceed, and a0 

is the equilibrium (or optimum) surface area per surfactant molecule at the hydrophobic-

hydrophilic interface. Since the hydrocarbon core is a continuous liquid medium, there are 

no “holes” allowed, and the critical length lc is given by the effective length of the hydro-

carbon chain, averaged over all the conformations present. Typically, lc is equal to 80–90% 

of the full extended length of the chain, which can be easily calculated for saturated hydro-

carbon chains with nc carbon atoms according to Tanford [7]. 

lc ≤ (0.15 + 0.1265·nc) nm (A.3.2) 

In a similar way, the volume ν of the chain can be calculated from increment values derived 

from hundreds of known lipid densities. A general explicit expression was proposed by 

Tanford [7]. 

ν = (27.4 + 26.9·nc)·10-3 nm3 (A.3.3) 

a0 is obtained by minimizing the lateral equation of state for the surfactant molecules in the 
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surfactant film, i.e., if a surfactant occupies the surface area a0, the Gibbs free energy is 

minimal. A review covering the lateral equation of state is given by Bauduin and Zemb [8]. 

For lipid bilayers, the first quantitative theory of the lateral equation of state was formulated 

by Marcelja and Wolfe in 1979 [9]. Since interaction free energies between surfactant mol-

ecules are considered in the calculation of the equilibrium surface area per molecule a0, a0 

is not simply a geometrical parameter given by the molecular dimensions. A common error 

is also to use the area per molecule obtained from the crystal structure instead of a0. The 

optimal area of contact of the headgroup with water a0 is at least twice as large as the area 

per molecule in the crystalline state. Using the correct value for a0, the “spontaneous” pack-

ing parameter p0 is obtained according to eq. (A.3.1). 

The value of p0 allows for the prediction of the equilibrium micellar shape, for which the 

surfactants occupy a surface area equal to a0. Among multiple shapes sharing the same a0, 

the one with the lowest aggregation number is entropically favored. Spherical micelles are 

formed for p0 ≤ 1/3, cylindrical micelles for p0 ≈ 1/2, and bilayers for p0 ≈ 1. In a zero-order 

approximation, the packing parameter can be estimated comparing the molecular volumes 

of the headgroup and the hydrocarbon chain, similar to the hydrophilic-lipophilic balance 

(HLB) used in chemical engineering. 

However, the value of a0 is often not easily accessible. By small-angle scattering techniques 

a surface area per molecule for an average structure can be derived from a real sample. This 

experimentally accessible effective surface area per molecule, a, is often different from the 

equilibrium surface area a0. In analogy to the “spontaneous” packing parameter p0 with the 

equilibrium surface area per molecule a0, an “effective” packing parameter p is then defined 

with the effective surface area per molecule a. 

p = 
ν

a·lc
 (A.3.4) 

The discrepancy between a0 and a, and therefore also between p0 and p, is a consequence 

of additional constraints imposed on the surfactant packing in a real sample. While the 

Gibbs free energy is minimal for one surfactant molecule in an interfacial layer surrounded 

by on average 5-7 neighbors, depending on the Gaussian curvature, if the area per molecule 

equals a0, the Gibbs free energy of the whole system is minimal if the area per molecule 

equals a at a given point in the equilibrium phase diagram. It is also possible that the ener-

getically favored structure with minimal interfacial energy, i.e., the one that fulfills a = a0 
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for all molecules, is not the thermodynamically favored structure, because another structure 

with a ≠ a0 has a lower aggregation number and is therefore entropically favored in such a 

way that the total free energy is minimal for a ≠ a0 [10]. The deviation from a0, i.e., from 

the preferred, spontaneous packing, results in a cost in bending free energy. The difference 

between p0 and p is directly linked to the bending free energy 

F = 
1
2 ·k*·(p - p0)2 , (A.3.5) 

where k* is a generalized bending constant [11]. The bending free energy is taken as a 

harmonic expression coupled to the packing parameter and allows to define quantitatively 

the stiffness in kJ·mol-1 [12]. 

Though the term “critical packing parameter” is also used for example in a book by Israe-

lachvili [13], the terminology of “spontaneous” and “effective” packing parameter should 

be used instead for clarity, as the “critical” packing parameter is ill-defined. It is regularly 

used in the literature either for the “spontaneous” or the “effective” packing parameter, 

leading to the confusion of the two different parameters [14]. The notation as “critical” 

usually suggests a critical value for which a transition is induced, e.g., a phase transition at 

a critical temperature. A critical value for the packing parameter is for example exactly 1/3, 

for which molecules can be packed into a perfect sphere. However, the calculated “effec-

tive” or “spontaneous” packing parameter is not a critical value, it can only be compared 

to the intrinsic critical values of the packing parameter. The notation of either the “sponta-

neous” or the “effective” packing parameter as the “critical” packing parameter is therefore 

in itself misleading. In the present work, the “critical” packing parameter is not used at all, 

and the used packing parameter is specified in each sentence. 
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B.1. Supplementary Figures 

 
Fig. B.1. Comparison of phase boundaries in binary mixtures of [Na+][C8E8CH2COO-] and H2O or D2O. The 
binary phase diagram of [Na+][C8E8CH2COO-] in H2O is the same as the one given in Fig. III.2A. Phase 
boundaries of the liquid crystalline regions in D2O were determined by visual observation combined with 
polarized optical microscopy with an accuracy in temperature of ±1°C (in analogy to the one recorded with 
H2O). Filled symbols mark the transition between a completely isotropic mixture and a mixture that exhibits 
birefringence. Empty symbols mark the transition between a fully birefringent liquid crystalline mixture and 
a mixture, in which birefringent and isotropic domains coexist. L1: Solution of core-shell micelles. L1’: Head-
group-interdigitated micellar regime. L1/L1’: Transition zone between L1 and L1’. H1: Hexagonal phase. N: 
Nematic phase. 
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Fig. B.2. Heat flux differential scanning calorimetry (DSC) of [X+][C8E8CH2COO-]. (A) Neat 
[Na+][C8E8CH2COO-] exhibits an endothermic peak on heating with a maximum at 27.4°C during the second 
heating and cooling cycle. (B) Neat [H+]0.5[Na+]0.5[C8E8CH2COO-] shows a similar maximum at 22.8°C on 
heating during the second heating and cooling cycle. (C) For neat [Ca2+][C8E8CH2COO-]2, the peak maximum 
is found slightly below room temperature at 19.3°C during the second heating and cooling cycle. (D) The 
neat acid [H+][C8E8CH2COO-] also exhibits the same transition with its peak maximum being located at 
11.0°C during the sixth heating and cooling cycle. DSC measurements were conducted in a temperature range 
from -70°C to 50°C. Prior to heating and cooling, samples were held for 60 min and 10 min at -70°C and 
50°C, respectively. Heating and cooling rates were fixed at 3°C·min-1. In all cases, only small differences can 
be observed between different heating and cooling cycles. 

 
Fig. B.3. From top to bottom: Heating curves of the second heating and cooling cycle of neat 
[Na+][C8E8CH2COO-] (>99.5 wt%), 95 wt% [Na+][C8E8CH2COO-], and 89 wt% [Na+][C8E8CH2COO-] are 
given. A peak maximum is observed at 27.4°C, 23.9°C, and 18.7°C, respectively. DSC measurements were 
conducted in a temperature range from -70°C to 50°C. Prior to heating and cooling, samples were held for 
60 min and 10 min at -70°C and 50°C, respectively. Heating and cooling rates were fixed at 3°C·min-1. 
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Fig. B.4. SAXS (left column) and SANS (right column) along a dilution line of [Na+][C8E8CH2COO-] at 
different temperatures in logarithmic scale. (A) 10 wt% of [Na+][C8E8CH2COO-] in water (H2O for SAXS 
and D2O for SANS). The L1 core-shell microstructure is found at any temperature. (B) 30 wt% of 
[Na+][C8E8CH2COO-] in water (H2O for SAXS and D2O for SANS). The L1 core-shell microstructure is found 
at any temperature. (C) 58 wt% of [Na+][C8E8CH2COO-] in water (H2O for SAXS and D2O for SANS). At 
20°C and 30°C, the hexagonal phase (H1) is observed. At 40°C the H1 phase is molten into an optically 
birefringent nematic phase (N). For higher temperatures, the flocculated micellar regime (transition between 
L1 and L1’) is observed. (D) 60 wt% of [Na+][C8E8CH2COO-] in water (H2O for SAXS and D2O for SANS). 
At 20°C and 30°C, the hexagonal phase (H1) is observed. At 40°C the H1 phase is molten into an optically 
birefringent nematic phase in equilibrium with a flocculated micellar phase (N+L1/L1’). For higher tempera-
tures, the flocculated micellar regime is observed. (E) 70 wt% of [Na+][C8E8CH2COO-] in water (H2O for 
SAXS and D2O for SANS). The headgroup interdigitated micellar regime (L1’) is observed at any tempera-
ture. The same spectra in linear scale are given in Fig. III.3. 
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Fig. B.5. SAXS spectra of binary mixtures of 10, 30, 50, 60, 70, and 90 wt% [Na+][C8E8CH2COO-] and water 
in (A) linear scale and (B) logarithmic scale. Spectra at 10, 30, and 50 wt% represent classical core-shell 
micelles (L1), while spectra at 70 wt% and 90 wt% represent the headgroup interdigitated micellar regime 
(L1’). At 60 wt%, there is a transition state of flocculated micelles between L1 and L1’ (L1/L1’). For a more 
detailed discussion regarding this transition (in the case of [H+][C8E8CH2COO-]), the reader is referred to 
Chapter II. 

 
Fig. B.6. Cryo-TEM images of 20 wt% [Na+][C8E8CH2COO-] in water. Images (A) and (B) were recorded 
using the T12, while images (C) and (D) were recorded using the Talos. In (A), the structures are shown at 
high magnification. A high accumulation of aggregates near the supporting carbon film in the top left corner 
of the image is seen in (B). Closely packed small spherical micelles are seen in all of the images. The scale 
bars indicate a length of 50 nm. 
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Fig. B.7. Temperature dependence of the repeat distance D* = 2π·q-1, obtained from the structure factor peak 
position in SAXS (empty symbols) and SANS (full symbols) for different binary mixtures of 
[Na+][C8E8CH2COO-] and water (H2O for SAXS and D2O for SANS). The corresponding SAXS and SANS 
spectra are given in Figs. III.3 and B.4. 

 
Fig. B.8. The self-diffusion coefficient of [Na+][C8E8CH2COO-] in binary mixtures of 30 wt% or 65 wt% 
[Na+][C8E8CH2COO-] and water is given as a function of temperature. The self-diffusion was measured by 
DOSY-NMR. The sample containing 65 wt% [Na+][C8E8CH2COO-] shows a phase transition from a hexag-
onal (H1) phase, or rather from a nematic (N) phase, to an isotropic L1/L1’ phase at a temperature of 297 K. 
The self-diffusion was measured both during heating and cooling of the sample. The dashed blue line indi-
cates the phase transition of the 65 wt% sample, which corresponds to the nematic-to-L1/L1’ transition. The 
dotted blue line indicates the temperature, at which the hexagonal-to-nematic transition is expected to be. The 
sample containing 30 wt% of surfactant exhibits no phase transition and is located in the core-shell micellar 
regime (L1). The equilibration time at each temperature was 10 min. Above 35°C, the surfactant self-diffusion 
is higher at 65 wt% (L1/L1’) than at 30 wt% (L1), while it is lower below 35°C. The reason for this is probably 
an interplay between the viscosity of the sample and the presence or absence of bulk water hindering the 
surfactant self-diffusion. The presence of bulk-water at 30 wt% [Na+][C8E8CH2COO-] decreases the surfac-
tant self-diffusion compared to the 65 wt% sample, where there is no longer bulk-water separating the mi-
celles. On the other hand, the viscosity at 65 wt% is increased, especially at lower temperatures, compared to 
30 wt%. 
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Fig. B.9. 1H-NMR spectra (D1 2s, NS 8, DS 4, and TD 65k) at different temperatures obtained during cooling 
of a 65 wt% [Na+][C8E8CH2COO-] sample. A phase transition is indicated at 297 K, where the typical broad-
ening of the signals on gel formation (hexagonal or nematic phase) starts. At temperatures below the transition 
temperature, most signals are absent due to the low T2 (spin-spin) relaxation times and the slow molecular 
mobility. 
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Fig. B.10. Best fit (solid red line) to the SANS spectrum on absolute scale of a mixture of 30 wt% 
[Na+][C8E8CH2COO-] and D2O at 20°C (black squares) in logarithmic scale, using a prolate core-shell ellip-
soid form factor and a Hayter-Penfold RMSA structure factor [1,2]. Fits were performed using the SasView 
package (version 5.0.4) [3]. The fit is constrained by keeping known parameters fixed (SLD of the core, SLD 
of the solvent, and volume fraction of the surfactant (φ = 0.284)), an approach initiated by Hayter and Penfold 
[4], and making sure that fitted parameters are self-consistent and make physical sense. For neutrons, the 
scattering length density (SLD) of the solvent D2O is 6.39·10-4 nm-2. The SLD of the surfactant’s neat hydro-
philic headgroup (C18O11H34Na, Vhead = 0.604 nm3) is 1.53·10-4 nm-2 and the SLD of the hydrophobic hydro-
carbon chain (C8H17, Vchain = 0.247 nm3) is -0.42·10-4 nm-2. The molecular volume of the hydrocarbon chain 
is calculated by the addition of group contributions (CH3: 0.0548 nm3 [5], CH2: 0.0274 nm3 [6]). From the 
density of neat [Na+][C8E8CH2COO-] at 25°C (ρ = 1.099 g·cm-3) and the surfactant’s molar mass of 
563 g·mol-1, a molecular volume of 0.850 nm3 can be deduced for the whole surfactant (note that the neat 
[Na+][C8E8CH2COO-] at 25°C was in a subcooled state prior to forming a Lβ phase). Since the SLD of the 
shell can vary depending on the volume fraction of D2O (φD2O) in the shell, the SLD of the shell was fitted. 
However, the fitted SLD of the shell was compared to the SLD expected for the obtained volume fraction of 
water in the shell, i.e., the fitted SLD(shell) was compared to 
SLDcalc(shell) = φD2O·SLD(D2O)+(1-φD2O)·SLD(head). φD2O was obtained from the fitted aggregation num-
ber Nagg and shell volume Vs according to the equation 1-(Nagg·Vhead/Vs), where Vhead is the molecular volume 
of the headgroup. In addition to the already mentioned ones, the following parameters were used: back-
ground = 0.031 cm-1, equatorial core radius = 1.10 nm, core ellipticity = 1.27, shell thickness = 1.01 nm, 
SLD(shell) = 4.146·10-4 nm-2, and charge = 33 e. Further, the thickness of the shell was assumed to be uni-
form. The fitted values correspond to an aggregation number of 29 (obtained by dividing the core volume by 
the molecular volume of one chain) and an area per molecule of 0.627 nm2. It is important to note that the 
same fit can be produced with different combinations of radius and ellipticity, as long as the volume is con-
stant. Even a core-shell model can be used to produce the same fit with a core radius of 1.2 nm. Thus, it is 
not possible to deduce the ellipticity of the micelles. 
Comment: In the concentrated L1’ regime, fits would not be very helpful, as the repulsive potential is no 
longer electrostatics plus some hard sphere potential. In the core-shell domain (L1), on the other hand, con-
strained fits, as shown in Fig. B.10, are possible. Further fits are not shown in this chapter, as they not sub-
stantially benefit the discussion. 
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Fig. B.11. Transition from the H1 phase to the L1/L1’phase as observed by polarized optical microscopy. Im-
ages of 58 wt% [Na+][C8E8CH2COO-] in water at different temperatures were taken through crossed polariz-
ers with a 100x magnification. Scale bars indicate a length of 100 μm. Respective temperatures and phases, 
as deduced from SAXS and SANS, are indicated. H1: Hexagonal phase. N: Nematic phase. N+L1/L1’: Ne-
matic phase and isotropic “flocculated” micellar phase (transition state between core-shell micellar L1 phase 
and headgroup interdigitated L1’ phase) in equilibrium. L1/L1’: “Flocculated” micellar phase. 
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Fig. B.12. Equilibrium surface tension γ at 25°C for [H+][C8E8CH2COO-], [Na+][C8E8CH2COO-], 
[Ca2+][C8E8CH2COO-]2, [H+]0.5[Na+]0.5[C8E8CH2COO-], and [H+][C8E8CH2COO-] in presence of 0.25 mol 
CaCl2 per mol of surfactant in water as a function of the surfactant concentration. Note that the concentrations 
are related to the concentration of the surfactant anion [C8E8CH2COO-], i.e., [Ca2+][C8E8CH2COO-]2 is not 
accounted for as one complex. A second measurement around the surface tension minimum is shown for 
[Na+][C8E8CH2COO-] and [Ca2+][C8E8CH2COO-]2 (empty symbols). The minimum in surface tension is 
given as the respective CMC. CMC: c([H+][C8E8CH2COO-]) = 9.4 mmol·L-1 (0.51 wt%), 
c([Na+][C8E8CH2COO-]) = 12.5 mmol·L-1 (0.71 wt%), c([Ca2+][C8E8CH2COO-]2) = 12.0–12.7 mmol·L-1 
(0.67–0.71 wt%), c([H+]0.5[Na+]0.5[C8E8CH2COO-]) = 11.3 mmol·L-1 (0.62 wt%), and 
c([H+][C8E8CH2COO-]+0.25 CaCl2) = 9.7 mmol·L-1 (0.52 wt%). CMC values also correspond to the respec-
tive upper limits of auto-coacervation. The increase in surface tension above the CMC is usually described 
by surface active impurities that are depleted from the surface above the CMC. A similar description may be 
feasible here, with the “impurities” being the proportion of the surfactant with a smaller number of EO-
groups. Another effect may be the adsorption of micelles to the surfactant monolayer (interdigitating head-
groups) at the water/air interface, forming an interphase which is thicker than the classical monolayer. Such 
effects have been reviewed by Thomas and Penfold (2015) [7]. 
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Fig. B.13. I(q)·q2 plotted as a function of q for [H+][C8E8CH2COO-] at different concentrations after back-
ground subtraction, as derived from the respective SAXS spectra (Fig. III.8). The invariant Q * is determined 
as the integral after defining the baseline. The invariants of the coacervate SAXS spectra are determined 
analogously. 

 
Fig. B.14. Concentration of [H+][C8EjCH2COO-] in the coacervate derived from the invariants. Invariants 
derived from coacervate SAXS spectra are compared to the invariants derived from [H+][C8E8CH2COO-] 
SAXS spectra at different concentrations (Fig. III.8). The coacervate was separated twice from two different 
0.36 wt% [H+][C8E8CH2COO-] samples. Invariants suggest a surfactant concentration of 67 wt% and 74 wt%, 
respectively. However, since the coacervate is enriched in surfactants with shorter headgroups to give in av-
erage [H+][C8E5CH2COO-], the invariant has to be rescaled taking into account the increase in the volume 
fraction of the hydrocarbon core. At 60 wt% of surfactant, the hydrocarbon core volume fraction increases 
from 0.175 for [H+][C8E8CH2COO-] to 0.202 for [H+][C8E5CH2COO-]. With the rescaled invariants, a surfac-
tant concentration of 58 wt% to 64 wt% is obtained. 
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Fig. B.15. (A) SWAXS of neat [H+][C8E8CH2COO-] at 20, 40, 60, and 80°C. Only the headgroup interdigi-
tated L1’ phase is observed. (B) SWAXS of neat [Na+][C8E8CH2COO-] at 20, 40, 60, and 80°C. At 20°C, a 
lamellar Lβ phase with crystalline headgroups in equilibrium with some L1’ phase is observed. At 40°C and 
above, the headgroup interdigitated L1’ phase is observed. 

 

B.2. Aggregation Number and Ellipticity of Prolate Mi-

celles in the Isotropic Domain, and Theoretical 

SAXS/SANS Peak Position in the Hexagonal Phase 

if Hydrocarbon Cores Merged into Cylinders 

B.2.1. Aggregation Number and Ellipticity of Prolate Micelles 

In an isotropic micellar solution of spheroidal micelles, micelles are locally face-centered-

cubic-like closed packed and D* is related to the number density of micelles per unit vol-

ume Nmic in the following way [8]. 

Nmic = 
√2

(1.225·D*)3 (B.2.1) 

D* is obtained from the wavevector qmax, where the (structure factor) peak maximum is 

located. 

D* = 
2π

qmax
 (B.2.2) 

The number of surfactant molecules per unit volume (nm3) in solution Nmol is given by 
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Nmol = 
β([Na+][C8E8CH2COO-])·NA

M([Na+][C8E8CH2COO-])
·

1
1024 [nm3·dm-3]

 , (B.2.3) 

where NA is Avogadro’s constant, β([Na+][C8E8CH2COO-]) is the surfactant concentration 

in g·L-1, and M([Na+][C8E8CH2COO-]) is the surfactant’s molar mass. The aggregation 

number Nagg is then given by 

Nagg = 
Nmol

Nmic
 . (B.2.4) 

The corresponding volume of the hydrocarbon core Vc is obtained by multiplying Nagg with 

the volume of one hydrocarbon chain Vchain, and is in the case of prolate ellipsoids also 

given by the volume of an ellipsoid with ellipticity e and equatorial hydrocarbon core radius 

Rc
eq, where the axial radius Rc

ax is given by Rc
ax = e·Rc

eq. 

Vc = Vchain·Nagg = 
4
3 π·(Rc

eq)3·e (B.2.5) 

The surface area of the respective hydrocarbon core Ac is given by 

Ac = 2π·Rc
eq·

⎣
⎢
⎢
⎡
Rc

eq+
(e·Rc

eq)2

4(Rc
eq)2·(e2-1)

·arcsin

⎝

⎛
4(Rc

eq)2·(e2-1)

e·Rc
eq

⎠

⎞

⎦
⎥
⎥
⎤

 , (B.2.6) 

and the area per molecule, a, is then given by 

a = 
Ac

Nagg
 . (B.2.7) 

In the present case, M([Na+][C8E8CH2COO-]) = 563 g·mol-1, D* = 4.80 nm (SAXS) at a 

concentration of 30 wt% [Na+][C8E8CH2COO-] at a temperature of 20°C, D* = 4.42 nm 

(SAXS) at a concentration of 58 wt% [Na+][C8E8CH2COO-] at a temperature of 60°C, and 

Vchain = 0.247 nm3 [5,9,10]. The surfactant concentrations in wt% are converted to 

β([Na+][C8E8CH2COO-]) using the measured physical density of a 30 wt% 

[Na+][C8E8CH2COO-] solution at 25°C (ρ = 1.041 g·cm-3) and the extrapolated physical 

density of a 58 wt% solution assuming a linear growth and neglecting the influence of tem-

perature (ρ = 1.086 g·cm-3). At 30 wt% and 20°C, eq. (B.2.1) to (B.2.4) yield Nagg = 44, 

and assuming the conformation-averaged length l0 = 1.16 nm [9] as Rc
eq, eq. (B.2.5) yields 
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e = 1.675. The respective area per molecule obtained through eq. (B.2.6) and (B.2.7) is 

a = 0.588 nm2. At 58 wt% and 60°C, Nagg = 76, and using l0 = 1.16 nm as Rc
eq would yield 

e = 2.850 and a = 0.525 nm2. An ellipticity of e = 2.850 is considered to be too high, since 

such an ellipticity should be visible in SAXS and SANS. Probably, the large aggregation 

number introduces stress on the area per molecule, extending the chain length beyond l0 to 

the maximum extended all-trans chain length lmax = 1.4–1.5 nm. As mentioned in Sec-

tion III.4.2., such a constraint on the chain packing is also suggested by the sharp peaks 

produced by the hexagonal order, since the hexagonal phase is too well-ordered for a purely 

liquid state. With Rc
eq = lmax, e = 1.325–1.625 and a = 0.455–0.470 nm2 are obtained. 

 

B.2.2. Hexagonal Phase 

The length D* in the hexagonal packing is derived from the first diffraction order of the 

equatorial in-plane hexagonal ordering in Fig. III.4. The volume fraction of the hydrocar-

bon cores φc is the fraction of the volume of hydrocarbon cores Vc in the volume of the 

hexagon Vhex. 

φc = 
Vc

Vhex
 (B.2.8) 

The two possible states are: (a) A hexagonal packing of prolate micelles, and (b) a hexago-

nal packing of cylindrical micelles. If we assume a single layer of prolate micelles in (a), 

there are 3 hydrocarbon cores in a hexagon of height h and circumradius r. The hexagon’s 

circumradius r is linked to D* in the following way. 

r = 
2
√3

D* (B.2.9) 

Using the formulas for the volume of an ellipsoid and the volume of a hexagon, the volume 

fraction of the hydrocarbon cores φc in scenario (a) is given by 

φc = 
3 4

3 π(Rc
eq)3e

2√3(D*)2h
 . (B.2.10) 

Eq. (B.2.10) allows for the calculation of h, if the ellipticity e and the equatorial radius Rc
eq 
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are assumed to remain constant upon cooling from 60°C (isotropic L1/L1’ phase) to 20°C 

(wormlike hexagonal phase) at 58 wt%. The volume fraction at 58 wt% is known 

(φc = 0.172), using the same physical density as mentioned above (ρ = 1.086 g·cm-3) and 

Vchain. If the prolate micelles merge into infinite cylinders, the same volume of hydrocarbon 

cores is given as a cylinder of height h and radius Rcyl within the same hexagon. The area 

per molecule, i.e., the surface area of the hydrocarbon core, must remain unchanged. Thus, 

the expected radius Rcyl of the hypothetical cylinder can be calculated according to eq. 

(B.2.11), using the lateral surface of the cylinder and the surface area of the prolate ellip-

soid. 

Rcyl = 
Ac

2πh (B.2.11) 

The expected D*(cylinder) in the case of infinite cylinders in a hexagonal packing is then 

given by 

D*(cylinder) = <
√3π(Rcyl)

2

2φc
 . (B.2.12) 

D* is given from the experiment and is 4.32 nm in the hexagonal phase of 58 wt% 

[Na+][C8E8CH2COO-] at 20°C. With the above mentioned equatorial radius ranging from 

1.4 nm to 1.5 nm and the ellipticity e ranging from 1.325 to 1.625, h ranges from 5.03 nm 

to 5.05 nm, resulting in an expected Rcyl ranging from 1.09 nm to 1.12 nm and a D*(cylin-

der) ranging from 4.34 nm to 4.45 nm. The values obtained for D*(cylinder) are barely 

different from the measured D* value of 4.32 nm, not allowing the exclusion of one of the 

two possible states (cylinders or chains of prolate micelles) from small-angle scattering 

alone. 
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C.1. Supplementary Figures, Tables, and Videos 

 
Fig. C.1. Potentiometric pH titration of aqueous solutions of C8E8CH2COOH purified by cloud point extrac-
tion (black) and C8E8CH2COOH purified by ion exchange and cloud point extraction (red) at room tempera-
ture. For each measurement, 10 g of a 5 wt% surfactant solution were titrated with 3 mL of a 1 M NaOH 
solution. The bottom x-axis gives the amount of added NaOH in mmol per 1 g of surfactant present in the 
mixture. The top x-axis gives the molar ratio of NaOH and C8E8CH2COOH, assuming a surfactant molar 
mass of 541 g·mol-1 in both cases. 

 
Fig. C.2. Measured physical densities of C8E8CH2COOH (after cloud point extraction), C18:1E2CH2COOH 
(vacuum dried), as well as C8E8CH2COOH (pure acid) and C18:1E2CH2COOH (pure acid) after purification 
by ion exchange and cloud point extraction as a function of temperature. The given equations represent the 
functions of linear fits, where T is in units of °C. 
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Fig. C.3. Phase diagram of the C8E8CH2COOH/C18:1E2CH2COOH surfactant mixture in water, using surfac-
tants purified by ion exchange. The total surfactant content is fixed at 20 wt%, while the mixing ratio of the 
two surfactants, given as R(C18:1E2CH2COOH), is varied. 1f I: Monophasic isotropic liquid. 2f I/I: Two iso-
tropic liquids in equilibrium. In the notation 2f I/I, the former “I” regards the top phase, whereas the latter 
“I” regards the bottom phase. Lα: Lyotropic lamellar phase. Lβ: Semi-crystalline lamellar phase. N: Lyotropic 
nematic phase. Compared to the corresponding phase diagram using the unpurified surfactants, see Fig. IV.2, 
phase boundaries are generally shifted to higher temperatures and slightly higher values of 
R(C18:1E2CH2COOH). A small 2f I/I region around R(C18:1E2CH2COOH) = 0.2 and the 2f I/N region at 
higher R(C18:1E2CH2COOH) within the nematic domain disappear in the absence of nonionic (ester) impuri-
ties. In absence of nonionic impurities, the formation of a Lβ phase is facilitated, allowing its formation above 
R(C18:1E2CH2COOH) ≈ 0.9. Note that a different batch of purified C18:1E2CH2COOH was used compared to 
Fig. IV.1. The difference in melting temperature may be the result of a slightly different degree of purification, 
since the melting temperature is quite sensitive towards impurities. 
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Fig. C.4. (A) Flow curves (shear stress τ versus shear rate γ̇) obtained by measuring the same nematic gel 
containing 20 wt% surfactant mixture with R(C18:1E2CH2COOH) = 0.655 three times at 25°C, shown in log-
log scale. Note that the mixture was placed between the cone and the plate of the rheometer three separate 
times. The basic shape of the flow curves is identical. Small deviations can arise from air bubbles entrapped 
in the mixture. The curves exhibit two shear thinning regions that can both be fitted with the Herschel-Bulkley 
(HB) fluid model [1]. At low shear rates (< 0.1 s-1) the curves are fitted with a first HB model (HB1, dashed 
lines), and at higher shear rates (≥ 0.4 s-1) a second HB model is applied (HB2, solid lines). The obtained 
parameters are given in Table C.1. As a result, two yield stresses τ0HB1 (≈ 1–3 Pa) and τ0HB2 (≈ 8–10 Pa) are 
obtained. The first region above τ0HB1 may be assigned to the movement of large domains of the gel, while 
the second range above τ0HB2 may be assigned to the movement of small nematic domains or individual discs, 
leading to microscopic shear alignment. (B) Flow curve τ(γ̇) of the first measurement, given in linear scale. 
(C) Apparent dynamic viscosity ηapp as a function of the shear rate for the first measurement. (D) Apparent 
dynamic viscosity ηapp as a function of the shear stress for the first measurement. ηapp measured close to the 
first yield stress τ0HB1 is above 1·104 Pa·s, while it is decreased to around 10 Pa·s close to the second yield 
stress τ0HB2. The viscosity at infinite shear η∞ is well below 0.1 Pa·s. 

Table C.1. Consistency k, flow index n, and yield stress τ0 obtained for each fit of the flow curves to a Her-
schel-Bulkley (HB) model [1], see Fig. C.4. In Fig. C.4, measurement 1 is shown in black, measurement 2 
in blue, and measurement 3 in green. 

Herschel-Bulkley (HB) model: τ = τ0 + k· γ̇n 

 HB1 (low γ̇) HB2 (higher γ̇) 
measure-

ment 
(25°C) 

τ0
HB1 

[Pa] 
kHB1 

[Pa·sn] 
nHB1 

 
τ0

HB2 

[Pa] 
kHB2 

[Pa·sn] 
nHB2 

 

1 1.716 ± 0.006 47 ± 1 0.644 ± 0.005 7.71 ± 0.06 1.56 ± 0.03 0.521 ± 0.003 

2 not enough data points 10.3 ± 0.2 0.99 ± 0.06 0.63 ± 0.01 

3 1.116 ± 0.003 56.3 ± 0.8 0.893 ± 0.004 8.2 ± 0.1 2.03 ± 0.06 0.472 ± 0.005 
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Fig. C.5. (A) Strain controlled amplitude sweep of a nematic gel containing 20 wt% of surfactant mixture 
with R(C18:1E2CH2COOH) = 0.655 at a constant angular frequency of 10 rad·s-1 (1.592 Hz) to determine the 
linear viscoelastic region, which in this case extends up to a complex shear strain γ* of around 2%. (B) The 
same amplitude sweep as a function of the complex shear stress σ*. The complex yield stress σy* = 0.85 Pa 
was determined as the point where the loss modulus G'' starts to increase. The complex flow-stress 
σf* = 13.5 Pa was determined as the crossover of G'' and the storage modulus G'. σy* is in the same order of 
magnitude as the yield stress τ0HB1 obtained from the Herschel-Bulkley fits at low shear rates, while σf* is in 
the same order of magnitude as the yield stress τ0HB2 obtained from the Herschel-Bulkley fits at higher shear 
rates, see Fig. C.4 and Table C.1. This is in agreement with the idea of initially only large domains moving 
above τ0HB1 (σy*), until small nematic domains or individual discs start to move above τ0HB2 (σf*). Between 
σy* and σf*, the loss modulus G'' increases because additional force is required due to internal friction between 
the large domains, while the storage modulus G' still exceeds G''. (C) Frequency sweep at a constant complex 
shear strain of γ* = 0.2%. The nematic gel is clearly viscoelastic with a damping factor of G''/G' = 0.1. G'' 
and G' both behave mostly linearly, the upturn at high angular frequencies ω probably being an artifact of the 
measurement. Since there is no crossover from G''>G' to G'>G'', the structure relaxation time is longer than 
the measured time scale (>30 s). 
Amplitude sweeps were also recorded at different frequencies ranging from 6.28 rad·s-1 ≤ ω ≤ 100 rad·s-1, all 
giving similar values for σy* and σf*. Frequency sweeps were also performed at different complex shear 
strains, all giving similar results. The gap size used for the shown measurements is 500 μm. Note that the 
same measurements were also performed with a gap size of 1000 μm, giving similar results. 

 
Video C.1. Viscoelastic behavior and air bubble entrapment of a shear thinning nematic gel containing 
20 wt% of surfactant mixture with R(C18:1E2CH2COOH) = 0.655, visualized by stirring with a magnetic stir-
ring bar. (Digital version: Click image. Printed version: Go to https://nbn-resolving.org/urn:nbn:de:bvb:355-
epub-552006.) 

https://nbn-resolving.org/urn:nbn:de:bvb:355-epub-552006
https://nbn-resolving.org/urn:nbn:de:bvb:355-epub-552006
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Fig. C.6. Images of sample 20M (20 wt% surfactant, R(C18:1E2CH2COOH) = 0.655) taken between crossed 
polarizers at 10°C to 25°C (1f N), 35°C (1f Lα), and 40°C (1f I). Pictures were taken during heating of the 
sample from 10°C. After 30 min of equilibration at the respective temperature with occasional mixing using 
a vortex mixer, the cylindrical glass tube (diameter ≈ 1.6 cm) containing the sample was placed horizontally 
(perpendicular to the direction of gravity) between crossed polarizers. 

 
Fig. C.7. Pseudo-binary phase diagram of a C8E8CH2COOH/C18:1E2CH2COOH surfactant mixture in water 
with a fixed surfactant composition of R(C18:1E2CH2COOH) = 0.706, using surfactants purified by ion ex-
change. 1f I: Monophasic isotropic liquid. 2f I/I: Two isotropic liquids in equilibrium. In the notation 2f I/I, 
the former “I” regards the top phase, whereas the latter “I” regards the bottom phase. Lα: Lyotropic lamellar 
phase. N: Lyotropic nematic phase. Flow-BR denotes flow birefringence. The colored crosses indicate sam-
ples measured with SAXS. The phase diagram is similar to the phase diagram obtained with unpurified sur-
factants, see Fig. IV.3, the only noticeable difference being the flow birefringent phase at surfactant concen-
trations below 8 wt%, which is monophasic in absence of nonionic (ester) impurities but biphasic in their 
presence. Note that the surfactant ratio was adjusted from R(C18:1E2CH2COOH) = 0.655 using the unpurified 
surfactants to R(C18:1E2CH2COOH) = 0.706 using the purified surfactants to ensure the presence of a nematic 
phase from 10°C upwards. The shift of the nematic domain to higher R(C18:1E2CH2COOH) with purified 
surfactants can be seen comparing Figs. IV.2 and IV.3. 
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Fig. C.8. Partial phase diagrams of the C8E8CH2COOH/C18:1E2CH2COOH surfactant mixture in H2O (l) or 
D2O (¡), using surfactants purified by ion exchange. The total surfactant content is fixed at 20 vol% 
(20.0 wt% in H2O, 18.4 wt% in D2O), while the mixing ratio of the two surfactants, given as 
R(C18:1E2CH2COOH) is varied. 1f I: Monophasic isotropic liquid. 2f I/I: Two isotropic liquids in equilibrium. 
In the notation 2f I/I, the former “I” regards the top phase, whereas the latter “I” regards the bottom phase. 
Lα: Lyotropic lamellar phase. Lβ: Semi-crystalline lamellar phase. N: Lyotropic nematic phase. The whole 
phase diagram in H2O, covering the whole range of R(C18:1E2CH2COOH), is given in Fig. C.3. In D2O the 
same phase behavior is observed, but phase boundaries are all shifted to lower temperatures by up to 20°C. 

 
Fig. C.9. (A) SANS data (black squares) of sample d-5M_a_0.706 at 20°C, containing 5.0 vol% (4.5 wt%) 
surfactant mixture with R(C18:1E2CH2COOH) = 0.706 in D2O, fitted to the form factor of an oblate core-shell 
ellipsoid using the SasView package (version 5.0.4) [2]. (B) SANS data (black squares) of sample 
d-5M_a_0.706 at 20°C, fitted to an inhomogeneous lamellar form factor using the SasView package (version 
5.0.4) [2]. 
The data and fits are shown in linear scale in a limited q range in the low-q region. The solid red lines represent 
the best fits, while the dashed red lines visualize the influence of a change in Rcpol or Ltail, respectively. If Rcpol 
or Ltail equal 2.0 nm, they correspond to the length of a C18:1 chain. The lamellar model clearly suggests 
interdigitation of the hydrocarbon chains with Ltail = 1.23 nm and the oblate ellipsoidal model suggests an 
equatorial core radius close to 2 nm. The latter case is also in agreement with hydrocarbon chain interdigita-
tion, as the cross-sectional polar radius decreases towards the equator of the oblate ellipsoid. Fitting parame-
ters are given in detail in Table C.2. The whole recorded q range is given as a Kratky plot in Fig. IV.5. 
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Table C.2. Parameters of the fits and simulations of SANS data at 20°C given in Figs. IV.4C, IV.5, and C.9. 
The scattering patterns of all fitted samples are isotropic. Data were fitted either to a core-shell ellipsoid form 
factor (“core_shell_ellipsoid”) or to an inhomogeneous lamella form factor (“lamellar_hg”) using the 
SasView package (version 5.0.4) [2]. The scale factor was fixed to be equivalent to the surfactant volume 
fraction φ(surfactant) = 0.0494. The neutron scattering length densities were calculated based on the values 
given in Appendix C.3. Ideal mixing of the surfactants was assumed in the calculations. Though 
sld_core = sld_tail = -0.354·10-4 nm-2 is the obtained value for a surfactant mixture with 
R(C18:1E2CH2COOH) = 0.706, the value only changes insignificantly (by ≈2·10-7 nm-2) for 
R(C18:1E2CH2COOH) = 0.677 or 0.750. Thus, the same value was used in all three cases. The scattering length 
density of the shell depends on the volume fraction of D2O, φ(D2O), in the shell. If hydration of the head-
groups by three D2O molecules per EO group is assumed, the theoretical sld_shell varies between 
3.734·10-4 nm-2 and 3.860·10-4 nm-2 at φ(D2O) ≈ 0.5 for the three different surfactant mixing ratios. The best 
fit at R(C18:1E2CH2COOH) = 0.706 suggested sld_shell = 3.802·10-4 nm-2, which was then used in all cases. 
The scattering length density of D2O is given as sld_solvent = 6.361·10-4 nm-2. The background was fitted 
once for sample d-5M_a_0.706 and subsequently kept constant for the other samples. In the core-shell ellip-
soid model, Rc

eq is the equatorial radius of the hydrophobic core, Rc
pol = Rc

eq·xc is the polar radius of the hydro-
phobic core, ts

eq is the thickness of the hydrophilic shell at the equatorial half-axis, and ts
pol = ts

eq·xs is the shell 
thickness at the polar half-axis. In the lamellar model, Ltail is the half-thickness of the hydrophobic alkyl chain 
layer and Lhead is the thickness of the hydrated headgroup layer. The form factors and respective parameters 
are depicted in Figs. IV.5 and C.9. The core-shell ellipsoid form factor model was combined with a Hayter-
Penfold RMSA structure factor [3,4] to fit SANS data at 33°C given in Fig. C.11. The scale factor was set to 
unity because the structure factor contains the volume fraction of surfactant φ(surfactant). The scattering 
length densities of the core and the shell were left unchanged, even though they were calculated separately 
from the measured physical densities at 33°C, because changes were negligible. Reff is the effective radius 
used for the structure factor computation. The parameter c(‘salt’) is used to compute the Debye length, and 
since no additional salt was added, the concentration of protons c(H+) = 3.6 mM was used, as derived from 
the equivalent pH of 2.44 (H2O-calibrated electrode reading pH* = 2.17), since the dissociated acid can be 
treated as a 1:1 electrolyte. The relative permittivity of D2O was taken from ref. [5]. Since the charge con-
verges to zero, the structure factor is similar to that of a hard sphere, in agreement with an expected dissoci-
ation of less than 0.5% (apparent pKa of the mixture in H2O is 4.6), rendering the surfactants effectively 
nonionic. 

Form factor model: Core-shell ellipsoid 
sample 
(20°C) 

scale back-
ground 
[cm-1] 

Rc
eq 

[nm] 
Rc

pol [nm] 
(xc) 

ts
eq 

[nm] 
ts

pol [nm] 
(xs) 

sld_core 
[10-4 nm-2] 

sld_shell 
[10-4 nm-2] 

sld_solvent 
[10-4 nm-2] 

d-5M_a_0.677 
(fit) 

0.0494 0.0359 23.8 1.9 
(0.0806) 

2.3 0.9 
(0.3957) 

-0.354 3.802 6.361 

d-5M_a_0.706 
(fit) 

0.0494 0.0359 24.6 2.0 
(0.0798) 

2.0 0.9 
(0.4560) 

-0.354 3.802 6.361 

d-5M_a_0.706 
(simulation) 

0.0494 0.0359 24.6 1.2 
(0.0500) 

2.0 0.9 
(0.4560) 

-0.354 3.802 6.361 

d-5M_a_0.750 
(fit) 

0.0494 0.0359 27.1 2.0 
(0.0738) 

2.3 0.8 
(0.3607) 

-0.352 3.802 6.361 

Form factor model: Inhomogeneous lamella 
sample 
(20°C) 

scale back-
ground 
[cm-1] 

Ltail [nm] Lhead [nm] sld_tail 
[10-4 nm-2] 

sld_head 
[10-4 nm-2] 

sld_solvent 
[10-4 nm-2] 

d-5M_a_0.706 
(fit) 

0.0494 0.0359 1.2 1.0 -0.354 3.802 6.361 

d-5M_a_0.706 
(simulation) 

0.0494 0.0359 2.0 1.0 -0.354 3.802 6.361 

Form factor model: Core-shell ellipsoid + Structure factor: Hayter-Penfold RMSA 
sample 
(33°C) 

scale back-
ground 
[cm-1] 

Rc
eq 

[nm] 
Rc

pol [nm] 
(xc) 

ts
eq 

[nm] 
ts

pol [nm] 
(xs) 

sld_core 
[10-4 nm-2] 

sld_shell 
[10-4 nm-2] 

sld_solvent 
[10-4 nm-2] 

d-20M 
(fit) 

1.0000 0.1700 11.8 2.2 
(0.1829) 

2.3 0.8 
(0.3365) 

-0.354 3.802 6.344 

S(q): Reff = 11.8 nm, φ(surfactant) = 0.2, charge = 0.013 e, εr = 75.11 (T = 306.15 K), c(‘salt’) = c([H+][surfactant-]) = 3.6 mM 
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Fig. C.10. (A) The ratio of the position of the structure factor peak maximum, qmax, to the full width at half 
maximum (FWHM) of the peak is plotted for the SAXS data of sample 20M, given in Fig. IV.6, as a function 
of temperature. 1f Ν denotes a nematic phase, whereas 1f Lα denotes a (pseudo-)lamellar phase. (B) 2D 
SANS pattern of sample d-20M at 20°C. Scattering is anisotropic with the highest intensity found in a sector 
of φ ≈ 30°. Anisotropy originates from the shear-induced alignment of bicelles (discs) on cuvette filling, leav-
ing most of the bicelles oriented along the direction of shear with a tilt ≤15° relative to the shear axis. 

 
Fig. C.11. Radially averaged SANS data of sample d-20M at 20°C (black) and 33°C (red). The solid red line 
is a fit of the 33°C scattering data to a core-shell ellipsoid form factor and an applied Hayter-Penfold RMSA 
structure factor [3,4] using the SasView package (version 5.0.4) [2]. Detailed parameters are given in Table 
C.2. The sample contains 20 vol% of surfactant mixture in D2O and is a nematic gel (1f N) at 20°C and an 
isotropic liquid (1f I) at 33°C. The respective 2D scattering patterns are shown. Due to the five-detector setup 
and anisotropy in scattering at 20°C, radial averaging leads to a slight mismatch between the different q-
ranges, mainly visible around q = 0.5 nm-1. 
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Fig. C.12. (A) SAXS data of sample 15M, containing 15 vol% (= 15 wt%) surfactant mixture with 
R(C18:1E2CH2COOH) = 0.655 in H2O, at various temperatures, taken during heating from 5°C to 60°C. At 
5°C to 30°C, the sample is a nematic phase (1f N), where birefringence and viscosity increase with increasing 
temperature. At 35°C, a pseudo-lamellar phase (1f Lα) is formed, which transitions into an isotropic phase 
(1f I) at 40°C. At 45°C and above, phase separation into a dilute bottom phase and a surfactant-rich top phase 
occurs. (B) SAXS data of sample 25M, containing 25 vol% (= 25 wt%) surfactant mixture with 
R(C18:1E2CH2COOH) = 0.655 in H2O, at various temperatures, taken during heating from 5°C to 60°C. At 
5°C and 10°C, an isotropic phase is in equilibrium with a lamellar Lα phase, resulting in a turbid mixture. At 
15°C to 30°C, the sample is a nematic phase (1f N), where birefringence and viscosity increase with increas-
ing temperature. At 35°C, a pseudo-lamellar phase (1f Lα) is formed, which transitions into an isotropic phase 
(1f I) at 40°C. At 45°C and above, phase separation into a dilute bottom phase and a surfactant-rich top phase 
occurs. 
The measured points are indicated in the phase diagram in Fig. IV.3. SAXS data of sample 20M of the same 
dilution series are shown in Fig. IV.6. 

 
Fig. C.13. Repeat distance D* = 2π·qmax-1 as a function of temperature, calculated from the peak positions of 
the SAXS data of samples 15M, 20M, and 25M, containing, respectively, 15, 20, and 25 vol% of surfactant, 
R(C18:1E2CH2COOH) = 0.655, in H2O. The data are shown in Figs. IV.6 and C.12. The respective phases at 
the different temperatures are indicated, and can be inferred from the phase diagram in Fig. IV.3. 1f N: Ne-
matic phase. 1f Lα: Pseudo-lamellar phase. 1f I: Isotropic phase. 2f I/I: Two isotropic phases in equilibrium. 
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Fig. C.14. Semi-logarithmic representation of SAXS data of sample 20M, containing 20 vol% (= 20 wt%) 
surfactant mixture with R(C18:1E2CH2COOH) = 0.655 in H2O, at 20°C (full symbols) and after re-cooling 
from 60°C to 20°C (empty symbols). As can be seen in Fig. IV.3, heating the nematic sample 20M to 60°C 
eventually leads to phase separation into an isotropic surfactant-rich and an isotropic dilute aqueous phase. 
On re-cooling the two separated phases, the surfactant-rich phase forms a lyotropic lamellar Lα phase, which 
is seen in the scattering curve. Note that the same data are shown in Fig. IV.6. 

 
Fig. C.15. SAXS data of sample 20M* similar to sample 20M, also containing 20 vol% surfactant mixture 
with R(C18:1E2CH2COOH) = 0.655 in H2O, at various temperatures, taken during heating from 5°C to 60°C 
and after re-cooling to 20°C. The difference to sample 20M is that the surfactant C18:1E2CH2COOH was used 
after vacuum drying, which leads to the slow formation of esters between carboxylic acids and nonionic 
impurities as a consequence of a shift in equilibrium due to water removal. The increased ester content leads 
to a small shift of the phase boundaries compared to those shown in Figs. IV.2 and IV.3. At 5°C to 35°C, the 
sample is a nematic phase (1f N), where birefringence and viscosity increase with increasing temperature. At 
40°C, a pseudo-lamellar phase (1f Lα) is formed. At 45°C and above, phase separation into a dilute bottom 
phase and a surfactant-rich top phase occurs. Scattering at 45°C, around the phase transition 1f I ® 2f I/I, 
closely resembles that of the monophasic isotropic phase (1f I) obtained for samples 15M, 20M, and 25M, 
see Figs. IV.6 and C.12. 
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Fig. C.16. Repeat distance D* = 2π/qmax, obtained from the SAXS peak maxima in Figs. IV.6 and C.12, as a 
function of the number of surfactant molecules per unit volume N(surfactant). The lines represent linear fits. 

 
Fig. C.17. Phase diagram recorded by addition of NaCl to a mixture with an initial surfactant concentration 
of 20 wt% with R(C18:1E2CH2COOH) = 0.655 and an initial f(RCOO- Na+) = 
n(RCOO- Na+)/[n(ROOH)+n(RCOO- Na+)] = 0.1, corrected for an apparent acid fraction of 74.7 mol% (see 
Fig. IV.8A), as a function of the NaCl concentration. The bottom x-axis gives the mole ratio of NaCl and 
carboxylate surfactants (RCOOX = RCOOH + RCOO- Na+), considering an apparent acid fraction of 
74.7 mol%, while the top x-axis gives the molar concentration of NaCl. 
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Fig. C.18. Phase diagram at a constant surfactant concentration of 20 wt% with R(C18:1E2CH2COOH) = 0.655 
as a function of the degree of surfactant ionization, varied by addition of Ca(OH)2. 
f[RCOO- (Ca2+)0.5] = n(RCOO- (Ca2+)0.5)/[n(ROOH)+n(RCOO- (Ca2+)0.5)] is corrected for an apparent acid 
fraction of 74.7 mol% (see Fig. IV.8A). 

 
Fig. C.19. Phase diagram recorded by addition of CaCl2 to a mixture with an initial surfactant concentration 
of 20 wt% with R(C18:1E2CH2COOH) = 0.655 and an initial f[RCOO- (Ca2+)0.5] = 
n(RCOO- (Ca2+)0.5) / [n(ROOH)+n(RCOO- (Ca2+)0.5)] = 0.3, corrected for an acid fraction of 74.7 mol% (see 
Fig. IV.8A), as a function of the CaCl2 concentration. The bottom x-axis gives the mole ratio of CaCl2 and 
carboxylate surfactants (RCOOX = RCOOH + RCOO- (Ca2+)0.5), considering an apparent acid fraction of 
74.7%, while the top x-axis gives the molar concentration of CaCl2. The right y-axis gives the measured pH 
(orange crosses). The horizontal orange dashed line indicates the pH of a respective mixture of the two acidic 
surfactants, i.e., at f[RCOO- (Ca2+)0.5] = 0, in absence of salt. 
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Fig. C.20. Phase maps obtained by successive addition of squalene to nematic gels containing 20 wt% of 
surfactant with (A) R(C18:1E2CH2COOH) = 0.500, (B) R(C18:1E2CH2COOH) = 0.524, (C) 
R(C18:1E2CH2COOH) = 0.545, (D) R(C18:1E2CH2COOH) = 0.583, (E) R(C18:1E2CH2COOH) = 0.615, (F) 
R(C18:1E2CH2COOH) = 0.643, (G) R(C18:1E2CH2COOH) = 0.655, (H) R(C18:1E2CH2COOH) = 0.667, or (I) 
R(C18:1E2CH2COOH) = 0.688. 1f N: Nematic phase. 1f Lα: Pseudo-lamellar phase. 1f I: Isotropic phase. 
2f I/I: Two isotropic phases in equilibrium. 2f Lα/I: Lamellar phase in equilibrium with an isotropic phase. 
“Flow-BR” indicates flow birefringence. The flow birefringent phases could be L3 sponge phases. At low oil 
contents and higher temperatures above the nematic phase, the size of the disc-like micelles in the isotropic 
phase could be increased by oil loading and in turn lead to sufficient alignment under shear. The phase be-
havior in absence of oil as a function of R(C18:1E2CH2COOH) can be inferred from Fig. IV.2. 

  



Appendix C. (Supplementary Material – Chapter IV.) 
 

 292 

C.2. Surfactant Purification by Cloud Point Extraction 

and Ion Exchange 

For the removal of hydrophilic non-surfactant impurities by cloud point extraction, the sur-

factant was thoroughly mixed with around 70 vol% water, and phase separation was in-

duced by equilibration at 90°C. After the aqueous phase was removed, the process was 

repeated two additional times, before the surfactant-rich phase was vacuum dried. It was 

observed that the phase behavior of surfactant mixtures of C18:1E2CH2COOH and 

C8E8CH2COOH is influenced by vacuum drying of C18:1E2CH2COOH, depending on the 

resting time of the water-free C18:1E2CH2COOH. This was not observed for 

C8E8CH2COOH. The reason for the change is most likely a shift of the equilibrium of ester 

formation between the carboxylic acid surfactant and nonionic surfactant impurities due to 

the removal of water. Since C18:1E2CH2COOH contains a higher fraction of nonionic im-

purities and has a lower degree of ethoxylation than C8E8CH2COOH, the effect is more 

pronounced for C18:1E2CH2COOH. 

Nonionic surfactant impurities that cannot be removed by cloud point extraction were re-

moved by ion exchange. A chromatographic column with frit was packed with the anion 

exchange resin Amberlyst® A26(OH), purchased from Sigma-Aldrich (St. Louis, Missouri, 

USA), and wetted with 2-propanol. The column was loaded with one column volume (CV) 

of a surfactant/2-propanol (40/60 vol%) mixture and the nonionic fraction was further 

eluted with 1 CV of 2-propanol. Subsequently, the column was loaded with the eluate, and 

the nonionic fraction was eluted with at least 1 CV of 2-propanol. This step was performed 

at least twice. To release the carboxylic acid fraction bound to the resin, the column was 

rinsed with 2 CV of a 1.5 M solution of KOH in 2-propanol. To remove 2-propanol, the 

obtained mixture was vacuum dried. After subsequent addition of 1 M aqueous HCl-solu-

tion to the mixture until a pH < 2 was reached, cloud point extraction was performed three 

times to remove hydrophilic non-surfactant impurities and KCl. In a last step, the surfac-

tant-rich phase was thoroughly vacuum dried at 90°C to obtain the neat surfactant.  
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C.3. Molecular Volumes and Scattering Length Densi-

ties of the Used Compounds 

The average molecular volumes of the surfactants C8E8CH2COOH after cloud point extrac-

tion, C18:1E2CH2COOH, and C8E8CH2COOH and C18:1E2CH2COOH after purification by 

ion exchange and cloud point extraction are calculated from the measured physical densi-

ties and the respective molar masses. The molecular volume of each surfactant can be split 

into a hydrophobic part, consisting of its alkyl chain, and a hydrophilic part, consisting of 

the EO groups and the carboxylic acid moiety. The molecular volumes of the hydrophobic 

parts were estimated using incremental values of V(-CH3) = 0.0536 nm3 [6], 

V(-CH2-) = 0.0269 nm3 [6], and V(-CH=) = 0.0221 nm3 [7] at 20°C. Typically, the availa-

ble literature data at various temperatures were linearly extrapolated to the desired temper-

ature. The calculated molecular volumes as well as the scattering length densities (SLDs) 

for the pure surfactants and the solvents H2O and D2O at 20°C are given in Table C.3.1. 

Note that neat C18:1E2CH2COOH was used for the density measurements right after vacuum 

drying, while C18:1E2CH2COOH was used as received (containing 4.1 wt% water) in all 

other experiments. It should also be noted that constant average molar masses were as-

sumed, 541 g·mol-1 for C8E8CH2COOH and 415 g·mol-1 for C18:1E2CH2COOH. Average 

molecular volumes and scattering length densities of mixtures of the two surfactants can be 

calculated from the data of the pure surfactants assuming ideal mixing. If headgroup hy-

dration with three water molecules per EO-group is assumed, the SLDs of the hydrated 

headgroup shells with a resulting volume fraction of water close to 50 vol% further ap-

proach the SLD of water (H2O or D2O), thus reducing the scattering contrast between sol-

vent and shell.  
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Table C.3.1. Scattering length densities for X-rays (SLDX) and neutrons (SLDN), molecular volumes V, phys-
ical densities, and molar masses of the used surfactants and solvents at 20°C. The physical densities of neat 
C8E8CH2COOH (after cloud point extraction) and C18:1E2CH2COOH (after vacuum drying) were measured, 
see Section IV.3.5. “Pure acid” indicates the obtained values for the surfactants after purification by ion 
exchange and subsequent cloud point extraction. 

compound formula M [g·mol-1] ρ [g·cm-3] V [nm-3] SLDX 
[10-4 nm-2] 

SLDN 
[10-4 nm-2] 

Water H2O 18.015 0.998 0.030 9.40 -0.56 

Heavy water D2O 20.028 1.105 0.030 9.37 6.36 

C8E8CH2COOH C26H52O11 541 
1.061 

pure acid: 
1.069 

0.846 
pure acid: 

0.841 

9.86 
pure acid: 

9.92 

0.50 
pure acid: 

0.50 

C8E8CH2COOH 
hydrophobic C8H17 113 

0.777 
pure acid: 

0.777 

0.242 
pure acid: 

0.242 

7.57 
pure acid: 

7.57 

-0.43 
pure acid: 

-0.43 

C8E8CH2COOH 
hydrophilic C18H35O11 427 

1.174 
pure acid: 

1.186 

0.604 
pure acid: 

0.599 

10.77 
pure acid: 

10.87 

0.87 
pure acid: 

0.88 

C18:1E2CH2COOH C24H46O5 415 
0.950 

pure acid: 
0.975 

0.725 
pure acid: 

0.707 

8.9 
pure acid: 

9.17 

0.23 
pure acid: 

0.23 

C18:1E2CH2COOH 
hydrophobic C18H35 251 

0.833 
pure acid: 

0.833 

0.501 
pure acid: 

0.501 

8.04 
pure acid: 

8.04 

-0.34 
pure acid: 

-0.34 

C18:1E2CH2COOH 
hydrophilic C6H11O5 163 

1.210 
pure acid: 

1.317 

0.224 
pure acid: 

0.206 

10.95 
pure acid: 

11.92 

1.50 
pure acid: 

1.63 

 

 

C.4. Evaluation of the Threshold of Bubble Rising in the 

Nematic Gel 

The used swing-out rotor geometry results in a horizontal orientation of the centrifuge tubes 

with the bottom of the tubes being on the outside during centrifugation. The distance be-

tween the bottom of the tube and the center of the rotor is then Rr = 172 mm. In the tubes 

filled with 10 mL of nematic gel, the cylindrical area between approximately 2 mL and 

9.5 mL of filling is monitored. The resulting minimal effective rotor radius is 

Rr,min = 75 mm, while the maximal effective rotor radius is Rr,max = 135 mm. A ruler placed 
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next to the tubes when taking the image allows to determine the effective Rr for any given 

bubble position. A series of images taken for a sample after each step of centrifugation is 

given in Fig. C.4.1. Affinity Photo 2 (version 2.1.1) was used to determine the bubble po-

sitions and bubble diameters by measuring pixels. The distance between Rr,min and Rr,max 

was used as reference length. An error of ±4 pixels was estimated for the determination of 

the bubble position (Rr), while an error of ±2 pixels was estimated for the determination of 

the bubble diameter. An error that was not accounted for is that bubbles appear slightly 

smaller or lager, depending on their position in the liquid. 

 
Fig. C.4.1. Photographs of a 15 mL centrifuge tube containing 10 mL of a nematic gel before centrifugation 
and after each step of centrifugation at 25°C. Tracked bubbles are marked with colored circles. 

At a given position of the bubble in the mixture, i.e., at a given Rr, and a given number of 

revolutions per minute (RPM) the relative centrifugal force FCF,rel is given by 

FCF,rel = 
(2π
60 ∙RPM)

2
∙Rr

g  , (C.4.1) 

where g is the gravitational acceleration. The buoyant force Fa acting on a bubble of volume 

Vbubble is then given by 

Fa = ρmixture∙Vbubble∙g∙FCF,rel , (C.4.2) 

where ρmixture = 999 kg·m-3 is the physical density of the nematic gel mixture at 25°C. Vbub-

ble is given by the following equation. 
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Vbubble = 
4
3 π∙Rbubble

3 (C.4.3) 

Counteracting forces are the centrifugal force FCF 

FCF = ρbubble∙Vbubble∙g∙FCF,rel , (C.4.4) 

where ρbubble ≈ 1.2 kg·m-3 is the physical density of air, and the force Fnem exerted by the 

nematic gel on the bubble, as indicated in the schematic drawing in Fig. C.4.2. The balance 

of forces at the threshold, at which the bubble is just held in its spot, is given as 

FCF
 threshold+Fa

 threshold+Fnem = 0 . (C.4.5) 

Therefore, Fnem can be calculated by determining the threshold centrifugal and buoyancy 

forces required to make a bubble float. Since a bubble of radius Rbubble has to move through 

an area A (see Fig. C.4.2) given by 

A = π∙Rbubble
2 , (C.4.6) 

the pressure P that has to be exerted by the nematic gel on the bubble to prevent its move-

ment at a given relative centrifugal force is given by 

P = 
FCF+Fa

A  . (C.4.7) 

The actual pressure Pnem exerted by the nematic gel equals the pressure Pthreshold required at 

the threshold. 

Pnem = Pthreshold = 
Fnem

A  (C.4.8) 

Note that the gravitational force is acting on the air bubble perpendicular to the given forces 

during centrifugation. However, the gravitational force is neglected, as the calculation is 

only an approximation and the bubbles clearly resist the buoyancy induced by the gravita-

tional force. 
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Fig. C.4.2. Schematic drawing of a bubble entrapped in the nematic gel. The area A, see eq. (C.4.6), a bubble 
has to move through and the forces acting on the bubble are indicated. 

 

C.5. Calculation of Bicellar Size as a Function of In-

tramicellar Segregation 

The cross-section of the bicellar model used for the calculations is given in Fig. C.5.1. For 

the calculations, only the solvent-free hydrophobic core is considered. A bicelle consists of 

a disc (orange), described by a flat cylinder of radius r and height 2h, and a rim (green), 

described as a half-toroid of radius r with an elliptical cross-section with half-axes a and h. 

The total core radius Rcore is then given by Rcore = r + a. a = 1.17 nm is given by the length 

of the C8 chain of C8E8CH2COOH [8]. As suggested by model fits of SANS data, see Figs. 

IV.5 and C.9, h does not equal the length of the C18:1 chain of C18:1E2CH2COOH, which is 

around 2 nm, as the chains are interdigitated. The effective half thickness of the disc core 

is around h = 1.2 nm, see Figs. IV.5B and C.9B. Consequently, the only geometrical vari-

able is the disc radius r. In the following equations, C18:1E2CH2COOH will be abbreviated 

as RO 20, while C8E8CH2COOH will be abbreviated as LF2. 

Only considering the surfactant mixture, one can define separate mole fractions for the disc, 

xdisc(RO 20) and xdisc(LF2), and the rim, xrim(RO 20) and xrim(LF2). The two pairs of mole 

fractions fulfill the conditions xdisc(RO 20) + xdisc(LF2) = 1 and 

xrim(RO 20) + xrim(LF2) = 1 and are not directly linked to the given mole fraction of the 

total surfactant mixture R(RO 20). However, a combination of disc and rim mole fractions 
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and disc radius r is only valid, if the total mole fraction of the resulting bicelle equals 

R(RO 20). 

 

Fig. C.5.1. Cross-section of the bicellar model. 

The volumes of the cylindrical disc, Vdisc, and the half-toroidal rim, Vrim are given by 

Vdisc = r2∙π∙2h (C.5.1) 

and 

Vrim = 
1
2 (2∙r∙π)(a∙h∙π) . (C.5.2) 

Using the molecular volumes of the hydrophobic alkyl chains, vtail(RO 20) = 0.501 nm3 and 

vtail(RO 20) = 0.242 nm3 (see Appendix C.3.), a hydrophobic molecular volume of a hy-

pothetical average surfactant molecule can be defined. For the disc, we define vdisc(avg), 

and for the rim, we define vrim(avg), where 

vdisc(avg) = xdisc(RO 20)∙vtail(RO 20)+(1-xdisc(RO 20))∙vtail(LF2) (C.5.3) 

and 

vrim(avg) = xrim(RO 20)∙vtail(RO 20)+(1-xrim(RO 20))∙vtail(LF2) . (C.5.4) 

The aggregation numbers of the hypothetical average surfactant in the disc, Ndisc, and in the 

rim, Nrim, are then given by 

Ndisc = 
Vdisc

vdisc(avg) (C.5.5) 
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and 

Nrim = 
Vrim

vrim(avg)  . (C.5.6) 

The mole fractions xdisc(RO 20) and xrim(RO 20) are linked to the given R(RO 20) by the 

following relation. 

R(RO 20) = 
Ndisc∙xdisc(RO 20)+Nrim∙xrim(RO 20)

Ndisc+Nrim
 (C.5.7) 

Combining eq. (C.5.7) with eqs. (C.5.1)–(C.5.6), a relation between the disc radius r and 

the mole fractions is obtained. 

r = -
π∙a∙vdisc(avg)

2vrim(avg) ∙
R(RO 20)-xrim(RO 20)
R(RO 20)-xdisc(RO 20) (C.5.8) 

Thus, for a given combination of xrim(RO 20) and xdisc(RO 20), only one disc radius r is 

possible. Consequently, the disc size is controlled by intramicellar segregation. Approach-

ing full intramicellar mixing, i.e., no segregation, the calculation diverges. For full intram-

icellar mixing, i.e., for xrim(RO 20) = R(RO 20) and xdisc(RO 20) = R(RO 20), the calcula-

tion does not work. In case of full intramicellar mixing, either an ‘infinite’ lamellar phase 

or small spheroidal micelles would be expected, the former being more probable due to the 

significantly higher fraction of C18:1E2CH2COOH. For a given combination of xrim(RO 20) 

and xdisc(RO 20), the number of surfactant molecules in the rim and the disc can be easily 

calculated from the aggregation numbers Ndisc and Nrim. 

Note that not every combination of xrim(RO 20) and xdisc(LF2) is physically possible. For 

an impossible combination, eq. (C.5.8) yields a negative r. For full intramicellar segrega-

tion, i.e., for xrim(RO 20) = 0 and xdisc(RO 20) = 1, r = 9.1 nm and Rcore = 10.3 nm, corre-

sponding to an outer radius of 12–13 nm including the hydrophilic shell. However, com-

plete intramicellar segregation is not realistic. Not only is a certain degree of intramicellar 

mixing to be expected, but since C18:1E2CH2COOH is insoluble in water and forms a Lβ 

phase in absence of C8E8CH2COOH, some C8E8CH2COOH must be mixed into the bilayer 

to alter this behavior. 

It should also be noted that with a certain degree of intramicellar mixing, an oblate ellip-

soidal shape would be feasible. The model of a “perfect” bicelle is an idealized model. 
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C.6. Dispersion of Oils in the Nematic Gel 

The possibility of dispersing oil droplets in the nematic phase without destroying the ne-

matic phase, i.e., without inducing a phase transition, was tested using various different 

oils, primarily squalane, n-dodecane, (R)-(+)-Limonene, olive oil, and silicon oil M20 (lin-

ear polydimethylsiloxane). None of the hydrocarbon oils could be dispersed in the nematic 

gel, the oils influence phase behavior and are either solubilized in the bicellar cores or in-

duce a phase transition. The only oil that could be dispersed in the nematic gel leaving the 

viscoelasticity intact is the silicon oil. The emulsions with significant oil loading were sta-

ble for at least several weeks. An image of an obtained viscoelastic emulsion containing 

53 wt% silicon oil and 9.4 wt% surfactant (R(C18:1E2CH2COOH) = 0.655) is shown in Fig. 

C.6.1. 

 
Fig. C.6.1. Viscoelastic emulsion of silicon oil M20 in a nematic gel, initially containing 20 wt% surfactant 
with R(C18:1E2CH2COOH) = 0.655. The emulsion contains 53 wt% silicon oil, 9.4 wt% surfactant, and 
37.6 wt% water. The emulsion was prepared by adding silicon oil and thoroughly mixing by shaking by hand 
and vortex mixing. Birefringence could not be checked due to strong turbidity, but the viscoelastic gel-like 
behavior suggests that the nematic phase stayed intact. 

Squalane, see Fig. C.20, and n-dodecane, see Fig. C.6.2, have similar effects on phase 

behavior. The phase behavior with limonene as the oil was not examined in detail, but the 

general phase sequence is also similar. Even though the microstructures were not investi-

gated, a general mechanism of the destruction of the nematic phase by hydrocarbon oils 

can be proposed: With increasing incorporation of oil into the bicellar hydrocarbon core, 

the interdigitation of the surfactants’ alkyl chains decreases, resulting in higher bilayer flex-

ibility and facilitating a transition to a lamellar phase. As a result, only a certain amount of 

oil can be incorporated into the bicellar hydrocarbon core, before the transition into a la-

mellar phase, and eventually into a microemulsion, occurs. The threshold concentration of 
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oil increases with R(C18:1E2CH2COOH), as the hydrophobic core volume increases with 

R(C18:1E2CH2COOH). 

A difference between the effects of n-dodecane and squalane arises from the significant 

difference in their molecular dimensions. While squalane has an extended length of 

around 3.6 nm [8], which is larger than the core thickness of a bicelle of around 2.4 nm, 

n-dodecane has an extended length of only around 1.8 nm [8], which is smaller than the 

bicellar core thickness. Whereas squalane only has the effect described above, n-dodecane 

also influences the phase behavior by increasing the apparent value of 

R(C18:1E2CH2COOH), i.e., the addition of n-dodecane is to a certain extent equivalent to 

the addition of more long-chain surfactant. This is best seen in Figs. C.6.2 C and D, where 

the addition of n-dodecane induces the formation of the nematic phase, which is usually 

not formed at the respective surfactant compositions, as the value of R(C18:1E2CH2COOH) 

is too low. 

Olive oil consists mainly of triglycerides, oleic acid being the main fatty acid group. Since 

the hydrocarbon chain of the hydrophobic surfactant is also an oleyl chain, olive oil and 

C18:1E2CH2COOH are fully miscible. The addition of olive oil to a nematic phase eventually 

leads to the separation of an isotropic concentrated O/W emulsion (very high volume frac-

tion of oil) from an isotropic micellar phase. The reason for the destruction of the nematic 

phase is most likely a significant decrease of R(C18:1E2CH2COOH), resulting from the ex-

traction of the long-chain surfactant from the micellar phase into the oil phase. Therefore, 

the replacement of C18:1E2CH2COOH with similar surfactants C18:1EjCH2COOH with j > 2 

was tested. C18:1E9CH2COOH (Akypo® RO 90 VG) for example is still not sufficiently 

hydrophilic to not be fully miscible with olive oil. However, C18:1E9CH2COOH is already 

too hydrophilic, i.e., has a too low spontaneous packing parameter, to form the bicelles with 

C8E8CH2COOH. No combination of surfactants was found that allowed for the dispersion 

of olive oil droplets in a nematic phase. Further tests involved the change of salinity by 

NaCl addition, the variation of f[RCOO- (Ca2+)0.5] or f(RCOO- Na+), and the partial re-

placement of C18:1E2CH2COOH by lauric acid, none of which were successful. In the latter 

case, up to around 60% of C18:1E2CH2COOH can be replaced by lauric acid (C11COOH) in 

the absence of oil without changing the phase sequence, but decreasing the phase transition 

temperatures by about 10°C, see Fig. C.6.3. If more than 60% of C18:1E2CH2COOH are 

replaced by lauric acid, lauric acid can crystallize. 
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Fig. C.6.2. Phase maps obtained by successive addition of n-dodecane to nematic gels containing 20 wt% of 
surfactant with (A) R(C18:1E2CH2COOH) = 0.500, (B) R(C18:1E2CH2COOH) = 0.524, (C) 
R(C18:1E2CH2COOH) = 0.545, (D) R(C18:1E2CH2COOH) = 0.583, (E) R(C18:1E2CH2COOH) = 0.615, (F) 
R(C18:1E2CH2COOH) = 0.643, (G) R(C18:1E2CH2COOH) = 0.655, (H) R(C18:1E2CH2COOH) = 0.667, or (I) 
R(C18:1E2CH2COOH) = 0.688. 1f N: Nematic phase. 1f Lα: Pseudo-lamellar phase. 1f I: Isotropic phase. 
2f I/I: Two isotropic phases in equilibrium. 2f Lα/I: Lamellar phase in equilibrium with an isotropic phase. 
“Flow-BR” indicates flow birefringence. The flow birefringent phases could be L3 sponge phases. At low oil 
contents and higher temperatures above the nematic phase, the size of the disc-like micelles in the isotropic 
phase could be increased by oil loading and in turn lead to sufficient alignment under shear. The phase be-
havior in absence of oil as a function of R(C18:1E2CH2COOH) can be inferred from Fig. IV.2. 
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Fig. C.6.3. Phase diagram at a constant surfactant concentration of 20 wt% with 
R(C18:1E2CH2COOH + C11COOH) = 0.655, as a function of the lauric acid (C11COOH) fraction. The surfac-
tant mixture contains C18:1E2CH2COOH, C8E8CH2COOH, and C11COOH. The lauric acid content is plotted 
as the fraction of C18:1E2CH2COOH replaced by lauric acid, i.e., 
n(C11COOH)/[n(C11COOH) + n(C18:1E2CH2COOH)]. 1f N: Nematic phase. 1f Lα: Pseudo-lamellar phase. 
1f I: Isotropic phase. 2f I/I: Two isotropic phases in equilibrium. 

 

C.7. A Dilute Biaxial Calamitic Nematic Phase 

Tchakalova et al. [9] reported on a nematic phase with similar macroscopic properties as 

the discotic nematic phase described in this work. The system comprises lauric acid 

(C11COOH), Neodol 91-8 (C9-11E8), and a fragrance oil such as dihydromyrcenol (2,6-di-

methyl-7-octen-2-ol; DHM) in water with some propylene glycol as additive. Tchakalova 

et al. suggested that small prolate micelles with an ellipticity of around 2 are formed, which 

then align to form large planar sheets that are electrostatically swollen. Swelling is found 

to be two-dimensional, as expected for layered structures. 

Since C11COOH has a high spontaneous packing parameter p0, thus favoring low or zero 

curvature, whereas C9–11E8 has a low p0, thus favoring high curvature, intramicellar molec-

ular segregation can be expected. DHM acts as a co-surfactant, which hinders crystalliza-

tion of C11COOH. C9–11E8 is expected to prefer the axial positions of the prolate ellipsoids, 

while C11COOH and DHM are expected to prefer the equatorial positions of lower curva-

ture. It should be noted that the authors did not exclude small oblate micelles, which would 
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offer regions of lower curvature for C11COOH than prolate micelles. 

The SAXS data presented in Figure 4 of ref. [9] are replotted in Fig. C.7.1A. The compo-

sitions of the samples are given in Table C.7.1, where also the mole ratio of C11COOH and 

DHM as well as R(C11COOH+DHM) are given. R(C11COOH+DHM) is the mole fraction 

of the components favoring low curvature in the surfactant – fragrance mixture. 

R(C11COOH+DHM) = 
n(C11COOH)+n(DHM)

n(C11COOH)+n(DHM)+n(C9–11E8) (C.7.1) 

The spectra follow a slope of q-1 in the mid-q range, usually typical for “one-dimensional”, 

i.e., rod-like, structures. However, as shown in Figure 10B of ref. [9], see Fig. C.7.2, the 

swelling of the structures, i.e., the repeat distance of the planar sheets taken from the struc-

ture factor peak maximum, is clearly one-dimensional, which also holds for the here shown 

samples “1.6 wt% C11COOH”, “1.9 wt% C11COOH”, and “2.5 wt% C11COOH”. One-di-

mensional swelling is only possible for (locally) layered structures. Thus, the slope of the 

spectra and the swelling appear to be paradoxical, and a satisfactory explanation is still 

missing, as the individual prolate micelles are too small to produce a slope of -1. 

 
Fig. C.7.1. (A) SAXS data of various samples with fixed weight fractions of DHM and C9–11E8 and varying 
concentrations of C11COOH. Exact compositions can be inferred from Table C.7.1. The position of a weak 
second peak of the apparent structure factor, δ*, shown in (B) is also indicated. (B) Apparent structure factor 
S(q) as obtained by dividing the SAXS curves given in (A) by the SAXS data of the 1.0 wt% C11COOH 
sample. δ* = 2π·qmax-1. Note that the low-q region including the pronounced structure factor peak of the plane-
plane-spacing is cut-off. 

When extracting the apparent structure factor S(q) from the spectra of samples “1.4 wt% 

C11COOH, “1.6 wt% C11COOH”, “1.9 wt% C11COOH”, and “2.5 wt% C11COOH” by di-

viding the data by the data obtained for the sample “1.0 wt% C11COOH”, where no 
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structure factor peak is observed, see Fig. C.7.1B, a broad second peak is evidenced around 

q = 1.90 nm-1 (δ* = 3.3 nm). No higher order peaks of the planar spacing are observed due 

to the lack of long-range order in the nematic phase. Note that the peak is either a peak of 

the structure factor, or an “artifact” of the form factor, arising from the variation of the 

surfactant composition on increasing the C11COOH content (see Table C.7.1). 

Table C.7.1. Compositions of the samples for which SAXS data are shown in Fig. C.7.1.The mole ratio of 
C11COOH and DHM is given to show that the composition of the low curvature favoring fraction changes 
significantly. R(C11COOH+DHM) is the mole fraction of low curvature favoring components in the surfactant 
– fragrance mixture. Note that the solvent contains propylene glycol. The weight fraction of propylene glycol 
is around 16 wt% in these samples. 

sample w(C11COOH) 
[wt%] 

w(DHM) 
[wt%] 

w(C9–11E8) 
[wt%] 

n(C11COOH)
n(DHM)  R(C11COOH+DHM) 

“1.0 wt% C11COOH” 1.0 1.9 6.0 0.405 0.602 

“1.4 wt% C11COOH” 1.4 1.9 6.0 0.567 0.628 

“1.6 wt% C11COOH” 1.6 1.9 6.0 0.648 0.640 

“1.9 wt% C11COOH” 1.9 1.9 6.0 0.770 0.656 

“2.5 wt% C11COOH” 2.5 1.9 6.0 1.013 0.684 

 

 
Fig. C.7.2. One-dimensional swelling of the repeat distance of the planar sheets, d, as shown by Tchakalova 
et al. [9]. The red line is a linear fit with a slope of 1.18 and an intercept at d = 24 Å. Φactive is the volume 
fraction of active material (C11COOH, DHM, and C9–11E8). Reproduced from [9] (Copyright © The authors 
of [9]). 

In principle, one could expect a similar situation as in the present work: The C11COOH and 

DHM molecules favor bilayer formation, whereas C9–11E8 favors spherical packing. As a 

result, there is some degree of intramicellar molecular segregation and a large bicelle with 

a flat disc part and a curved spherical rim is formed. As can be inferred from Table C.7.1, 
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the fraction of surfactants favoring low curvature, R(C11COOH+DHM), is in a similar 

range as R(C18:1E2CH2COOH) in this work. Given the fact that the macroscopic properties 

of both systems are also similar, one could imagine that in this case also large discs are 

formed, which, however, would produce a q-2 slope and not a q-1 slope. The peak seen in 

Fig. C.7.1B would then be a form factor peak reflecting the spacing of the two COOH 

layers within the disc, i.e., the thickness of the disc. Interestingly, the spacing of 

δ* = 3.3 nm is in perfect agreement with the expected thickness of a C11COOH bilayer, 

given the length of 1.67 nm for a C12 chain [8]. 

If the peak seen in Fig. C.7.1B is indeed a structure factor peak, it would reflect the average 

in-plane spacing of the nematically ordered prolate micelles, i.e., the center-to-center dis-

tance of the prolate micelles averaged over all orientations. The maximum equatorial radius 

is also 3.3 nm, and the axial radius is around twice as large for an ellipticity of around 2. In 

this case, the value of δ* would be expected to be larger than 3.3 nm. The spacing of 3.3 nm 

is reasonable for the smaller equatorial diameter of 2.4 nm suggested by Tchakalova et al. 

An equatorial radius of 1.2 nm is intermediate between the length of C11COOH and the 

length of DHM (≈ 1 nm). It is important to note, however, that the sketches presented by 

Tchakalova et al. (graphical abstract and figure 5 of ref. [9]), suggesting that the prolate 

micelles forming a two-dimensional sheet are separated by solvent, are not compatible with 

the data. The in-plane spatial separation would only be possible if the forces responsible 

for the arrangement would be repulsive: With a repulsive in-plane interaction, the micelles 

would have no reason to stay in the plane to minimize electrostatic interactions. This situ-

ation would also produce a pronounced peak with a spacing larger than the micellar dimen-

sion, which is clearly not observed. Notably, the authors also suspected attractive hydrogen 

bonding to be responsible for the connection of the prolate micelles. The small micelles 

must be connected and not separated by “bulk” solvent. Since the line tension is probably 

very low, it is further unlikely that the micelles connect to form rectangular sheets, and a 

disc-like shape would be energetically preferable due to minimization of the interfacial 

area. The disc may be of irregular shape as in the case of liquid expanded phases of lipids. 

Only large line-tensions would drive to a regular disc-like shape. 

Two attractive intermicellar contributions can be imagined: The hydrogen bonding, specif-

ically the COOH-COOH interactions [10] in the equatorial regions of the micelles, on the 

one hand, and the interdigitation of the polyoxyethylene headgroups, predominantly 
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populating the axial region of the micelle, on the other hand. Therefore, the schematic 

drawing given in Fig. C.7.3B is a more likely representation of the microstructure. This is, 

however, only possible if there is electrostatic repulsion between the sheets as negative 

charges accumulate at the planar surfaces. Otherwise, there would be no reason for a sheet-

like organization, as the micelles could attractively interact in all directions. If the sheets 

become large enough by connection of sheets at higher surfactant concentrations or if an 

increased fraction of C11COOH leads to more intermicellar attraction, a smectic phase is 

formed, see Fig. C.7.3C. If the C11COOH content is too low, a nematic or smectic phase 

cannot be formed due to a lack of intermicellar attraction at equatorial micellar positions, 

and an isotropic phase is formed, see Fig. C.7.3A. 

Since the small prolate micelles can connect at the axial positions via headgroup interdigi-

tation, they form longer chains of connected micelles in the in-plane nematic direction, 

which could produce the slope of -1. While it may still be questionable if a close packing 

of these chains into a planar sheet would produce a slope of -1 due to the chains rather than 

-2 due to the overall planar structure, such chains could explain the q-1 behavior at least in 

the isotropic phase. The individual prolate micelles with an ellipticity around 2 are too small 

to produce a clear slope of -1 in the mid-q range. 

 
Fig. C.7.3. Schematic drawings of the formed microstructures. (A) Isotropic phase of small prolate micelles. 
C9–11E8 headgroups at the axial positions of the micelles interdigitate, leading to the formation of chains of 
connected prolate micelles. (B) Bi-axial nematic phase formed if enough C11COOH is present. COOH-COOH 
interactions connect the micelles at their equatorial positions and disc-like sheets of small, cross-linked mi-
celles are formed. The sheets are nematically ordered and responsible for the one-dimensional swelling. The 
enlargement indicates the intramicellar molecular segregation responsible for the structure. (C) Smectic phase 
of higher order at higher surfactant concentrations and/or higher C11COOH contents. The drawings used in 
this image were created by Baptiste Ribéreau-Gayon based on ideas of Prof. Dr. Thomas Zemb. 
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It should be noted that a degree of C11COOH dissociation of around 15%, as stated by 

Tchakalova et al. [9], would be sufficient for electrostatic swelling. However, using the 

same apparent pKa = 6.7 and the reported pH of 4.9, a degree of dissociation of only around 

1.5% would be expected. The surface charge density is unknown, but large enough to pro-

duce swelling up to 60 nm between the planar sheets, see Fig. C.7.2. The swelling curve 

shown in Fig. C.7.2 reveals an intercept at 2.4 nm: The layers must be compact, as shown 

in Fig. C.7.3C. In the schematic drawings in the original work, the plane is made of repul-

sive micelles: If this would be the case, the swelling curve would have the same slope, but 

a five to ten times larger intercept. Moreover, a peak at the in-plane average intermicellar 

distance would be seen, which is not observed. Therefore, the nematic phase has two axes: 

One for the swelling and one for the preferred in-plane distance, as shown to scale in Fig. 

C.7.3. 

As a concluding remark, it must be emphasized that the apparent structure factor given in 

Fig. C.7.2B must be cross-checked, as the “1.0 wt% C11COOH” spectrum cannot be safely 

taken as the form factor for the other samples, which is subject to slight variations when 

increasing the molecular composition. 

The C11COOH carboxylic acid is used as a linker [10] in the system studied by Tchakalova 

et al. [9]. The ratio between bulky ethoxylated headgroups and carboxylic acid linkers can 

be varied by formulation. In the nematic phase presented in this work, made from mixed 

ethoxylated carboxylic acid surfactants, there is one potential linker per surfactant molecule 

and this ratio cannot be varied, and it was also shown in this work that the carboxylic acid 

groups are not necessary for the formation of the discotic nematic phase. 
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D.1. Supplementary Figures 

 
Fig. D.1. Phase boundaries of samples containing 20 wt% of surfactant, R(C18:1E2CH2COOH) = 0.655, in 
water and (A) 20 wt% PG, (B) 38 wt% PG, (C) 10 wt% G, or (D) 5 wt% EtOH as a function of time since 
sample preparation (t = 0 days). For each determination of the phase transition temperatures, the samples 
were heated in steps of 1°C up to above 80°C. The same sample was examined every time, i.e., the change in 
phase boundaries does not reflect only the change during storage at room temperature but also the change 
induced by heating of the samples. The change at room temperature was not quantified but seems to be rather 
insignificant within at least one month of storage. 1f N: Nematic phase. 1f Lα: Pseudo-lamellar phase. 1f I: 
Isotropic phase. 2f I/I: Two isotropic phases in equilibrium. 2f Lα/I: Lamellar phase in equilibrium with an 
isotropic phase. 
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Fig. D.2. Repeat distance D* = 2π·qmax-1 obtained from the SAXS correlation peaks at different temperatures 
of samples (A) “M”, identical to sample “20M*” in Chapter IV., containing no additive, (B) “M-20PG”, 
containing 20 wt% of PG, (C) “M-10G”, containing 10 wt% of G, (D) “M-21G”, containing 21 wt% of G, 
and (E) “M-5E”, containing 5 wt% of EtOH. All samples contain 20 wt% of a surfactant mixture with 
R(C18:1E2CH2COOH) = 0.655. The SAXS data for (B) to (E) are given in Figs. V.2A, V.4A, V.4B, and V.6A. 
The data of sample “M” are given in Fig. C.15. 
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Fig. D.3. Quantitative 13C-NMR (150.94 MHz, 128 scans, D2O without solvent lock) spectrum of the bottom 
phase of sample “M-55PG” separated at 25°C. No actual solvent was used and the H2O content is around 
30 wt%. Since the surfactant content is low compared to the propylene glycol (PG) content, the relevant peaks 
for the surfactants have small integrals compared to those obtained from PG. The structures of the two sur-
factants, C8E8CH2COOH and C18:1E2CH2COOH, are shown in the figure. The respective atom numbers cor-
respond to those in the image. The signals of C-11 for C8E8CH2COOH and C-23 for C18:1E2CH2COOH are 
overlapping with signals of PG. 
PG: δC [ppm] 18.3 (1 C, s, -CH3, integral 1.0000), 66.6 (1 C, s, -CH2OH, integral 0.9576), 67.6 (1 C, s, 
>CHOH, integral 1.0753). 
C8E8CH2COOH (LF2)/C18:1E2CH2COOH (RO 20): δC [ppm] 13.4 (LF2: C-1 and RO 20: C-18, s, integral 
0.0147), 22.0 (LF2: C-2 and RO 20: C-17, s, integral 0.0130), 25.3 (LF2: C-6 and RO 20: C-3, s, integral 
0.0111), 26.4–26.9 (RO 20: C-6,8,11, m, integral 0.0031), 28.5–29.5 (LF2: C-4,5,7 and RO 20: C-
2,4,5,7,12,13,14,15, m, integral 0.0416), 31.1 (LF2: C-3 and RO 20: C-16, s, integral 0.0101), 69.4 (LF2: C-
9,10 and RO 20: C-20,21, s, integral 0.1612), 70.7 (LF2: C-8 and RO 20: C-1, s, integral 0.0113), 
129.0–129.3 (RO 20: C-9,10, m, integral 0.0024), 173.2 (LF2: C-12 and RO 20: C-24, s, integral 0.0119). 
The signals with a different atom number for the two surfactants at 26.4–26.9, 28.5–29.5, 69.4, and 
129.0–129.3 ppm were used to calculate the surfactant ratio 
R(C18:1E2CH2COOH) = n(C18:1E2CH2COOH)/[n(C18:1E2CH2COOH)+n(C8E8CH2COOH)]. The obtained av-
erage value is R(C18:1E2CH2COOH) ≈ 0.13. Note that for the calculation the two surfactants were assumed to 
produce signals corresponding exactly to their theoretical structure, i.e., even “average” atom numbers. The 
peak of PG at 18.3 ppm and all other signals of the surfactants involving equal atom numbers for both sur-
factants were used to calculate and average the mole fraction of PG and surfactant in the PG/surfactant mix-
ture. Since the water content is known, the respective masses can be calculated using the molar masses 
M(PG) = 76.09 g·mol-1, M(C18:1E2CH2COOH) = 415 g·mol-1, and M(C8E8CH2COOH) = 541 g·mol-1. 
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D.2. Supplementary Tables 

Table D.1. Determined contents of H2O, propylene glycol (PG), C18:1E2CH2COOH, and C8E8CH2COOH in 
the two phases of sample “M-55PG” at 25°C. The mixture contains 20 wt% of 
C8E8CH2COOH/C18:1E2CH2COOH surfactant mixture with R(C18:1E2CH2COOH)  = 0.655, 55 wt% PG, and 
25 wt% H2O. Complete phase separation was ensured by centrifugation at 14,000 g for 30 min at 25°C. 15 g 
(14.6 mL) of the mixture separated into 8.7 mL bottom phase (ρ = 1.0401 g·cm-3) and 5.9 mL top phase 
(ρ = 1.0119 g·cm-3). Water contents were measured using volumetric Karl-Fischer titration. The mole frac-
tions of PG, C18:1E2CH2COOH and C8E8CH2COOH in the bottom phase were determined by quantitative 13C-
NMR, see Fig. D.3. To obtain the weight fraction w, the respective molar mass was used, where 
M(PG) = 76.09 g·mol-1, M(C18:1E2CH2COOH) = 415 g·mol-1, and M(C8E8CH2COOH) = 541 g·mol-1. The 
contents of PG, C18:1E2CH2COOH, and C8E8CH2COOH in the top phase could be calculated from the data of 
the bottom phase, the phase volumes, and densities due to conservation of mass. finitial is the percentage of the 
initial amount of the respective component in the respective phase. Note that finitial(H2O) and the combined 
weight fractions in the top phase exceed 100% because w(H2O) in the top phase was measured and not cal-
culated based on the measured value in the bottom phase. The deviation is mainly a result of errors involved 
in the water content measurements and especially in the determination of the phase volumes. The error in the 
measured density is negligible in comparison (typical error in the order of magnitude of 10-5 g·cm-3). 

 H2O PG C18:1E2CH2COOH C8E8CH2COOH C18:1E2CH2COOH / 
C8E8CH2COOH 

M-
55PG 

w 
[wt%] 

finitial 
[%] 

w 
[wt%] 

finitial 
[%] 

w 
[wt%] 

finitial 
[%] 

w 
[wt%] 

finitial 
[%] R(C18:1E2CH2COOH) 

top 
phase 19.0 30.2 40.2 29.1 29.0 97.4 13.2 64.4 0.74 

bottom 
phase 30.0 72.4 64.6 70.9 0.5 2.7 4.8 35.6 0.13 
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E.1. Supplementary Figures and Tables 

Table E.1. Measured physical densities of two solutions ρ(solution) and their corresponding solvents 
ρ(solvent) at 25°C. The density of water at 25°C was taken from Tanaka et al. [1]. For each measurement, the 
apparent density of AGA ρapp(AGA) is extrapolated from ρ(solution), with a given mass fraction β(AGA), 
and ρ(solvent), where β(AGA) = 0, assuming a linear dependence of the reciprocal density on the mass frac-
tion. Since the obtained mean value for ρapp(AGA) in pure water of 1.349 ± 0.016 g·cm-3 and the obtained 
mean value for ρapp(AGA) in the mixed solvent of 1.329 ± 0.008 g·cm-3 are similar, a mean value of both 
results as ρapp(AGA) = 1.339 ± 0.009 g·cm-3 in this work. The similarity of the results is also an indication 
that the apparent physical density of AGA is approximately constant throughout the studied range of compo-
sitions. The resulting mean value and its standard deviation are also given at the end of the table. 

solution measurement 
(number) 

ρ(solution) 
[g·cm-3] 

ρ(solvent) 
[g·cm-3] 

ρapp(AGA) 
[g·cm-3] 

0.5 wt% AGA in H2O 
(solvent: H2O [1]) 

1 0.99836 0.99705 1.35254 

2 0.99835 0.99705 1.34961 

3 0.99837 0.99705 1.35659 

4 0.99827 0.99705 1.31924 

5 0.99827 0.99705 1.31889 

6 0.99838 0.99705 1.35880 

7 0.99838 0.99705 1.35992 

8 0.99836 0.99705 1.35364 

9 0.99838 0.99705 1.36029 

10 0.99838 0.99705 1.35992 

1.0 wt% AGA + 
30 wt% ethanol in 

H2O 
(solvent: 30.3 wt% 

ethanol in H2O) 

1 0.95292 0.95022 1.32493 

2 0.95291 0.95020 1.32744 

3 0.95290 0.95022 1.32204 

4 0.95290 0.95022 1.32165 

5 0.95294 0.95021 1.33192 

6 0.95300 0.95021 1.34375 
average ρapp(AGA) = 1.339 ± 0.009 g·cm-3 
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Fig. E.1. Phase map of the ternary AGA/EtOH/H2O system at room temperature (T ≈ 23°C) in a rectangular 
representation. The mole fraction of AGA is plotted against the mole fraction of ethanol. Empty blue points 
indicate a saturated solution of AGA in equilibrium with excess solid AGA, green points indicate a monoph-
asic sol, orange squares a turbid gel, and red triangles a clear gel. Black crosses mark the compositions of 
samples used for small-angle X-ray scattering. The same phase map is given in wt% in Fig. VI.1. 

 
Fig. E.2. Potentiometric pH titration of 25 mL of an aqueous solution containing 30 g·L-1 AGA with a 
0.375 mol·L-1 NaOH solution at room temperature (≈23°C). The mole ratio of NaOH and AGA shown on the 
top axis is calculated assuming pure AGA, i.e., without taking into account the water content of AGA. Two 
equivalence points are observed. Approximately two equivalents of NaOH are required to reach the first 
equivalence point, while the second one only requires one equivalent. The first equivalence point can be 
assigned to the two remaining carboxylic acid moieties of AGA with apKa2/a3 = 5.01, while the second one 
can be assigned to the ammonium ion with a pKa of 9.50 (Bates and Pinching [2]: 9.24 at 25°C). 
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Fig. E.3. Computation of the species distribution in a solution of glycyrrhizic acid (GA) as a function of pH. 
The fully protonated form is denoted as H3A (black), the singly deprotonated form as H2A- (red), the di-
deprotonated form as HA2- (blue), and the fully deprotonated form is denoted as A3- (green). The fraction of 
the respective species f(species) is calculated as f(H3A) = [H+]3/D, f(H2A-) = Ka1[H+]2/D, 
f(HA2-) = Ka1Ka2[H+]/D, and f(A3-) = Ka1Ka2Ka3/D, where [H+] is the molar concentration of protons and 
D = [H+]3+Ka1[H+]2+Ka1Ka2[H+]+Ka1Ka2Ka3. For the solid lines (—), Ka1 = 10-3.98, Ka2 = 10-4.62, and 
Ka3 = 10-5.17 are taken from the study of Zeng and Hu [3]. For the dashed lines (---), Ka1 = 10-3.98 is taken from 
the study of Zeng and Hu [3], whereas the apparent aKa2 = aKa3 = 10-5.01 are inferred from the titration curve 
in Fig. E.2. The vertical dotted line indicates a pH of 4.6, typically measured for a binary mixture of 3.0 wt% 
AGA and water. The GA molecule and the assignment of the respective pKa values is shown in the top. 
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Fig. E.4. Comparison of the SAXS data of a binary mixture of 1 wt% AGA and H2O and the SANS data of a 
binary mixture of 1 wt% AGA and D2O. 

 
Fig. E.5. Anisotropy of SAXS data of mixtures of (A) 0.5 wt% to 3.0 wt% AGA in water and (B) 3 wt% AGA 
and 0 wt% to 30 wt% EtOH in water is given as the mean PCA, calculated via Principal Component Analysis 
using SASET [4]. For each sample, eleven scattering data at different positions in the capillary were recorded. 
Anisotropy (PCA) was calculated for each measurement at a sample-to-detector distance of 5 m (mid-q 
range). The respective mean values of the eleven measurements (mean PCA) are given and the error bars 
indicate the lowest and the highest PCA values calculated for each sample, i.e., the error bars indicate the 
range of the obtained PCA values for the eleven measurements. 
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Fig. E.6. (A) Corrected 2D SAXS pattern (ID02, ESRF) for 1.5 wt% AGA in water. The qx and qy scale is 
given in nm-1; the straight arrow indicates the direction of the magnitude of the wavevector q (i.e., the scat-
tering angle theta); the circular arrow indicates the direction of the azimuthal angle Ψ, with a value fixed at 
0° for the main direction of anisotropy (as obtained by Principal Component Analysis, PCA), which on this 
figure corresponds coincidentally to the upper direction (for all samples, the anisotropy tends to be perpen-
dicular to the direction of the capillaries, which are horizontal, but the alignment moves around this direction). 
(B) 1D spectra obtained from the 2D pattern given in (A), with 4 sectors of 22.5° width centered at azimuthal 
angles of 0°, 45°, 90° and 135°, averaged with their opposite sectors (at 180°), and intensity as a function of 
the azimuthal angle taken in a small circle at q = 0.2 nm-1. (C) Applying PCA to the spectra obtained at several 
azimuthal angles, one obtains visually that there are two main components, which are in turn calculated using 
the Non-Negative Matrix Factorization (NNMF) built-in function in Matlab. All azimuthal data can be recon-
structed by combining linearly two q-dependent (Ψ-independent) intensity spectra (a simple decaying power-
law and a curve with a peak), and one Ψ-dependent (q-independent) anisotropy distribution: 
I(q,Ψ) = Iiso(q)+c(Ψ)·Ianiso(q). (D) Birefringence of a sample containing 3.0 wt% AGA in H2O observed at 
room temperature between crossed polarizers using a Leitz Orthoplan polarizing microscope (Wetzlar, Ger-
many) equipped with a JVC (Yokohama, Japan) digital camera (TK-C1380) at 100x magnification and 
120 μm sample thickness. The scale bar indicates a length of 100 μm. 
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Fig. E.7. SANS spectra of binary mixtures of AGA and D2O in a logarithmic scale. The AGA concentration 
ranges from 0.1 wt% to 3.0 wt%. A green color indicates a sol sample, while an orange color indicates a turbid 
gel. 

 
Fig. E.8. (A) Approximate structure factor S(q) of the data given in Fig. VI.4, as obtained by dividing the 
intensity I(q) by the intensity I(q)0.5 wt% of the sample containing 0.5 wt% AGA. (B) Experimental interaxial 
distance ξexp = 2π/qmax, as derived from the apparent structure factor (Fig. E.8A), as a function of the volume 
fraction of AGA. The dashed line indicates a slope of -0.48. 
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Fig. E.9. (A) SAXS spectra of binary mixtures of AGA and water with AGA concentrations ranging from 
0.5 wt% to 3.0 wt% in logarithmic scale. Sol samples are shown in green, while samples that formed a turbid 
gel are shown in orange. The black curve represents the scattering of pure water. Solvent scattering (H2O) is 
already subtracted from the scattering of the samples. (B) The form factor oscillations seen in the higher q-
range are given in a linear scale. The maxima of the form factor oscillations are indicated. 

 
Fig. E.10. Experimental interaxial distance ξexp = 2π/qmax, as derived from the apparent structure factor of the 
SAXS spectra of binary mixtures of 1.5, 2.0, 2.5, and 3.0 wt% AGA and water (Figs. VI.4A and E.8A), 
plotted against the theoretical mesh size ξcalc, calculated based on a hexagonal ordering of “infinite” fibrils. 
The fibrils were assumed to consist of stacks of AGA-dimers, as illustrated in Fig. VI.2E. ξcalc matches ξexp 
for two borderline cases: Either (a) (almost) all available AGA molecules form fibrils longer than the interax-
ial distance and the fibrils form some superhelices (double or triple helices) so that in average 1.1 fibrils form 
one superhelix, or (b) only 90% of the AGA molecules form long fibrils and the fibrils do not form superheli-
ces with one another at all. The calculation of ξcalc is given in Appendix E.3. Note that ξcalc matches ξexp for 
any intermediate case between (a) and (b), as long as the ratio of the fraction of AGA molecules participating 
in aggregation and the helicity is the same. 
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Fig. E.11. SAXS spectra in linear scale of ternary mixtures of AGA/EtOH/H2O at a constant AGA content of 
3 wt% and a varying EtOH content ranging from 0 wt% to 30 wt% in the q-range of the correlation peak. 
Note that the spectrum at 0 wt% EtOH is identical to the spectrum of the binary mixture of 3 wt% AGA and 
H2O in Figs. VI.3 and VI.4. The full spectra are given in logarithmic scale in Fig. VI.5. 

 
Fig. E.12. SAXS spectra in linear scale of samples containing 0.5, 1.0, 2.0, 3.0, 5.0, or 6.0 wt% AGA and 
30 wt% EtOH in H2O and of a sample containing 4.0 wt% AGA and 30 wt% EtOH in D2O in the q-range of 
the correlation peak. Corresponding solvent (30 wt% EtOH in H2O or D2O) backgrounds are subtracted. Note 
that the spectrum at 3.0 wt% was taken in a different series of measurements (see Figs. VI.5 and E.11) and 
only H2O was subtracted as background. The full spectra are given in a logarithmic scale in Fig. VI.6A. 
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Fig. E.13. Comparison of SAXS data of a sample containing 3 wt% AGA and 30 wt% EtOH in H2O with 
SANS data of samples containing 3 wt% AGA and 30 wt% EtOH or 30 wt% d6-EtOD in D2O in a logarithmic 
scale (A) and a linear scale (B). Error bars indicate the standard deviations obtained from the averaging of 
ten successive measurements at different positions in the capillary. Solvent (D2O or H2O) backgrounds are 
subtracted. 

 
Fig. E.14. D* values obtained as D* = 2π/qmax from the SAXS spectra of samples containing 2 wt% to 6 wt% 
AGA (shown in Figs. VI.6 and E.12) are plotted as a function of the number of AGA molecules per unit 
volume N(AGA). N(AGA) is the number of AGA molecules per unit volume that form aggregates. Thus, 
1.0 wt% AGA are subtracted, as there is virtually no scattering at 1.0 wt% AGA, which suggests that this 
amount of AGA molecules is dissolved as monomers (or dimers). The right axis gives the corresponding 
aggregation number, which is calculated assuming a local face-centered-cubic ordering of spherical aggre-
gates. 
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Fig. E.15. SAXS spectra of samples containing 3.0 wt% AGA in H2O at pH 3.99 (HCl), 4.65 (natural), 5.10 
(NaOH), 6.00 (NaOH), and 6.99 (NaOH) in a logarithmic scale. Scattering of water was subtracted as solvent 
background. 

 
Fig. E.16. (A) SAXS spectra of samples containing 3.0 wt% AGA in H2O (empty symbols) and (B) 30 wt% 
EtOH in H2O (full symbols) with various NaCl concentrations: 0 (black), 1 (blue), 3 (yellow), 10 (green), 30 
(orange), and 100 mM (red). Corresponding solvent backgrounds (including NaCl and EtOH) were sub-
tracted. The same spectra are given in a logarithmic scale in Fig. VI.7. 
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Fig. E.17. SAXS spectrum (I(q)·q versus q) of the sample containing 3.0 wt% AGA and 100 mM NaCl in 
H2O (see Figs. VI.7 and E.16). The simulations (continuous lines) use a form factor for a long cylinder with 
homogeneous circular cross-section and a structure factor for fractal clusters with a Gaussian cut-off (to ac-
count for the low-q upturn; fractal dimension 2.2). Simulations were obtained for a fixed cylinder radius of 
1.9 nm – in agreement with our geometric model –, for different cylinder lengths: 20 nm (orange), 25 nm 
(red), 30 nm (blue), and 35 nm (light blue). The mid-q data are best reproduced for a length close to 25 nm 
(although the actual length is certainly not uniform). Note that the high-q cannot be reproduced by a simple 
cylinder with homogeneous circular cross-section, as AGA forms helices and the aglycone/diglucuronate 
groups have significantly different X-ray contrasts; the simulations only aim at determining the most probable 
length of these helices. 
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Fig. E.18. Fits of SANS data of 0.1 wt% to 3.0 wt% AGA in D2O (Fig. E.7) to a form factor of rectangular 
cuboids [5] of sides 1.41 nm, 5.15 nm, and 28 nm. Top: Fit of the 0.3 wt% AGA solution with rectangular 
cuboids plus a Porod contribution (q-4) [6,7] to account for the low-q upturn. Bottom: Fits of the four concen-
trations with the same model, plus an ad hoc hard sphere structure factor [8] to produce a correlation peak for 
the two highest concentrations. 
For neutrons, the scattering contribution from AGA in D2O comes primarily from the aglycone moieties, due 
to the small amount of non-exchangeable protons in the glycone moieties. To test the hypothesized geomet-
rical model, given the lack of a form factor for helicoidal structures of the kind proposed, with two contrasts, 
the experimental data are compared to a simple form factor for rectangular cuboids, uniform in size (no pol-
ydispersity) and in scattering length density (single contrast towards the solvent). Note that the data for 
0.3 wt% AGA show no clear evidence of a structure factor due to strong interactions, as for data at 1 wt% and 
3 wt% AGA. Thus, the data for 0.3 wt% can be fitted to the form factor. Data for 0.3 wt% were chosen over 
data at 0.1 wt%, because those at 0.3 wt% have better statistics. With the addition of a structure factor for 
higher concentrations, the same model works well with the entire data set. 
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E.2. Calculation of the Overlap Volume Fraction of the 

Fibrils 

To calculate the overlap volume fraction φ*, we use the observed average fibrillar length 

of about 25 nm. We approximate the volume occupied per AGA fibril as the volume of a 

sphere with a diameter of 25 nm, i.e., V = (12.5 nm)3·π·4/3. Assuming that all AGA mole-

cules are available to form fibrils, the overlap volume fraction φ* is then obtained by mul-

tiplying V with the number of fibrils per unit volume (nm3) nF*. 

φ* = V·nF
*  (E.2.1) 

nF* is calculated by dividing the total available length of fibrils per unit volume (nm3) lT* by 

the average length of one fibril (25 nm). For a dimeric stacking of AGA molecules, see Fig. 

VI.2E, lT* is calculated as 

lT*  = 

β(AGA)
M(AGA) ·NA

β(AGA)
ρ(AGA) + 1-β(AGA)

ρ(H2O)

·
1
2 ·d , (E.2.2) 

where β(AGA) is the mass fraction of AGA, M(AGA) = 839.96 g·mol-1 is the molar mass 

of AGA, NA is the Avogadro constant, ρ(AGA) = 1.339 g·cm-3 = 1.339·10-21 g·nm-3 is the 

physical density of AGA at 25°C, ρ(H2O) is the physical density of water at 25°C, and d is 

the fibrillar length (along the helical axis) per individual (dimeric) stack of AGA. The fi-

brillar length per stack is not equal to the stacking distance of 0.61 nm, as derived by Saha 

et al. [9], but 0.30 nm, which is obtained by dividing the helical period of 9 nm by the 

number of AGA stacks in one period (≈30). 

 

E.3. 2D Mesh Size Expected for a Gel Made of “Infinite” 

Fibrils Aligned in a Hexagonal Cell 

In the case of only “infinite” fibrils forming the birefringent gel, we model the gel as fibrils 

aligned in a hexagonal cell. We consider one unit hexagon of volume V that is linked to the 

mesh size ξ (experimental ξexp or calculated ξcalc) in the following way. 
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V = 
3√3

2 ·ξ2·h (E.3.1) 

The hexagon’s height h is linked to the length of fibrils lT* “consumed” by one unit hexagon, 

i.e., the total available length of fibrils per unit volume lT*. 

lT*  = 
1

0.9 ·2·h (E.3.2) 

Combination of eq. (E.3.1) and (E.3.2) yields the relation between lT* and ξ. 

lT*  = 
2

3√3
·

2
0.9·ξ2 (E.3.3) 

lT* is also given by the mass fraction of AGA, β(AGA), if the fibrillar structure is known. 

We assume a dimeric stacking of AGA molecules, as shown in Fig. VI.2E, with a fibrillar 

length per AGA stack of d = 0.30 nm. Further, we introduce the parameter of helicity H 

(H ≥ 1) and the fraction of AGA molecules available for the formation of fibrils α 

(0 ≤ α ≤ 1). H is the average number of individual helical AGA fibrils (“strands”) forming 

one superhelical fibril. E.g., H = 1 means that the individual fibrils do not form superheli-

ces, whereas H = 2 means that two fibrils combine to one double helical fibril. lT* is then 

given by 

lT*  = 

β(AGA)
M(AGA) ·NA

β(AGA)
ρ(AGA) + 1-β(AGA)

ρ(H2O)

·
1
2 ·d·

α
H  , (E.3.4) 

where M(AGA) = 839.96 g·mol-1 is the molar mass of AGA, NA is the Avogadro constant, 

ρ(AGA) = 1.339 g·cm-3 = 1.339·10-21 g·nm-3 is the physical density of AGA at 25°C, and 

ρ(H2O) is the physical density of water at 25°C. 

By adjusting H and α, we can now calculate different values for ξcalc for the different con-

centrations of AGA using eqs. (E.3.3) and (E.3.4) and compare them to the experimental 

values ξexp to find the matching values for H and α. Since only the ratio of α and H is 

decisive for the result, a multitude of combinations of H and α lead to the same result. 

Nevertheless, two borderline cases can be deduced by either minimizing H or maximizing 

α. Note that this calculation is no longer valid if a larger portion of shorter fibrils is present, 

even if the short fibrils are also perfectly aligned in the same hexagonal cell, because there 
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are gaps between the fibrils parallel to the fibrillar axis. However, if the gaps are small, the 

error made by assuming only “infinite” fibrils is also small. 

 

E.4. Inference of Preferential Solvation from the For-

ward Scattering Intensity 

The scattering intensity of a population of discrete scatterers is written as 

I(q) = 
NP

Vtot
⋅〈V⋅ΔSLD〉2⋅P(q)⋅Seff(q) , (E.4.1) 

where NP is the total number of particles in the volume Vtot (NP/Vtot is the concentration of 

particles, called the number density), V the particle’s volume, ΔSLD the overall contrast 

(difference in Scattering Length Densities) between the particle of volume V and the me-

dium, P(q) the normalized form factor (P(0) = 1) describing the particles shape(s) and 

size(s), and Seff(q) the effective structure factor accounting for interactions between parti-

cles. The brackets 〈 〉 signify an average over all particles. 

If there are no interactions, which only happens for well dispersed (no aggregation) dilute 

(<1%) particles with no electrostatic repulsions (uncharged particles, or medium with low 

relative permittivity, or high ionic strength screening charges), then Seff(q) = 1. The forward 

scattering is then 

I(0) = 
NP

Vtot
⋅〈V⋅ΔSLD〉2	. (E.4.2) 

I(0) can be re-written as a function of the concentration c (in units of g·cm-3) and the molar 

mass M: 

I(0) = c⋅
M
ρ2 ⋅

(ΔSLD)2

NA
 (E.4.3) 

with the apparent physical density ρ and the Avogadro number NA. We then get 
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M = 
I(0)ρ2NA

c·ΔSLD2  . (E.4.4) 

Another useful re-writing of the forward scattering is to express it as a function of the vol-

ume fraction of scatterers ϕ (given that ϕ = 〈V〉·NP/Vtot). 

I(0) = ϕ⋅V⋅ΔSLD2 (E.4.5) 

The forward scattering is insensitive to solvation of the particle insofar as the solvent den-

sity remains the same as in the bulk, i.e., neglecting the solvation layer surrounding dis-

solved scatterers, and if the composition of the solvent remains the same as in the bulk for 

buffers and mixed solvents. This is because solvation increases the volume of the particle, 

but decreases the contrast, and these two effects cancel out. 

Binary mixtures of alcohols and water are non-ideal. However, the linear approximation 

holds within about 2% (see e.g., González et al. [10]), so we consider that apparent densities 

and molecular volumes are constant for our multi-component system (see Table VI.1). To 

simplify, we also consider that the counterions of AGA are condensed and not exchanged 

with other ions from the solution. 

In the case of SANS data for binary mixtures at 0.1, 0.3, 1.0, and 3.0 wt% (approximately 

1, 3, 10, and 30 mg·mL-1) in D2O, the fits proposed in Fig. E.18 give forward scattering 

intensities that increase linearly with the concentration of AGA: I(0) = 241.39·c-0.131, 

where I(0) is in units of cm-1 and the concentration c is in units of g·cm-3. The linear relation 

suggests a CAC of 0.54 mg·mL-1 (≈0.054 wt%). For neutrons, the contrast between D2O 

and AGA is 4.05·1010 cm-2 (see Table VI.1, with d = 1 for AGA). According to eq. (E.4.4), 

the molar mass of the self-assembled structure is therefore Magg ≈ 159000 g·mol-1, using 

the physical density ρAGA = 1.339 g·cm-3. An aggregation number of 189 is then obtained 

by dividing Magg by MAGA = 839.96 g·mol-1. Different simplified fits, see Sections VI.4.2. 

and VI.4.5., suggest an average fibrillar length of around 25 nm, corresponding to around 

3 helical periods per fibril. Thus, a number of around 30 dimeric AGA stacks per helical 

period can be derived from simple model fits and forward scattering. 

As the X-ray contrast between AGA and H2O (see Table VI.1) is 2.83·1010 cm-2, a forward 

scattering for SAXS of I(0) = c·118 cm2·g-1, where c is in units of g·cm-3 and I(0) is in units 

of cm-1, is expected for Magg ≈ 159000 g·mol-1. E.g., for a 1 wt% (≈10 mg·mL-1) AGA 
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solution, I(0) is expected to be around 1 cm-1, which is in line with the experimental results. 

In the case of ternary mixtures, we must consider the possibility that water and/or ethanol 

partition towards the self-assembled scatterer. Let ξw and ξa be the ratios of water and alco-

hol molecules per AGA molecule involved in the aggregate. 

Magg = NaggAMAGA+ξwMw+ξaMaB (E.4.6) 

SLDagg = 
vAGASLDAGA+ξwvwSLDw+ξavaSLDa

vAGA+ξwvw+ξava
 

(E.4.7) 

Neglecting the consumption of water and ethanol by the scatterer, the solvent’s SLD can 

be expressed as a function of the mass fraction of water βw in the water/alcohol binary 

mixture. 

SLDsolvent = ϕw,solventSLDw+ϕa,solventSLDa = 
SLDaρwA1-βwB+SLDwρaβw

ρwA1-βwB+ρaβw
 (E.4.8) 

The scattering curves obtained at 3 wt% AGA in a binary solvent at 30 wt% of ethanol (see 

Fig. E.13) can be rescaled to match approximately in scattering intensity. We deduce that 

the contrasts (which contribute to the square to the intensity) are √1.4 times smaller with 

h-ethanol than with d6-ethanol, and √3.5 times smaller for SAXS than for SANS (D2O/h-

ethanol). We therefore have two equations and two unknowns (ξw and ξa), from which we 

deduce ξw ≈ 0 and ξa ≈ 5.3.  
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cationic surfactant at various mass ratios and a constant total surfactant concentration 
of 1 g·L-1, as reported in [113]. Left: Sodium dodecyl sulfate (SDS) and 
cetyltrimethylammonium chloride (CTAC). Note that the tendency to precipitate is even 
more pronounced with dodecyltrimethylammonium chloride (DTAC), not shown here. 
Middle: SDS and C12EO1Ch. Right: SDS and C12EO3Ch. The photographs and 
information were taken with permission from [113] (Copyright © 2022 Elsevier B.V.). ......... 26 



List of Figures 
 

 336 

Fig. II.1. Binary phase diagrams of C8E8CH2COOH (here denoted as [H+][C8E8CH2COO-]), 
C8E8CH2COOH with 0.25 CaCl2 per C8E8CH2COOH molecule, and 
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examined liquid deviates from 0.25. Black dashed circles indicate the lower critical 
solution temperatures. The colored arrows at the top x-axis indicate the respective 
critical micelle concentrations at 25°C. 1ϕ I: Single isotropic phase. 2ϕ I/I: Two 
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crystalline headgroups is observed, whereas the headgroup interdigitated micellar L1’ 
phase is observed at higher temperatures. The whole spectrum is given in log-log scale 
in Fig. B.15B. .......................................................................................................................... 118 

Fig. III.10. A Generic phase diagram of [X+][C8E8CH2COO-] in water. The phase diagram was 
drawn based on the diagrams shown in this chapter. The vertical dashed line around 
60 wt% to 70 wt% [X+][C8E8CH2COO-] marks the transition from a core-shell micellar 
L1 phase and a headgroup interdigitated L1’ phase, here termed L1/L1’ phase. One tie-
line (lower solid horizontal line) indicates the compositions of the coacervate (C) and 
the supernatant (S) originating from an initial solution of composition (I) through auto-
coacervation. Tie-lines shown within the biphasic regime above the lower critical 
solution temperature (LCST) indicate the separation of a L1/L1’ phase from either a 
dilute L1 phase (if the initial concentration is below the L1/L1’ phase) or a more 
concentrated L1’ phase (if the initial concentration is above the L1/L1’ phase). 1ϕ: Single 
isotropic phase. 2ϕ: Two isotropic phases in equilibrium. L1: Solution of core-shell 
micelles. L1’: Headgroup-interdigitated micellar regime. L1/L1’: Transition state 
between L1 and L1’ (“flocculated” micellar regime). N: Nematic phase. H1: Hexagonal 
phase. Lβ: Semi-crystalline lamellar phase. Schematic drawings of the proposed phases 
for [Na+][C8E8CH2COO-] are shown on the right-hand side. Color code: Blue: water, 
orange: alkyl chains, green: (hydrated) headgroups, black: carboxylate groups, and red: 
sodium ions. Drawings are not to scale. ................................................................................. 123 

Fig. IV.1. (A) Binary phase diagram of Akypo® RO 20 VG (C18:1E2CH2COOH) in water after 
purification by ion exchange and cloud point extraction. Without purification, the Lβ 
phase is not formed within the observed temperature range, and an isotropic liquid phase 
is observed instead. (B) Binary phase diagram of Akypo® LF2 (C8E8CH2COOH) in 
water after cloud point extraction. The two empty stars indicate points, where tie lines 
(horizontal dotted lines) were determined. 1f I: Monophasic isotropic liquid. 2f I/I: 
Two isotropic liquids in equilibrium. In the notation 2f I/I, the former “I” regards the 
top phase, whereas the latter “I” regards the bottom phase. Lβ: Semi-crystalline lamellar 
phase. Dashed lines indicate extrapolations of the phase boundaries based on the data, 
but are not connecting two data points. .................................................................................. 142 

Fig. IV.2. Phase diagram of the C8E8CH2COOH/C18:1E2CH2COOH surfactant mixture in water at 
a fixed total surfactant content of 20 wt%. The mixing ratio of the two surfactants, given 
as R(C18:1E2CH2COOH), is varied. 1f I: Monophasic isotropic liquid. 2f I/I: Two 
isotropic liquids in equilibrium. In the notation 2f I/I, the former “I” regards the top 
phase, whereas the latter “I” regards the bottom phase. Lα: Lyotropic lamellar phase. N: 
Lyotropic nematic phase. The colored crosses indicate samples measured with SAXS. 
The three images depict sample 20M (20 wt% surfactant, 
R(C18:1E2CH2COOH) = 0.655) between crossed polarizers at 25°C (1f N), 35°C 
(1f Lα), and 40°C (1f I). Pictures were taken during heating of the sample from 10°C. 
After 30 min of equilibration at the respective temperature, the cylindrical glass tube 
(diameter ≈ 1.6 cm) containing the sample was placed horizontally (perpendicular to 
the direction of gravity) between crossed polarizers. The same phase diagram with both 
surfactants purified by ion exchange is shown in Fig. C.3. .................................................... 144 

Fig. IV.3. Pseudo-binary phase diagram of a C8E8CH2COOH/C18:1E2CH2COOH surfactant 
mixture with a fixed surfactant composition R(C18:1E2CH2COOH) = 0.655 in water as 
a function of the surfactant concentration. 1f I: Monophasic isotropic liquid. 2f I/I: Two 
isotropic liquids in equilibrium. In the notation 2f I/I, the former “I” regards the top 
phase, whereas the latter “I” regards the bottom phase. Lα: Lyotropic lamellar phase. N: 
Lyotropic nematic phase. Flow-BR denotes flow birefringence. The colored crosses 
indicate samples measured with SAXS using a color code related to temperature 
increase. The empty star indicates a point, where a tie line (horizontal dotted line) was 
determined. The shown polarizing microscope images were taken between crossed 
polarizers at a 100x magnification and sample thicknesses of 0.48 mm (70 wt%) and 
0.96 mm (20 wt% and 80 wt%). The scale bars indicate a length of 100 μm. A similar 
phase diagram with both surfactants purified by ion exchange is shown in Fig. C.7. ........... 148 

Fig. IV.4. (A) SAXS data of sample 5M_a_0.706, containing 5 vol% surfactant mixture purified 
by ion exchange with R(C18:1E2CH2COOH) = 0.706 in H2O, at different temperatures 



List of Figures 
 

 341 

between 5°C and 60°C. (B) SANS data of samples d-5M_a_0.677 (black), 
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d-5M_a_0.750 (dotted line). For details, see Figs. IV.5 and C.9 and Table C.2. (C) 
Comparison of SANS of sample d-5M_a_0.706 (black) and SAXS of sample 
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d-5M_a_0.706 at 20°C, fitted to an inhomogeneous lamellar form factor. Data and fits 
are shown in a Kratky plot. The solid red lines represent the best fits, while the dashed 
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is also in agreement with hydrocarbon chain interdigitation, as the cross-sectional polar 
radius decreases towards the equator of the oblate ellipsoid. Fitting parameters are given 
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Fig. IV.6. SAXS data of sample 20M, containing 20 vol% surfactant mixture with 
R(C18:1E2CH2COOH) = 0.655 in H2O, at various temperatures, taken during heating 
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during phase separation. The same temperature scans are given in Fig. C.12 for samples 
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 ................................................................................................................................................. 158 

Fig. IV.7. (A) SAXS data of nematic gel samples 15M, 20M, and 25M at 20°C, containing, 
respectively, 15 vol%, 20 vol%, and 25 vol% surfactant mixture with 
R(C18:1E2CH2COOH) = 0.655 in H2O. The same data can be seen in the temperature 
series given in Figs. IV.6 and C.12. (B) SANS data of corresponding nematic gel 
samples d-15M, d-20M, and d-25M at 20°C, containing the same volume fractions of 
surfactant in D2O with R(C18:1E2CH2COOH) = 0.655. (C) Repeat distance 
D* = 2π/qmax, obtained from the peak maxima in (A) and (B), as a function of the 
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Fig. IV.8. (A) pH (solid black line) and specific conductivity (dotted red line) measured during 
titration of a 20 wt% nematic gel (R(C18:1E2CH2COOH) = 0.655) with 1 M NaOH 
solution at 25°C. Dilution due to titration leads to a progressive decrease of the 
surfactant content to 13.3 wt%. 
f(RCOO- Na+) = n(RCOO- Na+)/[n(ROOH)+n(RCOO- Na+)] is the fraction of ionic 
surfactants with sodium as counterion in the surfactant mixture and was corrected by 
the obtained apparent acid fraction of 74.7%. (B) Phase diagram at a constant surfactant 
concentration of 20 wt% with R(C18:1E2CH2COOH) = 0.655 as a function of the degree 
of ionization. f(RCOO- Na+) was varied by addition of NaOH. The dashed red line is 
probed in the titration in (A), with the difference of a gradually decreasing surfactant 
concentration in (A). (C) pH (solid black line) and reduced molar conductivity (dotted 
red line) measured during titration of a 20 wt% nematic gel 
(R(C18:1E2CH2COOH) = 0.655) with 5 M NaCl solution at 27°C. Dilution due to 
titration leads to a progressive decrease of the surfactant content to 12.1 wt%. The linear 
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diagram as a function of the NaCl concentration, recorded by adding NaCl to a mixture 
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solubility limit of CaCl2, above which the mole ratio of CaCl2 and surfactant in the 
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nematic-to-L1/L1’ transition. The dotted blue line indicates the temperature, at which 
the hexagonal-to-nematic transition is expected to be. The sample containing 30 wt% 
of surfactant exhibits no phase transition and is located in the core-shell micellar regime 
(L1). The equilibration time at each temperature was 10 min. Above 35°C, the surfactant 
self-diffusion is higher at 65 wt% (L1/L1’) than at 30 wt% (L1), while it is lower below 
35°C. The reason for this is probably an interplay between the viscosity of the sample 
and the presence or absence of bulk water hindering the surfactant self-diffusion. The 
presence of bulk-water at 30 wt% [Na+][C8E8CH2COO-] decreases the surfactant self-
diffusion compared to the 65 wt% sample, where there is no longer bulk-water 
separating the micelles. On the other hand, the viscosity at 65 wt% is increased, 
especially at lower temperatures, compared to 30 wt%. ......................................................... 267 

Fig. B.9. 1H-NMR spectra (D1 2s, NS 8, DS 4, and TD 65k) at different temperatures obtained 
during cooling of a 65 wt% [Na+][C8E8CH2COO-] sample. A phase transition is 
indicated at 297 K, where the typical broadening of the signals on gel formation 
(hexagonal or nematic phase) starts. At temperatures below the transition temperature, 
most signals are absent due to the low T2 (spin-spin) relaxation times and the slow 
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Fig. B.10. Best fit (solid red line) to the SANS spectrum on absolute scale of a mixture of 30 wt% 
[Na+][C8E8CH2COO-] and D2O at 20°C (black squares) in logarithmic scale, using a 
prolate core-shell ellipsoid form factor and a Hayter-Penfold RMSA structure factor 
[1,2]. Fits were performed using the SasView package (version 5.0.4) [3]. The fit is 
constrained by keeping known parameters fixed (SLD of the core, SLD of the solvent, 
and volume fraction of the surfactant (φ = 0.284)), an approach initiated by Hayter and 
Penfold [4], and making sure that fitted parameters are self-consistent and make 
physical sense. For neutrons, the scattering length density (SLD) of the solvent D2O is 
6.39·10-4 nm-2. The SLD of the surfactant’s neat hydrophilic headgroup (C18O11H34Na, 
Vhead = 0.604 nm3) is 1.53·10-4 nm-2 and the SLD of the hydrophobic hydrocarbon chain 
(C8H17, Vchain = 0.247 nm3) is -0.42·10-4 nm-2. The molecular volume of the 
hydrocarbon chain is calculated by the addition of group contributions (CH3: 
0.0548 nm3 [5], CH2: 0.0274 nm3 [6]). From the density of neat [Na+][C8E8CH2COO-] 
at 25°C (ρ = 1.099 g·cm-3) and the surfactant’s molar mass of 563 g·mol-1, a molecular 
volume of 0.850 nm3 can be deduced for the whole surfactant (note that the neat 
[Na+][C8E8CH2COO-] at 25°C was in a subcooled state prior to forming a Lβ phase). 
Since the SLD of the shell can vary depending on the volume fraction of D2O (φD2O) in 
the shell, the SLD of the shell was fitted. However, the fitted SLD of the shell was 
compared to the SLD expected for the obtained volume fraction of water in the shell, 
i.e., the fitted SLD(shell) was compared to SLDcalc(shell) = φD2O·SLD(D2O)+(1-
φD2O)·SLD(head). φD2O was obtained from the fitted aggregation number Nagg and shell 
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volume Vs according to the equation 1-(Nagg·Vhead/Vs), where Vhead is the molecular 
volume of the headgroup. In addition to the already mentioned ones, the following 
parameters were used: background = 0.031 cm-1, equatorial core radius = 1.10 nm, core 
ellipticity = 1.27, shell thickness = 1.01 nm, SLD(shell) = 4.146·10-4 nm-2, and 
charge = 33 e. Further, the thickness of the shell was assumed to be uniform. The fitted 
values correspond to an aggregation number of 29 (obtained by dividing the core 
volume by the molecular volume of one chain) and an area per molecule of 0.627 nm2. 
It is important to note that the same fit can be produced with different combinations of 
radius and ellipticity, as long as the volume is constant. Even a core-shell model can be 
used to produce the same fit with a core radius of 1.2 nm. Thus, it is not possible to 
deduce the ellipticity of the micelles. Comment: In the concentrated L1’ regime, fits 
would not be very helpful, as the repulsive potential is no longer electrostatics plus some 
hard sphere potential. In the core-shell domain (L1), on the other hand, constrained fits, 
as shown in Fig. B.10, are possible. Further fits are not shown in this chapter, as they 
not substantially benefit the discussion. ................................................................................. 269 

Fig. B.11. Transition from the H1 phase to the L1/L1’phase as observed by polarized optical 
microscopy. Images of 58 wt% [Na+][C8E8CH2COO-] in water at different temperatures 
were taken through crossed polarizers with a 100x magnification. Scale bars indicate a 
length of 100 μm. Respective temperatures and phases, as deduced from SAXS and 
SANS, are indicated. H1: Hexagonal phase. N: Nematic phase. N+L1/L1’: Nematic 
phase and isotropic “flocculated” micellar phase (transition state between core-shell 
micellar L1 phase and headgroup interdigitated L1’ phase) in equilibrium. L1/L1’: 
“Flocculated” micellar phase. ................................................................................................. 270 

Fig. B.12. Equilibrium surface tension γ at 25°C for [H+][C8E8CH2COO-], [Na+][C8E8CH2COO-], 
[Ca2+][C8E8CH2COO-]2, [H+]0.5[Na+]0.5[C8E8CH2COO-], and [H+][C8E8CH2COO-] in 
presence of 0.25 mol CaCl2 per mol of surfactant in water as a function of the surfactant 
concentration. Note that the concentrations are related to the concentration of the 
surfactant anion [C8E8CH2COO-], i.e., [Ca2+][C8E8CH2COO-]2 is not accounted for as 
one complex. A second measurement around the surface tension minimum is shown for 
[Na+][C8E8CH2COO-] and [Ca2+][C8E8CH2COO-]2 (empty symbols). The minimum in 
surface tension is given as the respective CMC. CMC: 
c([H+][C8E8CH2COO-]) = 9.4 mmol·L-1 (0.51 wt%), 
c([Na+][C8E8CH2COO-]) = 12.5 mmol·L-1 (0.71 wt%), 
c([Ca2+][C8E8CH2COO-]2) = 12.0–12.7 mmol·L-1 (0.67–0.71 wt%), 
c([H+]0.5[Na+]0.5[C8E8CH2COO-]) = 11.3 mmol·L-1 (0.62 wt%), and 
c([H+][C8E8CH2COO-]+0.25 CaCl2) = 9.7 mmol·L-1 (0.52 wt%). CMC values also 
correspond to the respective upper limits of auto-coacervation. The increase in surface 
tension above the CMC is usually described by surface active impurities that are 
depleted from the surface above the CMC. A similar description may be feasible here, 
with the “impurities” being the proportion of the surfactant with a smaller number of 
EO-groups. Another effect may be the adsorption of micelles to the surfactant 
monolayer (interdigitating headgroups) at the water/air interface, forming an interphase 
which is thicker than the classical monolayer. Such effects have been reviewed by 
Thomas and Penfold (2015) [7]. ............................................................................................. 271 

Fig. B.13. I(q)·q2 plotted as a function of q for [H+][C8E8CH2COO-] at different concentrations 
after background subtraction, as derived from the respective SAXS spectra (Fig. III.8). 
The invariant Q * is determined as the integral after defining the baseline. The invariants 
of the coacervate SAXS spectra are determined analogously. ............................................... 272 

Fig. B.14. Concentration of [H+][C8EjCH2COO-] in the coacervate derived from the invariants. 
Invariants derived from coacervate SAXS spectra are compared to the invariants 
derived from [H+][C8E8CH2COO-] SAXS spectra at different concentrations (Fig. III.8). 
The coacervate was separated twice from two different 0.36 wt% [H+][C8E8CH2COO-] 
samples. Invariants suggest a surfactant concentration of 67 wt% and 74 wt%, 
respectively. However, since the coacervate is enriched in surfactants with shorter 
headgroups to give in average [H+][C8E5CH2COO-], the invariant has to be rescaled 
taking into account the increase in the volume fraction of the hydrocarbon core. At 
60 wt% of surfactant, the hydrocarbon core volume fraction increases from 0.175 for 
[H+][C8E8CH2COO-] to 0.202 for [H+][C8E5CH2COO-]. With the rescaled invariants, a 
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surfactant concentration of 58 wt% to 64 wt% is obtained. .................................................... 272 

Fig. B.15. (A) SWAXS of neat [H+][C8E8CH2COO-] at 20, 40, 60, and 80°C. Only the headgroup 
interdigitated L1’ phase is observed. (B) SWAXS of neat [Na+][C8E8CH2COO-] at 20, 
40, 60, and 80°C. At 20°C, a lamellar Lβ phase with crystalline headgroups in 
equilibrium with some L1’ phase is observed. At 40°C and above, the headgroup 
interdigitated L1’ phase is observed. ........................................................................................ 273 

Fig. C.1. Potentiometric pH titration of aqueous solutions of C8E8CH2COOH purified by cloud 
point extraction (black) and C8E8CH2COOH purified by ion exchange and cloud point 
extraction (red) at room temperature. For each measurement, 10 g of a 5 wt% surfactant 
solution were titrated with 3 mL of a 1 M NaOH solution. The bottom x-axis gives the 
amount of added NaOH in mmol per 1 g of surfactant present in the mixture. The top 
x-axis gives the molar ratio of NaOH and C8E8CH2COOH, assuming a surfactant molar 
mass of 541 g·mol-1 in both cases. .......................................................................................... 279 

Fig. C.2. Measured physical densities of C8E8CH2COOH (after cloud point extraction), 
C18:1E2CH2COOH (vacuum dried), as well as C8E8CH2COOH (pure acid) and 
C18:1E2CH2COOH (pure acid) after purification by ion exchange and cloud point 
extraction as a function of temperature. The given equations represent the functions of 
linear fits, where T is in units of °C. ........................................................................................ 279 

Fig. C.3. Phase diagram of the C8E8CH2COOH/C18:1E2CH2COOH surfactant mixture in water, 
using surfactants purified by ion exchange. The total surfactant content is fixed at 
20 wt%, while the mixing ratio of the two surfactants, given as R(C18:1E2CH2COOH), 
is varied. 1f I: Monophasic isotropic liquid. 2f I/I: Two isotropic liquids in equilibrium. 
In the notation 2f I/I, the former “I” regards the top phase, whereas the latter “I” regards 
the bottom phase. Lα: Lyotropic lamellar phase. Lβ: Semi-crystalline lamellar phase. N: 
Lyotropic nematic phase. Compared to the corresponding phase diagram using the 
unpurified surfactants, see Fig. IV.2, phase boundaries are generally shifted to higher 
temperatures and slightly higher values of R(C18:1E2CH2COOH). A small 2f I/I region 
around R(C18:1E2CH2COOH) = 0.2 and the 2f I/N region at higher 
R(C18:1E2CH2COOH) within the nematic domain disappear in the absence of nonionic 
(ester) impurities. In absence of nonionic impurities, the formation of a Lβ phase is 
facilitated, allowing its formation above R(C18:1E2CH2COOH) ≈ 0.9. Note that a 
different batch of purified C18:1E2CH2COOH was used compared to Fig. IV.1. The 
difference in melting temperature may be the result of a slightly different degree of 
purification, since the melting temperature is quite sensitive towards impurities. ................. 280 

Fig. C.4. (A) Flow curves (shear stress τ versus shear rate γ̇) obtained by measuring the same 
nematic gel containing 20 wt% surfactant mixture with R(C18:1E2CH2COOH) = 0.655 
three times at 25°C, shown in log-log scale. Note that the mixture was placed between 
the cone and the plate of the rheometer three separate times. The basic shape of the flow 
curves is identical. Small deviations can arise from air bubbles entrapped in the mixture. 
The curves exhibit two shear thinning regions that can both be fitted with the Herschel-
Bulkley (HB) fluid model [1]. At low shear rates (< 0.1 s-1) the curves are fitted with a 
first HB model (HB1, dashed lines), and at higher shear rates (≥ 0.4 s-1) a second HB 
model is applied (HB2, solid lines). The obtained parameters are given in Table C.1. As 
a result, two yield stresses τ0HB1 (≈ 1–3 Pa) and τ0HB2 (≈ 8–10 Pa) are obtained. The first 
region above τ0HB1 may be assigned to the movement of large domains of the gel, while 
the second range above τ0HB2 may be assigned to the movement of small nematic 
domains or individual discs, leading to microscopic shear alignment. (B) Flow curve 
τ(γ̇) of the first measurement, given in linear scale. (C) Apparent dynamic viscosity ηapp 
as a function of the shear rate for the first measurement. (D) Apparent dynamic viscosity 
ηapp as a function of the shear stress for the first measurement. ηapp measured close to 
the first yield stress τ0HB1 is above 1·104 Pa·s, while it is decreased to around 10 Pa·s 
close to the second yield stress τ0HB2. The viscosity at infinite shear η∞ is well below 
0.1 Pa·s. ................................................................................................................................... 281 

Fig. C.5. (A) Strain controlled amplitude sweep of a nematic gel containing 20 wt% of surfactant 
mixture with R(C18:1E2CH2COOH) = 0.655 at a constant angular frequency of 10 rad·s-1 
(1.592 Hz) to determine the linear viscoelastic region, which in this case extends up to 
a complex shear strain γ* of around 2%. (B) The same amplitude sweep as a function 
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of the complex shear stress σ*. The complex yield stress σy* = 0.85 Pa was determined 
as the point where the loss modulus G'' starts to increase. The complex flow-stress 
σf* = 13.5 Pa was determined as the crossover of G'' and the storage modulus G'. σy* is 
in the same order of magnitude as the yield stress τ0HB1 obtained from the Herschel-
Bulkley fits at low shear rates, while σf* is in the same order of magnitude as the yield 
stress τ0HB2 obtained from the Herschel-Bulkley fits at higher shear rates, see Fig. C.4 
and Table C.1. This is in agreement with the idea of initially only large domains moving 
above τ0HB1 (σy*), until small nematic domains or individual discs start to move above 
τ0HB2 (σf*). Between σy* and σf*, the loss modulus G'' increases because additional force 
is required due to internal friction between the large domains, while the storage modulus 
G' still exceeds G''. (C) Frequency sweep at a constant complex shear strain of 
γ* = 0.2%. The nematic gel is clearly viscoelastic with a damping factor of G''/G' = 0.1. 
G'' and G' both behave mostly linearly, the upturn at high angular frequencies ω 
probably being an artifact of the measurement. Since there is no crossover from G''>G' 
to G'>G'', the structure relaxation time is longer than the measured time scale (>30 s). 
Amplitude sweeps were also recorded at different frequencies ranging from 
6.28 rad·s-1 ≤ ω ≤ 100 rad·s-1, all giving similar values for σy* and σf*. Frequency 
sweeps were also performed at different complex shear strains, all giving similar results. 
The gap size used for the shown measurements is 500 μm. Note that the same 
measurements were also performed with a gap size of 1000 μm, giving similar results. ...... 282 

Fig. C.6. Images of sample 20M (20 wt% surfactant, R(C18:1E2CH2COOH) = 0.655) taken 
between crossed polarizers at 10°C to 25°C (1f N), 35°C (1f Lα), and 40°C (1f I). 
Pictures were taken during heating of the sample from 10°C. After 30 min of 
equilibration at the respective temperature with occasional mixing using a vortex mixer, 
the cylindrical glass tube (diameter ≈ 1.6 cm) containing the sample was placed 
horizontally (perpendicular to the direction of gravity) between crossed polarizers. ............ 283 

Fig. C.7. Pseudo-binary phase diagram of a C8E8CH2COOH/C18:1E2CH2COOH surfactant 
mixture in water with a fixed surfactant composition of R(C18:1E2CH2COOH) = 0.706, 
using surfactants purified by ion exchange. 1f I: Monophasic isotropic liquid. 2f I/I: 
Two isotropic liquids in equilibrium. In the notation 2f I/I, the former “I” regards the 
top phase, whereas the latter “I” regards the bottom phase. Lα: Lyotropic lamellar phase. 
N: Lyotropic nematic phase. Flow-BR denotes flow birefringence. The colored crosses 
indicate samples measured with SAXS. The phase diagram is similar to the phase 
diagram obtained with unpurified surfactants, see Fig. IV.3, the only noticeable 
difference being the flow birefringent phase at surfactant concentrations below 8 wt%, 
which is monophasic in absence of nonionic (ester) impurities but biphasic in their 
presence. Note that the surfactant ratio was adjusted from R(C18:1E2CH2COOH) = 0.655 
using the unpurified surfactants to R(C18:1E2CH2COOH) = 0.706 using the purified 
surfactants to ensure the presence of a nematic phase from 10°C upwards. The shift of 
the nematic domain to higher R(C18:1E2CH2COOH) with purified surfactants can be 
seen comparing Figs. IV.2 and IV.3. ....................................................................................... 283 

Fig. C.8. Partial phase diagrams of the C8E8CH2COOH/C18:1E2CH2COOH surfactant mixture in 
H2O (l) or D2O (¡), using surfactants purified by ion exchange. The total surfactant 
content is fixed at 20 vol% (20.0 wt% in H2O, 18.4 wt% in D2O), while the mixing ratio 
of the two surfactants, given as R(C18:1E2CH2COOH) is varied. 1f I: Monophasic 
isotropic liquid. 2f I/I: Two isotropic liquids in equilibrium. In the notation 2f I/I, the 
former “I” regards the top phase, whereas the latter “I” regards the bottom phase. Lα: 
Lyotropic lamellar phase. Lβ: Semi-crystalline lamellar phase. N: Lyotropic nematic 
phase. The whole phase diagram in H2O, covering the whole range of 
R(C18:1E2CH2COOH), is given in Fig. C.3. In D2O the same phase behavior is observed, 
but phase boundaries are all shifted to lower temperatures by up to 20°C. ........................... 284 

Fig. C.9. (A) SANS data (black squares) of sample d-5M_a_0.706 at 20°C, containing 5.0 vol% 
(4.5 wt%) surfactant mixture with R(C18:1E2CH2COOH) = 0.706 in D2O, fitted to the 
form factor of an oblate core-shell ellipsoid using the SasView package (version 5.0.4) 
[2]. (B) SANS data (black squares) of sample d-5M_a_0.706 at 20°C, fitted to an 
inhomogeneous lamellar form factor using the SasView package (version 5.0.4) [2]. 
The data and fits are shown in linear scale in a limited q-range in the low-q region. The 
solid red lines represent the best fits, while the dashed red lines visualize the influence 
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of a change in Rcpol or Ltail, respectively. If Rcpol or Ltail equal 2.0 nm, they correspond 
to the length of a C18:1 chain. The lamellar model clearly suggests interdigitation of the 
hydrocarbon chains with Ltail = 1.23 nm and the oblate ellipsoidal model suggests an 
equatorial core radius close to 2 nm. The latter case is also in agreement with 
hydrocarbon chain interdigitation, as the cross-sectional polar radius decreases towards 
the equator of the oblate ellipsoid. Fitting parameters are given in detail in Table C.2. 
The whole recorded q range is given as a Kratky plot in Fig. IV.5. ........................................ 284 

Fig. C.10. (A) The ratio of the position of the structure factor peak maximum, qmax, to the full 
width at half maximum (FWHM) of the peak is plotted for the SAXS data of sample 
20M, given in Fig. IV.6, as a function of temperature. 1f Ν denotes a nematic phase, 
whereas 1f Lα denotes a (pseudo-)lamellar phase. (B) 2D SANS pattern of sample d-
20M at 20°C. Scattering is anisotropic with the highest intensity found in a sector of 
φ ≈ 30°. Anisotropy originates from the shear-induced alignment of bicelles (discs) on 
cuvette filling, leaving most of the bicelles oriented along the direction of shear with a 
tilt ≤15° relative to the shear axis. ........................................................................................... 286 

Fig. C.11. Radially averaged SANS data of sample d-20M at 20°C (black) and 33°C (red). The 
solid red line is a fit of the 33°C scattering data to a core-shell ellipsoid form factor and 
an applied Hayter-Penfold RMSA structure factor [3,4] using the SasView package 
(version 5.0.4) [2]. Detailed parameters are given in Table C.2. The sample contains 
20 vol% of surfactant mixture in D2O and is a nematic gel (1f N) at 20°C and an 
isotropic liquid (1f I) at 33°C. The respective 2D scattering patterns are shown. Due to 
the five-detector setup and anisotropy in scattering at 20°C, radial averaging leads to a 
slight mismatch between the different q-ranges, mainly visible around q = 0.5 nm-1. ........... 286 

Fig. C.12. (A) SAXS data of sample 15M, containing 15 vol% (= 15 wt%) surfactant mixture with 
R(C18:1E2CH2COOH) = 0.655 in H2O, at various temperatures, taken during heating 
from 5°C to 60°C. At 5°C to 30°C, the sample is a nematic phase (1f N), where 
birefringence and viscosity increase with increasing temperature. At 35°C, a pseudo-
lamellar phase (1f Lα) is formed, which transitions into an isotropic phase (1f I) at 
40°C. At 45°C and above, phase separation into a dilute bottom phase and a surfactant-
rich top phase occurs. (B) SAXS data of sample 25M, containing 25 vol% (= 25 wt%) 
surfactant mixture with R(C18:1E2CH2COOH) = 0.655 in H2O, at various temperatures, 
taken during heating from 5°C to 60°C. At 5°C and 10°C, an isotropic phase is in 
equilibrium with a lamellar Lα phase, resulting in a turbid mixture. At 15°C to 30°C, the 
sample is a nematic phase (1f N), where birefringence and viscosity increase with 
increasing temperature. At 35°C, a pseudo-lamellar phase (1f Lα) is formed, which 
transitions into an isotropic phase (1f I) at 40°C. At 45°C and above, phase separation 
into a dilute bottom phase and a surfactant-rich top phase occurs. The measured points 
are indicated in the phase diagram in Fig. IV.3. SAXS data of sample 20M of the same 
dilution series are shown in Fig. IV.6. ..................................................................................... 287 

Fig. C.13. Repeat distance D* = 2π·qmax-1 as a function of temperature, calculated from the peak 
positions of the SAXS data of samples 15M, 20M, and 25M, containing, respectively, 
15, 20, and 25 vol% of surfactant, R(C18:1E2CH2COOH) = 0.655, in H2O. The data are 
shown in Figs. IV.6 and C.12. The respective phases at the different temperatures are 
indicated, and can be inferred from the phase diagram in Fig. IV.3. 1f N: Nematic phase. 
1f Lα: Pseudo-lamellar phase. 1f I: Isotropic phase. 2f I/I: Two isotropic phases in 
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Fig. C.14. Semi-logarithmic representation of SAXS data of sample 20M, containing 20 vol% 
(= 20 wt%) surfactant mixture with R(C18:1E2CH2COOH) = 0.655 in H2O, at 20°C (full 
symbols) and after re-cooling from 60°C to 20°C (empty symbols). As can be seen in 
Fig. IV.3, heating the nematic sample 20M to 60°C eventually leads to phase separation 
into an isotropic surfactant-rich and an isotropic dilute aqueous phase. On re-cooling 
the two separated phases, the surfactant-rich phase forms a lyotropic lamellar Lα phase, 
which is seen in the scattering curve. Note that the same data are shown in Fig. IV.6. .......... 288 

Fig. C.15. SAXS data of sample 20M* similar to sample 20M, also containing 20 vol% surfactant 
mixture with R(C18:1E2CH2COOH) = 0.655 in H2O, at various temperatures, taken 
during heating from 5°C to 60°C and after re-cooling to 20°C. The difference to sample 
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20M is that the surfactant C18:1E2CH2COOH was used after vacuum drying, which leads 
to the slow formation of esters between carboxylic acids and nonionic impurities as a 
consequence of a shift in equilibrium due to water removal. The increased ester content 
leads to a small shift of the phase boundaries compared to those shown in Figs. IV.2 and 
IV.3. At 5°C to 35°C, the sample is a nematic phase (1f N), where birefringence and 
viscosity increase with increasing temperature. At 40°C, a pseudo-lamellar phase 
(1f Lα) is formed. At 45°C and above, phase separation into a dilute bottom phase and 
a surfactant-rich top phase occurs. Scattering at 45°C, around the phase transition 1f I 
® 2f I/I, closely resembles that of the monophasic isotropic phase (1f I) obtained for 
samples 15M, 20M, and 25M, see Figs. IV.6 and C.12. ......................................................... 288 

Fig. C.16. Repeat distance D* = 2π/qmax, obtained from the SAXS peak maxima in Figs. IV.6 and 
C.12, as a function of the number of surfactant molecules per unit volume N(surfactant). 
The lines represent linear fits. ................................................................................................. 289 

Fig. C.17. Phase diagram recorded by addition of NaCl to a mixture with an initial surfactant 
concentration of 20 wt% with R(C18:1E2CH2COOH) = 0.655 and an initial 
f(RCOO- Na+) = n(RCOO- Na+)/[n(ROOH)+n(RCOO- Na+)] = 0.1, corrected for an 
apparent acid fraction of 74.7 mol% (see Fig. IV.8A), as a function of the NaCl 
concentration. The bottom x-axis gives the mole ratio of NaCl and carboxylate 
surfactants (RCOOX = RCOOH + RCOO- Na+), considering an apparent acid fraction 
of 74.7 mol%, while the top x-axis gives the molar concentration of NaCl. ......................... 289 

Fig. C.18. Phase diagram at a constant surfactant concentration of 20 wt% with 
R(C18:1E2CH2COOH) = 0.655 as a function of the degree of surfactant ionization, varied 
by addition of Ca(OH)2. 
f[RCOO- (Ca2+)0.5] = n(RCOO- (Ca2+)0.5)/[n(ROOH)+n(RCOO- (Ca2+)0.5)] is corrected 
for an apparent acid fraction of 74.7 mol% (see Fig. IV.8A). ................................................ 290 

Fig. C.19. Phase diagram recorded by addition of CaCl2 to a mixture with an initial surfactant 
concentration of 20 wt% with R(C18:1E2CH2COOH) = 0.655 and an initial 
f[RCOO- (Ca2+)0.5] = n(RCOO- (Ca2+)0.5)/[n(ROOH)+n(RCOO- (Ca2+)0.5)] = 0.3, 
corrected for an acid fraction of 74.7 mol% (see Fig. IV.8A), as a function of the CaCl2 
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fraction of 74.7%, while the top x-axis gives the molar concentration of CaCl2. The right 
y-axis gives the measured pH (orange crosses). The horizontal orange dashed line 
indicates the pH of a respective mixture of the two acidic surfactants, i.e., at 
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for the low-q upturn. Bottom: Fits of the four concentrations with the same model, plus 
an ad hoc hard sphere structure factor [8] to produce a correlation peak for the two 
highest concentrations. For neutrons, the scattering contribution from AGA in D2O 
comes primarily from the aglycone moieties, due to the small amount of non-
exchangeable protons in the glycone moieties. To test the hypothesized geometrical 
model, given the lack of a form factor for helicoidal structures of the kind proposed, 
with two contrasts, the experimental data are compared to a simple form factor for 
rectangular cuboids, uniform in size (no polydispersity) and in scattering length density 
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Vc = 4πRc3/3. Ac: Surface area of the hydrocarbon core, Ac = 4πRc2. a: Area per 
molecule, a = Ac/Nagg. Vs: Volume of the shell, Vs = 4πReff3/3-Vc. νhead: Volume fraction 
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