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Kurzzusammenfassung 

Im Rahmen dieser Arbeit wurden mizellare lyotrop-flüssigkristalline Gele als eine neue Klasse 

komplexer, weicher Materialien etabliert. In diesen lyotrop-flüssigkristallinen (LFK) Gelen wird die 

Anisotropie einer tensidbasierten lyotrop-flüssigkristallinen Phase mit der Elastizität und der 

mechanischen Stabilität eines selbstassemblierten, fibrillarem Gelnetzwerk, welches von einem 

niedermolekularen Gelator gebildet wird, kombiniert. Solche LFK Gele sind von Interesse, da sie als 

wasserbasierte Systeme einen Einsatz in biomedizinischen Anwendungen finden könnten. Außerdem 

können LFK Gele als lyotropes Pendant zu thermotropen flüssigkristallinen Elastomeren (FKE) 

betrachtet werden, welche heutzutage das Rückgrat des bedeutenden Gebiets der biomimetischen 

Aktuation und weichen Robotik darstellen. Im Gegensatz zu FKEs sind lyotrop-flüssigkristalline Gele 

einfach in ihrer Herstellung und verträglich mit wässrigen Systemen. Daher sind LFK Gele eine 

vielversprechende neue Art flüssigkristalliner Netzwerke, die auf eine Vielzahl externer Stimuli, wie 

Dampfdruck, pH-Wert oder Ionenkonzentration reagieren könnten.  

Der Ausgangspunkt dieser Dissertation waren die folgenden zwei grundlegenden Fragestellungen:  

1) Ist es möglich alle vier flüssigkristallinen Phasen (lamellare Lα, nematische Nd oder Nc, hexagonale 

H1 Phase) des lyotropen Systems H2O – n-decanol – SDS in den Gelzustand zu überführen, während 

die jeweilige flüssigkristalline Ordnung bei der Gelierung erhalten bleibt?  

2) Wie beeinflussen sich Gelnetzwerk und flüssigkristalline Phase gegenseitig in ihrer Struktur und 

ihren Eigenschaften?  

Zunächst wurde ein kontrolliertes und reproduzierbares Verfahren für die Herstellung von LFK Gelen 

entwickelt. Dadurch war es möglich lyotrop lamellare, nematische und hexagonale Gele zu erhalten, 

vorausgesetzt der Gelator erfüllt gewisse Anforderungen. Zum Beispiel ist der Schlüssel zu 

lyotrop-nematischen Gelen die Verwendung eines Gelators, dessen Molekülstruktur nicht amphiphil 

ist und der daher nicht in die Mizellen eingelagert werden kann und so die Mizellform weitestgehend 

unverändert lässt.  

Die zweite Erkenntnis die im Rahmen dieser Arbeit gewonnen wurde ist, dass das Verhältnis von 

Fibrillendurchmesser und intermizellaren Abstand, bzw. lamellarer Wiederholungseinheit 

entscheidend die Struktur des LFK Gels bestimmt. In lyotrop-lamellaren Gelen bilden sich neue 

synergistische Strukturen, die weder in der gelatorfreien lamellaren Phase noch in einem isotropen 

mizellaren Gel auftreten. Jedoch bilden sich diese nur wenn die Dicke der Gelfibrillen die lamellare 
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Schichtdicke deutlich übersteigt. In einer elastischen Antwort der lamellaren Phase auf die dicken 

Gelfibrillen biegen sich die lamellaren Schichten zu Zylindern, die koaxial die Fibrille umschließen. 

Ähnliche Strukturen werden auch in Nervenzellen beobachtet, in denen Axons von zylindrischen 

Myelinschichten umschlossen werden.   

Auch die eukaryotische Zelle kann als komplexes Biogel angesehen werden, da die Zellmembran, 

welche eine selbstorganisierte Phospholipiddoppelschicht darstellt, mit dem Zytoskelett koexistiert, 

welches ein ausgefeiltes Gelnetzwerk ist. Mizellare lyotrop-flüssigkristalline Gele können daher als 

eine neue Art gelierter komplexer weicher Materie betrachtet werden, welche spontan biomimetische 

Strukturen bilden können. 



 

 

Abstract 

Within the scope of this work micellar lyotropic liquid-crystalline (LLC) gels were established, which 

are a new category of complex soft materials. In LLC gels the anisotropy of a surfactant-based 

lyotropic liquid-crystalline phase is combined with the elasticity and mechanical stability of a 

self-assembled fibrillar network formed by a low molecular weight gelator (LMWG). Such LLC gels 

are of interest since they constitute water-based systems very likely usable in biomedical applications. 

Additionally, they can be considered as the lyotropic counterpart to the thermotropic liquid-crystalline 

elastomers (LCEs), which are today the backbone of the much-noticed field of biomimetic actuation 

and soft robotics. In contrast to LCEs, LLC gels are easy and cheap in fabrication and compatible to 

aqueous systems. Thus, LLC gels are promising new LC networks which might respond to a broad 

range of external stimuli, such as vapor pressure, pH-value or ion concentration. 

The starting point of this dissertation were the following two fundamental research questions:  

1) is it possible to transfer all four liquid-crystalline phases (lamellar Lα, nematic Nd or Nc, 

hexagonal H1) of the lyotropic model system H2O – n-decanol – SDS into the gelled state with the 

respective LC order conserved during gelation? And 2) how does the gel network influence structure 

and properties of the liquid-crystalline phase and vice versa?  

First, a controlled and reproducible procedure for the fabrication of LLC gels was developed. By doing 

so, lyotropic lamellar, nematic and hexagonal gels were obtained, if the gelator fulfills certain 

requirements. For example, the key to achieve lyotropic nematic gels is the use of LMWGs, which 

have a non-amphiphilic molecular structure and thus cannot be incorporated into the micelles leaving 

the shape and composition of the micelles essentially unmodified.   

The second conclusion of this work is that the relation of the gel fiber diameter and the interlayer 

distance crucially determines the structure of the formed LLC gel. If the fiber thickness considerably 

exceeds the lamellar repeat unit new synergistic structures are formed in lyotropic lamellar gels, which 

neither appear in the gelator-free Lα phase nor in a micellar isotropic gel. As an elastic response to the 

thick gel fibers, the lamellar layers bend into closed cylinders which coaxially enclose the fiber. 

Similar structures are also found in neural cells, where axons are cylindrically enclosed by lamellar 

myelin sheets.   

Additionally, the eukaryotic cell can be regarded as a complex biogel, since the cell membrane, a self-

assembled fluid phospholipid bilayer, coexists with the cytoskeleton, which is a sophisticated gel 
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network. Micellar lyotropic liquid-crystalline gels can thus be considered as a new kind of gelled 

complex soft matter spontaneously forming biomimetic structures.  

 



 

 

1 Introduction into the world of anisotropic gels 

The focus of this thesis is on micellar lyotropic liquid-crystalline gels, which are formed by the 

combination of micellar lyotropic liquid crystals and self-assembled fibrillar networks. Hence, an 

anisotropic gel results. Different types of anisotropic gels are nowadays known, in which the gel 

formation and the anisotropy of the gels are achieved via different ways. This chapter is intended to 

give an overview of the various kinds of anisotropic gels, classify them and emphasize what is new 

and interesting about our approach to implement micellar lyotropic liquid crystalline physical gels as 

a special type of anisotropic gels.   

Before dealing with anisotropic gels, the fundamental question: “What is a gel?” has first to be 

answered. Textbooks and review articles on gels often start with the famous quote of Dr. Dorothy 

Jordan Lloyd from 1926: “The colloid condition, the gel, is one which is easier to recognize than to 

define”.[1] This quote simultaneously refers to the complexity of gels, as well as to their most striking 

property, which is the fact that gels, although dilute systems, do not exhibit steady state flow. Testing 

for this characteristic is till today often applied to recognize gels and is also used in this work to 

determine whether or not a sample is gelled. Another phenomenological definition for gels, which is 

also a part of the IUPAC definition[2], is that gels “exhibit mechanical properties characteristic of the 

solid state”[3], i.e. “a gel has a finite, usually rather small yield stress.”[2] Due to the variety of gel 

types, it is often preferred to define a gel by its properties, rather than by its structural characteristics. 

However, most definitions refer to both, the properties and the structure of a gel.[1,3–5]  

The first applicable structural definition of a gel was made by Jordan Lloyd: [Gels] “must be build up 

from two components, one of which is a liquid at the temperature under consideration, and the other 

of which, the gelling substance, often spoken of as the gelator, is a solid”.[1] Even though this definition 

does not apply for all systems, which are today considered as gels, it is still useful since it covers all 

gels, in which a gelator forms a three-dimensional network, which macroscopically immobilizes the 

solvent molecules giving rise to its solid-like appearance and properties, like e.g. elasticity.[6] Flory 

states that the common feature of all gels is “the presence of a continuous structure”, which is 

permanent.[4] Based on this, Weiss and Térech classify gels as systems that meet the following two 

conditions: “(1) [A gel] has a continuous microscopic structure with macroscopic dimensions that is 

permanent on the time scale of an analytical experiment and (2) is solid-like in its rheological behavior 

(no flow but elasticity) despite being mostly liquid.”[5]  

Today, the general IUPAC definition for a gel is a “non-fluid colloidal network or polymer that is 
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expanded throughout its whole volume by a fluid”.[2] With this definition the IUPAC follows 

Kramer et al., who claim that in a gel one of the components has to be a liquid, simultaneously 

excluding xero- and aerogels (dried out open structure with a collapsed or retained network, 

respectively), as well as dried silica gels and unswollen cross-linked rubber from the term “gel”.[7] 

Contrary, Flory[4], as well as Weiss and Térech[5], don’t make a statement on number and nature of 

components in the gel system.  

The large number of different gel types makes it necessary to classify them. Flory[4] distinguished 

between four types of gels; the same classification is still used by IUPAC[2], which added a fifth 

category as follows: 

1) Polymeric network formed by covalent cross-linked 

2) Polymeric network formed by physical aggregation of polymer chains 

3) Polymeric network formed by glassy junction points. (This category is added by IUPAC to 

complete the list of Flory) 

4) Lamellar structures, including mesophases 

5) Particulate disordered structures 

The last category covers all gels where a percolation of particles with large geometrical anisotropy 

occurs. This includes fibrillar protein gels[8,9] and neurofilament physical gel networks[10], as well as 

artificial gel networks comprised of supramolecular fibrils[11], which is the type of gel used in this 

work. The category also contains all gels formed by anisometric colloidal particles, such as clay 

platelets[12], rod-like cellulose nanocrystals[13,14] and long, flat vanadium pentoxide (V2O5) 

ribbons[15,16].  

At this point it is important to clarify the difference between a gel and a glass, since both are 

non-equilibrium systems showing solid-like behavior. They can be experimentally difficult to 

distinguish since both show no flow in inverted test tubes, they have similar mechanical properties 

(elastic storage modulus larger than loss modulus) and dynamical behavior (large relaxation 

times).[17,18] Nevertheless, there is a crucial difference. In a gel the solid-like character stems from the 

aggregation of particles into an infinite percolated network, while in a glass a caging effect by the 

surrounding particles limits the mobility of the included particle, preventing the structure from re-

organization.[19,20] Thus, during the liquid-glass transition the system is vitrified, but both liquid and 
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glass have intrinsically the same structure characterized by the interparticle distance.[18] The glass 

structure is homogenous at length scales larger than the interparticle distance and the corresponding 

liquid contains just the single particles and no precursors.[18] The interactions in a glass are 

predominantly repulsive (caging effect),[17,18] although also attractive glasses were reported.[18,21] In 

contrast, the sol-gel transition is characterized by the formation of a continuous network due to 

attractive interactions between the particles.[18] Already in the sol, clusters with a finite life time are 

present, hence there are in principal liquid (monomeric particles) to sol (small clusters that not span 

the volume) transitions possible.[18] A gel is characterized by the length between two adjacent 

junctions in the network (mesh size), which is much larger than the interparticle distance. Thus, to 

distinguish between a glass and a gel small-angle scattering techniques can be applied.[18]  

The fourth category, gels with lamellar structures, includes the lamellar gel phases Lβ and Lβ´. In these 

phases, the gel-like properties result from frozen dynamics of the lipid chains within the bilayer.[22,23] 

Although these phases are generally referred to as gel phases, there is no network formation. But there 

are other types of gelled lamellar structures, in which a network exists, even though it is not apparent 

at first glance. Hydrogels of space-filling multilamellar vesicles are known, where “the interlocked 

multilamellar vesicles form a sturdy network that holds the solution and imparts the solidlike 

behavior”.[24] Another type of gels that belongs into this category are so-called Lα,g (α = fluid 

membranes, g = gelled lamellar phase) phases. Here, the Lα phase is gelled by the introduction of 

topological defects, which are simultaneously promoted and stabilized by (a) short poly(ethylene 

glycol)-based (PEG) amphiphilic block copolymers decorating the membrane[25–27] or (b) ionic 

surfactants like SDS[28], or partly caboxylated head groups of a glucolipid surfactant[29]. In (a) and (b), 

the larger head group areas of PEG lipids and ionic surfactants compared to the one of non-ionic 

surfactants result into an increase of the membrane curvature (see chapter 3.1). The PEG lipids and 

ionic surfactants segregate into the regions with high-curvature, which are defects, thus proliferating 

and stabilizing other defects. Around the topological defects, small domains oriented in all directions 

are formed creating an effective 3D structure, i.e. connected membranes percolate throughout the 

sample. Since no flow occurs along the layer normal a gel phase is formed.[25–29]  

From a more practical point of view, it is reasonable to classify gels according to the medium in which 

the network is formed (water, organic solvent, liquid crystal), according to the constitution of the 

networks’ backbone (polymeric chains, supramolecular fibrils, anisometric colloidal particles) and the 

type of the cross-linking (chemical/physical), as it is shown in Figure 1.1. In principal, when the 

network is formed by physical cross-linking, the gel formation is reversible.  
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Figure 1.1: a) Classification of gels according to the type of network. b) Classification of gels according to the 
medium in which network formation takes place. Modified from Ref.[11] 

According to Flory, the polymer chains or particles are disordered.[4] However, polymer chains, fibrils 

or particles can be ordered, giving rise to anisotropic gels with the fibrils, polymeric chains or 

nanoparticles themselves being the mesogenic building blocks. A second way to achieve anisotropic 

gels is by forming an isotropic 3D network in an anisotropic solvent, i.e. in either a thermotropic liquid 

crystal, a micellar lyotropic liquid crystal or a particle-based lyotropic liquid crystal. Due to the 

long-range orientational order of the liquid-crystalline solvent, the fibers can align and orient 

themselves, a mechanism which is called templating.[30]  

In the following paragraph, examples for different kinds of anisotropic gels are listed, without any 

claim for completeness and with the focus rather on the gel structure than on applications. 
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1.1 Anisotropic chemically cross-linked hydrogels 

In a chemically cross-linked hydrogel, the 3D network component is a cross-linked hydrophilic 

polymer (e.g. polyacrylamide) that has the ability to adsorb large amounts of water. Their striking 

feature is a stimuli-responsive swelling behavior, i.e. a swelling or deswelling due to the formation or 

breaking of hydrogen bonds between water and the polar functional groups of the polymer, induced 

by e.g. a change in temperature. Thus, hydrogels are applied in soft biomimetic actuating systems.[31–

33] Their water-rich structure makes hydrogels promising candidates for the fabrication of artificial 

tissues or organs. Nevertheless, most biological systems have anisotropic structures necessary for 

particular functions. Thus, there is an ongoing research interest in anisotropic hydrogels to achieve 

biomimetic structures.[34]  

The different routes to anisotropic hydrogels are summarized in Figure 1.2. One way is to align single 

polymer chains by stretching or compressing them unidirectionally and fix the induced anisotropy 

subsequently by in situ polymerization (UV-light induced) as shown in Figure 1.2a. Another approach 

is to carry out the polymerization in a solution of 1D or 2D nanofillers, which are mostly colloidal 

lyotropic liquid crystals (see Figure 1.2b). Colloidal LLCs can be formed from e.g. inorganic 

nanosheets[35,36], clay nanosheets[37], graphene oxide nanosheets[38], carbon nanotubes[39], or collagen 

nanofibers[40], which are macroscopically aligned by either mechanical methods (shear) or 

field-assisted methods (electric or magnetic field) prior to photopolymerization.[34] Additionally, 

anisotropic hydrogels can be obtained from alternating stacks of uniaxially aligned rigid bilayers from 

polymerizable surfactant and intermediate soft hydrogel matrices.[41–44] Another possibility is to use a 

liquid-crystalline polymer network and a hydrogel network which interpenetrate each other.[45] The 

entrapment of a thermotropic liquid crystal in a hydrogel matrix leads to an anisotropic hydrogel as 

well.[46]  

Even more obvious is the combination of micellar lyotropic liquid crystals with hydrogels. Liquid 

single crystal hydrogels are formed by aligning micelles or membranes consisting of polymerizable 

surfactants and subsequent polymerization with cross-linkers.[47,48] Nanostructured hydrogels are 

likewise accessible by the polymerization of a non-surfactant monomer in the continuous water region 

of a LLC, such that the properties of the LLC are transferred to the hydrogel.[49] The LLC can either 

remain in the hydrogel matrix (confined LLC)[50,51] or can be removed (washing with water) after the 

polymerization, i.e. the micellar LLC serves as a template.[52–54] If a larger size of the water channels 

is desired, LLCs formed by amphiphilic block-copolymers are used.[55,56] Additionally, anisotropic 
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hydrogels with large void channels can be achieved using unidirectionally grown ice crystals as 

template.[57] Last, a top down approach to anisotropic hydrogels is available. In a fabrication process 

via photolithography, selected regions of a hydrogel containing a second monomer and a photo-

initiator are exposed to UV-light.[58]  

 

Figure 1.2: Different methods for the fabrication of anisotropic chemically cross-linked hydrogels. a) Oriented 
polymer networks via mechanical stretching or compression forces; b) shear or field aligned nanofillers; 
oriented void channels via c) unidirectional crystallization or d) micellar LLC templates; e) photolithography 
as a top down approach. In all cases the anisotropic alignment is permanently fixed by a UV-light induced 
photopolymerization giving rise to a hydrophilic polymer network, i.e. the hydrogel matrix. a), b), c), e) are 
reprinted with permission from K. Sano et al., Angew. Chem. Int. Ed. 2018, 57, 2532.[34] Copyright 2018 
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. d) is adapted with permission from J. D. Clapper et al., 
Macromolecules 2007, 40, 1101.[55] Copyright 2007 American Chemical Society.  
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1.2 Anisotropic physically cross-linked hydrogels 

Physically cross-linked hydrogels are formed by macromolecular polymer chains, self-assembled 

supramolecular fibers and colloidal nanoparticles. Actually, IUPAC recommends to refer to a 

colloidal network in water as aquagel[2]; a suggestion that is mostly not followed in literature. 

Anisotropic colloidal hydrogels were reported for e.g. clay platelets[59,60], vanadium pentoxide 

ribbons[15] and neurofilaments[10].   

Additionally, nanocomposite hydrogels in which polymer chains are physically cross-linked with 

silicate nanoparticles exist. Long poly(ethylene oxide) chains adsorb onto clay platelets, which act as 

multifunctional cross-linkers, or in other words: the polymer chains bridge the nanoparticles. Shear 

orientation leads to anisotropic gels.[61,62]  

Another anisotropic physically cross-linked hydrogel consists of polymeric micelles. Amphiphilic 

coil-rod-coil triblock copolymers self-assemble in water into discrete micellar nanocylinders. The 

isotropic fluid is transferred into a nematic gel by the addition of rod-coil-rod molecules, which bridge 

the nanocylinders reversibly, forming an interconnected network resulting in an anisotropic gel.[63] 

A large class of physical hydrogels are gels formed by low molecular weight hydrogelators, which 

self-assemble in water into supramolecular fibers resulting in a fibrillar network. Different ways to 

anisotropic self-assembled fibrillar networks were reported, which are listed in Figure 1.3. 

 

Figure 1.3: Classification of different ways to form an anisotropic physical hydrogel from low molecular 
weight gelators.  
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Figure 1.4: Examples for the formation of anisotropic self-assembled fibrillar networks. For an a) bile acid 
dimer (adapted with permission from M. Zhang et al., Langmuir 2017, 33, 1084.[64] Copyright 2017 American 
Chemical Society) and b) artificial nucleolipid (Reproduced from Ref.[65] with permission from The Royal 
Society of Chemistry, Copyright 2018) an isotropic fibrillar network is formed at low concentrations, while 
increasing the gelator concentration leads to an anisotropic gel. c) For fibrous rods of cyclodextrin the gelation 
is completed by the addition of lithium salt. Reproduced from Ref.[66] with permission from The Royal Society 
of Chemistry, Copyright 2011. d) Self-assembled tubules reversibly form a nematic gel upon increasing the 
temperature. Reprinted by permission from Springer Nature, Z. Huang et al., Nat. Commun. 2011, 2, 459.[67], 
Copyright 2011.  e) Hydrogelator-precursors are converted into hydrogelators by an enzyme catalyzed reaction, 
the formed hydrogelators immediately self-assemble into aligned fibers due to interfiber π-π interactions. 
Adapted from J. Zhou et al., J. Am. Chem. Soc. 2014, 136, 2970.[68], ACS Authors Choice, Copyright 2014 
American Chemical Society. This is an unofficial adaptation of an article that appeared in an ACS publication. 
ACS has not endorsed the content of this adaptation or the context of its use. f) Increasing the peptide 
concentration in a fibrillar nematic fluid results in a nematic gel due to the formation of fiber-like junctions. 
Reprinted with permission from A. Aggeli et al., J. Am. Chem. Soc. 2003, 125, 9619.[69] Copyright 2003 
American Chemical Society. g) Filaments from self-assembled peptide amphiphile molecules form a lyotropic 
liquid crystal, which can be circumferentially aligned by rotational shear. Gelation is mediated by Ca2+ ions 
flowing into the glass tube. Adapted from S. M. Chin et al, Nat. Commun. 2018, 9, 2395.[70], Open Access, 
Copyright 2018 S. M. Chin et al. 
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The transition from an isotropic fibrillar network to an anisotropic network with increasing gelator 

concentration was reported for a bile acid dimer[64] and a thymine containing artificial nucleolipid[65]. 

In case of the bile acid dimer, the anisotropy of the gel arises due to a parallel arrangement of the 

fibrils (Figure 1.4a).[64] The same holds for the artificial nucleolipid system, in which at increasing 

concentration an ordering of the fibers leads to a nematic hydrogel. At very high nucleolipid 

concentrations (> 60 wt%) a fusion of the fibers results in a lamellar phase, as shown in Figure 1.4b.[65] 

Another way to anisotropic hydrogels is the direct formation from an isotropic sol with a change in 

temperature[67], the addition of a metal salt[66], or the either chemical or enzymatic conversion of 

precursor-hydrogelators. For fibrous rods of cyclodextrin, which are formed by head-to-head 

association due to azo-dye molecules in the cavities of the cyclodextrin, the gelation is completed by 

the addition of lithium salt. The lithium ions induce a tetragonal packing of the cyclodextrin fibers 

giving rise to an anisotropic gel (Figure 1.4c).[66] Amphiphiles, laterally grafted with a dendritic 

oligoether-chain, self-assemble into tubules with a nematic substructure. At low concentrations, the 

isotropic solution of tubules is reversibly transferred into a nematic gel with aligned nanofibers by 

increasing the temperature. With increasing concentration, the sol-gel transition temperature decreases 

and the alignment of the nanofibers is spontaneously fixed at room temperature, i.e. a nematic gel is 

formed (see Figure 1.4d).[67] The either chemical (e.g. by a base[71]) or enzymatic (dephosphory-

lation[68] or hydrolysis[71] reaction catalyzed by a phosphatase or an esterase, respectively) conversion 

of hydrogel precursors leads to the formation of anisotropic hydrogels. Alignment of nanofibers is 

induced by interfiber interactions, which can be enhanced by using strong and directed π-π interactions 

(see Figure 1.4e).[68]   

The third way to anisotropic physical hydrogels is the conversion of nematic fluids comprising of 

aligned fibrils into anisotropic fibrillar networks. In self-assembling peptide gels, nematic hydrogels 

are formed from nematic fluids by increasing the peptide concentration. Peptides in a β-strand 

conformation, which can be considered as chiral rod-like units, self-assemble at a given concentration 

into semi-rigid fibrils. Due to excluded volume interactions a nematic fluid results. At higher 

concentrations a nematic gel is formed. The gel formation is associated with the onset of the building 

of thicker fibers out of thin fibrils. Hence, the fibrils in the self-assembled network are linked via 

fiber-like junctions (see Figure 1.4f).[69,72] Additionally, the formation of a nematic gel, a nematic fluid 

and an isotropic fluid can be reversibly controlled by changing the pH-value.[69] Amphiphilic peptides 

are known to self-assemble into nanofibers in aqueous solution.[73,74] Heating and cooling of the 

solution leads to long filaments of bundled nanofibers. The entropically driven dehydration or 
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rehydration of the nanofibers upon heating or cooling results in the fusion of the nanofibers into 

plaques and the subsequent rupture gives rise to thicker bundles of nanofibers.[75] The long filaments 

form a lyotropic liquid-crystalline phase which can be macroscopically aligned by low shear forces. 

Monodomain gels were obtained by the exposure to a salt solution through cross-linking with divalent 

ions (Ca2+) (see Figure 1.4g).[70,75,76]  

Anisotropic physical gels can occur in organic solvents as well. A nonaqueous lyotropic nematic gel 

is formed by fatty acid substituted urea in decane. The nematic gel is composed of extended inverse 

micelles which are hold together by dipolar and dispersion forces.[77] A low molecular weight steroid 

organogelator forms a birefringent organogel in cyclohexane. The long fibers build up a nematic gel 

by increasing the steroid concentration as a consequence of excluded volume effects. Applying a 

magnetic field at the sol-gel transition leads to a gel with even higher orientational order.[78,79] The 

addition of water to a ionic liquid results in the spontaneous self-organization into a liquid-crystalline 

ionogel.[80]  

All examples of anisotropic physically cross-linked gels discussed in this chapter have in common 

that the building blocks of the LLC phase simultaneously constitute (at least part of) the gel network. 

This prevents an independent tailoring of liquid-crystalline and gel network properties. 

 

1.3 Liquid-crystalline chemical gels 

Liquid-crystalline chemical gels are formed by photoreactive molecules which are dispersed in a 

thermotropic liquid crystal matrix. A subsequent photopolymerization leads to the formation of a 

cross-linked network with the thermotropic LC as solvent.[81,82] Since the polymer chains 

preferentially grow along (or perpendicular) the liquid crystal director, the director field is mimicked 

by the polymer network.[83] The monomers contain one or two reactive groups (mainly acrylate 

groups) and usually possess a part which is structurally related to a liquid crystal, i.e. exhibits form 

anisometry. The monomers can be even liquid-crystalline mesogens themselves (reactive LC, see 

Figure 1.5a for typical components for the preparation of LC chemical gels).[81,82] The mesogenic units 

facilitate the orientation of the monomers in the thermotropic LC. The liquid crystal system including 

the polymerizable (LC) molecules can be oriented in various desired configurations prior to 

photopolymerization.[84] The LC order is then templated by the final polymer network leading to an 

anisotropic network, which stabilizes the structure and the properties of the monomeric LC such as 

their heat and shock resistance; i.e. since the configuration of the thermotropic mesogens is 
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permanently fixed, temperature dependent effects are considerably reduced.[85–87] Thus, LC chemical 

gels are often called polymer-stabilized liquid crystals and find applications in liquid crystal displays 

(LCDs).[83,84,88]  

The cross-linking density of the network can be controlled by the concentration of those monomers 

carrying two reactive groups. In a slightly cross-linked network the mono-functional molecules bound 

to the polymer backbone (mesogenic unit in side chain) can be switched together with the small-

molecule mesogens upon applying an electric field.[89] The gel network provides the system with a 

“memory” ensuring the recovery of the original configuration when removing the electric field due to 

the elastic interactions between the polymer network and the liquid crystal.[82,88,89] So far, mostly 

nematic gels[86,90,91] and cholesteric gels[92–95] have been reported, but also polymer-stabilized 

ferroelectric SmC* phases[81,96–98] were obtained.  

Closely related to liquid-crystalline chemical gels are liquid-crystalline elastomers (LCEs) and 

liquid-crystalline networks, which are slightly cross-linked or densely cross-linked polymer networks, 

respectively, in which the mesogenic units are covalently linked to the polymer network.[31,88] LC 

chemical gels can be considered as LCEs swollen in a thermotropic LC solvent. A schematic drawing 

of a LC elastomer, network and gel is shown in Figure 1.5b. In LCEs, the mesogenic units are either 

linked to the polymer backbone via flexible alkyl spacers (side-chain polymers), or they are part of 

the polymer backbone itself (main-chain polymers).[88,99] The coupling of the macroscopic shape to 

the global orientational order is the prominent feature of LCEs.[100,101] External stimuli, such as light, 

temperature or electric fields modify or destroy the LC orientational order leading to macroscopic 

shape changes in response. Hence, LCEs find their application in stimuli-responsive actuators, since 

they can convert external energy into directed mechanical motion.[102,103] Applications of LCEs in 

micropumps[104] or motors[105], as well as in biomimetic actuation (e.g. artificial muscles)[106,107] or 

locomotion[108,109] were reported. Additionally, LCEs can be swollen in organic solvents[110,111] or 

water[112] resulting in lyotropic LC phases, but also macroscopic shape changes were observed due to 

solvent concentration as external stimuli.   

Interestingly, liquid-crystalline physical gels consisting of physically cross-linked polymers have been 

reported as well.[113–115] End associating ABA triblock copolymers with two polystyrene end-blocks 

and a side chain LC polymer midblock form a physically interconnected micellar network in a small 

molecule nematic LC due to the different solubilities of the different blocks. While the polystyrene 

blocks are rather insoluble (LC-phobic) in the thermotropic LC, the side chain LC polymer swells in 

the LC solvent. The anisotropic LC gel forms at very low polymer concentration, the cross-links in 



12 1.4 Liquid-crystalline physical gels 
 

 

the gel can break and reconnect, and the homogenous gel exhibits high optical clarity.[114] Similarly, 

self-assembled fibrillar networks can form in a thermotropic LC, which will be described in the next 

chapter. 

 

 

Figure 1.5: a) Molecular structure of typical reactive mesogens and thermotropic LC used for the preparation 
of liquid-crystal chemical gels. Sketch is redrawn based on Ref.[89] b) Schematic drawing of the structure of a 
liquid-crystal network (left), a liquid-crystal elastomer (middle) and a liquid-crystal gel (right). Sketch is 
redrawn based on Ref.[88] 

 

1.4 Liquid-crystalline physical gels 

In order to achieve thermotropic liquid-crystalline gels with a reversible and externally controlled gel 

formation, thermotropic LC physical gels were developed. In thermotropic LC physical gels a 

self-assembled fibrillar network formed from low molecular weight (organo)gelators is combined 

(b) 
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with a thermotropic liquid-crystalline phase.[116,117] The structure of the resulting LC gel crucially 

depends on the sequence of the isotropic-LC transition (Tiso-lc) and the sol-gel transition (Tsol-gel). If 

with decreasing temperature the LC forms first, the liquid-crystalline phase can act as a soft template 

leading to aligned gel fibers.[30,118] On the contrary, if a randomly oriented gel network forms first, a 

polydomain LC morphology emerges (see Figure 1.6).[119]  

 

Figure 1.6: The consecutive formation of a thermotropic liquid-crystalline gel from an isotropic solution leads 
to different structures of the resulting gel, depending on whether the gel network or the liquid-crystalline phase 
forms first upon cooling. Adapted from Ref.[119] with permission from The Royal Society of Chemistry, 
Copyright 2007. 

Applying an electric field to a polydomain LC physical gel leads to a macroscopic alignment of the 

LC director causing a light-scattering material to switch into a transparent one.[120–123] Moreover, the 

gel network can stabilize the LC alignment and director patterns.[124,125] Anisotropic properties such 

as the electro-optical response in twisted nematic cells[126–129] or hole mobility[130] can be enhanced 

due to the presence of the gel structure. The use of chiral gelators allows to receive cholesteric phases 

above the sol-gel transition temperature (for Tiso-lc > Tsol-gel) where the monomeric gelator acts as a 

chiral dopant.[131] Additionally, cholesteric thermo-reversible LC gels can be achieved.[132] With a 

photoresponsive gelator undergoing a trans-cis isomerization upon UV light exposure, the system can 

be switched between an isotropic solution, a nematic gel, a fluid cholesteric phase and a cholesteric 

gel, since only the trans-isomer has gelation ability.[133] Thermotropic liquid-crystalline colloidal gels 

were obtained by confining the LC phase in a colloidal silica gel.[134,135]   
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The next step is to extend the field of anisotropic physical gels to aqueous systems, namely to evolve 

micellar lyotropic liquid-crystalline physical gels. Since biological tissues are water-rich structures, 

water-based supramolecular gels with anisotropic order and a reversible network formation are 

desirable for applications in the field of artificial tissues or biomimetic actuation.  

Lyotropic liquid-crystalline gels, in the sense that genuine LLC phases formed by anisometric micelles 

coexist with self-assembled fibrillar networks, were not known until 2015. Then, Xu et al. reported 

the successful gelation of the lyotropic lamellar and hexagonal phase of the system 

D2O – n-decane – C10E4 with the low molecular weight gelator 12-hydroxyoctadecanoic 

acid (12-HOA).[136] To the best of our knowledge, except for this “proof of principle” work[136], no 

micellar LLC physical gels were reported in literature until 2016.   

Hence, in the field of anisotropic gels, micellar lyotropic physical gels have long been a blind spot on 

the map and a systematic access to micellar lyotropic liquid-crystalline gels was missing. It was the 

mission of the DFG (Deutsche Forschungsgemeinschaft) project “Gelled lyotropic liquid crystals – 

orthogonal self-assembly or soft templating” and the topic of this thesis to fundamentally establish 

micellar lyotropic LC gels of various liquid-crystalline phases and elucidate their structure.  

    

 

 



 

 

2 Scope of this thesis 

2.1 Motivation and scope 

As described in the introduction, LLC gels are a new kind of anisotropic gels. Until 2016, only one 

example of a successfully gelled LLC system was reported.[136] The goal of this thesis is thus to fill 

the gap to LLC gels in order to provide a systematic route to micellar lyotropic liquid-crystalline gels 

and to elucidate their structure. The concept of LLC gels is to combine two systems: one system 

introduces the gel network forming ability (self-assembled fibrillar network), the other one contributes 

the liquid-crystalline order (micellar lyotropic LC phase).  

Why are micellar lyotropic liquid-crystalline gels interesting and beneficial to other types of 

anisotropic gels discussed in chapter 1? Due to their compatibility to aqueous systems, LLC gels might 

find biomedical applications, as it was reported for other types of anisotropic hydrogels.[34,137–139] 

Additionally, LLC gels can be considered as the lyotropic counterpart to the thermotropic liquid 

crystal elastomers, which nowadays dominate the field of soft robotics and biomimetic 

actuation.[99,106,140,141] In addition to temperature and light, LLC gels and may respond to a broad range 

of chemical stimuli such as pH-value, vapor pressure, ion and solute concentration. Third, a responsive 

and reversible gel formation initiated by external stimuli is achieved by using responsive low 

molecular weight gelators forming self-assembled fibrillar networks (SAFiNs), as it was reported for 

SAFINs in isotropic solvents.[142–146] The new class of micellar lyotropic liquid-crystalline physical 

gels under study combines all three features mentioned above within one system.  

Another advantage of LLC gels is that the thermal (LC-isotropic and gel-sol transition) and structural 

properties of LLC gels can be tailored individually. Additionally, the two coexisting structures, 

namely the LLC phase and the gel network, can take over different specific functions. Usually, the 

role of the gel network is to provide long-term mechanical stability. For example, LLCs are used as 

templates for macroscopically aligned nanostructured materials.[147,148] The structure of 

macroscopically aligned LLC phases may be arrested by the gel network and the enhanced mechanical 

stability of a gelled template may facilitate the synthesis of e.g. nanoporous monoliths. Additionally, 

LLC gels can be used in electrochemical applications, in which the anisotropic electrolyte gels offer 

channels for efficient ion migration.[149]  

Biomedical applications of LLC gels may be in transdermal drug delivery, where membrane-

embedded biologically active proteins or water-insoluble drugs solubilized in the micelles of a LLC 
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may be delivered via a stable gel.[150,151] As mentioned above, the thermoreversible gel formation in 

SAFiNs can be reversibly triggered by external stimuli such as light[152,153], pH-value[154,155], 

enzymes[156,157] or ion concentration[152], which creates possibilities for on-demand drug release.[158,159] 

Another biomedical application may be the design of artificial tissues from LLC gels, as it was shown 

for anisotropic chemically cross-linked hydrogels.[137,139] Last but not least, LLC gels find a famous 

analogue in nature. The eukaryotic cell can be regarded as a membrane-based LC biogel since the cell 

membrane, which is a fluid phospholipid bilayer coexists with the cytoskeleton, which is a sophisti-

cated gel network where protein filaments form a 3D scaffold.[160,161]  

All these fascinating potential applications however require a rational design and a deeper knowledge 

of micellar LLC gels. In view of this challenge, this thesis on LLC gels addresses the following 

fundamental research questions: 

 Are we able to successfully gel lyotropic liquid-crystalline phases? Which of the common 

LLC phases (lamellar Lα, nematic Nd or Nc, hexagonal H1) can be transferred into a lyotropic 

lamellar, nematic or hexagonal gel, respectively? A successful gelation implies that the 

particular liquid-crystalline order of the respective LLC phase is preserved in the gelled state, 

where the LLC phase coexists with the physical 3D network. 

 If yes, how does the LLC phase and the gel network mutually influence each other’s structure? 

 

2.2 Overview 

First, the general background considering the structure and properties of micellar lyotropic liquid 

crystals and self-assembled fibrillar networks is reviewed in chapter 3. The results corresponding to 

the three publications on which this cumulative thesis is based on are discussed in chapters 4 - 6. In 

chapter 7, a summarizing discussion puts the results in a larger context.   

Chapter 4 is based on the publication “Gelation of Lyotropic Liquid-Crystalline Phases – the Interplay 

between Liquid-Crystalline Order and Physical Gel Formation” (Publication I)[162]. It covers investi-

gations on the gelation of the lamellar Lα, the nematic Nd and Nc, as well as the hexagonal H1 phase 

of the system H2O – n-decanol – sodium dodecylsulfate (SDS) with the low molecular weight gelator 

12-HOA. The main result presented in chapter 4 is that only lamellar gels could be obtained. Due to 

the amphiphilic nature of the gelator 12-HOA, it additionally acts as a cosurfactant thus preventing 



2 Scope of this thesis 17 
 

 

the formation of lyotropic nematic gels.   

Hence, in chapter 5 the subsequent question that is answered is: How is it possible to obtain lyotropic 

nematic gels? Pathways to lyotropic nematic gels were studied using a second lyotropic model system 

and different LMWGs. The key to lyotropic nematic gels was the use of gelators, whose non-

amphiphilic molecular structure leaves the shape of the anisometric micelles essentially unchanged, 

as reported in the second publication contributing to this thesis with the title “Micellar Lyotropic 

Nematic Gels” (Publication II)[163].  

Since lyotropic lamellar gels are the most straightforward to obtain, chapter 6 of this thesis deals with 

a thorough structural analysis of gelled lamellar phases. By means of small angle neutron scattering, 

the mutual interactions between gel network and lamellar phase are examined more closely. As 

reported in the third scientific paper “Synergistic Structures in Lyotropic Lamellar Gels” 

(Publication III)[164] contributing to this cumulative thesis, synergistic structures are formed in 

lyotropic lamellar gels, which neither exist in the non-gelled L phase nor in an isotropic micellar gel.  

 



 

 

3 General Background 

In this section I will review the necessary background information for all following sections, namely 

the structures and properties of micellar lyotropic liquid crystals (3.1) and self-assembled fibrillar 

networks (3.2). More specific background is found at the beginning of each of the following 

chapters 4 – 6.  

3.1 Surfactant-based lyotropic liquid crystals 

The liquid-crystalline state of matter is, according to IUPAC, “a mesomorphic state having long-range 

orientational order and either partial positional order or complete positional disorder.”[165] As the term 

“mesomorphic” (mesos, ancient Greek for middle) expresses, the order of a mesomorphic state ranges 

between the 3D long-range positional and orientational order of solid crystals and the absence of any 

long-range order in isotropic liquids. LC phases, which are also called mesophases, thus occur 

between the crystalline state and the liquid state on changing variables of state such as temperature or 

concentration. They combine properties of ordinary liquids like fluidity with the anisotropic properties 

of crystals, e.g. optical birefringence.[165]   

The building blocks of LC phases (also called mesogens) are required to have an anisometric 

(non-spherical) shape since otherwise long-range orientational order remains undefined. In principal, 

one can distinguish between two types of liquid crystals, thermotropic and lyotropic liquid crystals. 

In thermotropic liquid crystals the building blocks are typically anisometric molecules and the stability 

of a thermotropic LC phase is given within a certain temperature range at constant pressure. Lyotropic 

liquid crystals however, require a solvent in which nanoparticles (particle-based LLCs), long 

polymeric chains (polymeric LLCs), stack of dye molecules (chromonic LLCs) or supramolecular 

assemblies of surfactant molecules (micellar LLCs) of anisotropic shape are dispersed and thus 

constitute the building blocks in LLCs. The latter class - micellar LLCs - are the longest known and 

most common class of LLCs and are also subject in this thesis. Depending on the concentration, 

amphiphilic surfactant molecules self-assemble into bilayers or micelles of different shape. Therefore, 

the occurrence of lyotropic liquid-crystalline phases depends not only on temperature but more 

importantly on the relative concentrations of the compounds in the mixture.   

Amphiphilic (amphi, Greek: both and phil, Greek: like or love) molecules consist of one 

hydrophilic/lipophobic (water-loving, fat-hating) part and another hydrophobic/lipophilic (water-

hating, fat-loving) part. In many cases amphiphilic molecules dissolved in a solvent such as water 
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spontaneously self-assemble into micelles above a certain concentration, the critical micelle 

concentration (CMC). These amphiphiles are also called surfactants (from surface active agent). 

Typical surfactant molecules consist of a polar, water-soluble head group attached to a non-polar, 

water-insoluble hydrocarbon chain. According to the charge of the head group, surfactants can be 

classified into anionic, cationic, zwitterionic or non-ionic surfactants. Amphiphilic molecules which 

do not form micelles on their own but can be incorporated into micelles are called cosurfactants. 

Usually, cosurfactants have a small and non-ionic head group; typical examples are long- and 

medium-chain alcohols.[166]   

As of now, water is considered to be the solvent. The driving force of micelle formation is the 

hydrophobic effect, which is of entropic nature since an aggregation of the surfactant molecules in 

water increases the water entropy in comparison to a system of monomerically dissolved surfactants. 

In more detail, if an amphiphilic molecule is brought into water, the waters’ hydrogen bond network 

is disrupted. Since the hydrogen bonding energy is quite high (1 - 50 kJ/mol)[167] the maximum 

number of hydrogen bonds is retained in the system by the water molecules arranging around the non-

polar alkyl chain forming a “cage” around it (Figure 3.1a). This reduces the configurational freedom 

of the water molecules and thus their entropy. By an aggregation of surfactant molecules into micelles 

the hydrophobic hydrocarbon chains are shielded from the surrounding water, which reduces the 

number of ordered water molecules significantly and hence reduces the entropy loss 

(Figure 3.1c).[167,168]  



20 3.1 Surfactant-based lyotropic liquid crystals 
 

 

 

Figure 3.1: Schematic explanation of the hydrophobic effect. (a) To maintain the number of hydrogen bonds 
in water, amphiphiles enforce the formation cages of highly ordered water molecules around each alkyl chain, 
which leads to a loss in entropy. (b) An aggregation of the hydrophobic chains reduces the number of water 
molecules in the cage, the entropy loss is reduced. (c) In the ideal case of a micelle, the hydrophobic tails are 
not in contact with water, thus the number of ordered water molecules is minimized and so is the entropy loss. 
Redrawn from Ref.[168]. 

At surfactant concentrations much larger than the CMC, lyotropic liquid-crystalline phases can be 

formed. The molecular shape of the surfactant and the relative concentrations of the components of 

the lyotropic mixtures determine the micellar shape, which in turn determines which LLC phase is 

formed under these conditions.  

An elegant way to correlate the micellar shape with the required space of the monomeric surfactant is 

the principle of the packing parameter introduced by Israelachvili.[169] As illustrated in Figure 3.2, the 

packing parameter � compares the area requirement of the hydrophobic head group with the one of 

the hydrophobic chain 

� = ��� ∙ �� ,  
(3.1) 

with the optimum head group area ��, the effective volume of the hydrophobic alkyl chain � and the 

length of the alkyl chain �� (Figure 3.2). Hence 
�� is the cross-sectional area of the hydrophobic part. 
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Figure 3.2: Schematic representation of the area requirements of the hydrophilic and hydrophobic parts of a 
surfactant in a spherical micelle. The optimum head group �� is determined by the repulsion of the head groups 
and hydrophobic interfacial forces (attractive) which prevent gaps between the headgroups, which in turn would 
lead to water - alkyl tail contacts. The volume � and length �� of the alkyl chain determine how closely the 
hydrophobic chains can pack inside the micelle (interchain repulsion). Hence, ��, �,  �� determine the favored 
micellar shape. Reprinted from Ref.[170] with permission, Copyright Elsevier 2011. 

If the space requirement of the polar head group is larger than of the hydrophobic tail, the micelle has 

a positive curvature. For � smaller than 1/3 spherical micelles (Figure 3.3a) and for � between 1/3 

and 1/2 cylindrical micelles (Figure 3.3b) are expected. If the head group occupies as much space as 

the alkyl chain, � = 1 holds true and planar bilayers are formed (Figure 3.3d). For the cross-section 

area of the hydrophobic tail being larger than of the head group, � > 1 is valid and inverted micelles 

are formed (Figure 3.3e), which happens at very high surfactant concentrations or in non-polar 

solvents.[167,170] 
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Figure 3.3: Packing parameter, packing shape of the surfactant and the formed micelle type for (a) spherical 
micelles, (b) cylindrical micelles, (c) vesicles, (d) planar bilayers and (e) inversed micelles. Reprinted from 
Ref.[170] with permission, Copyright Elsevier 2011. 

Lyotropic liquid-crystalline phases form at relatively high surfactant concentration, i.e. a high volume 

fraction of micelles. Then the repulsive interactions between the micelles, which can be of steric, 

(a) 

(b) 

(c) 

(d) 

(e) 
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electrostatic or entropic nature, lead to an ordering of the anisotropic micelles into the different LLC 

phases.[171] The two-step self-assembly of surfactants into lyotropic liquid-crystalline phases, where 

micelles of different shape build-up LLC phases of the different structure is shown in Figure 3.4.  

 

Figure 3.4: Schematic representation of the two-step self-assembly of amphiphilic molecules into LLC phases. 
The different micellar shapes and the lyotropic liquid-crystalline phases formed in dependence of surfactant 
concentration are shown. Redrawn after Ref.[166]  

As mentioned before, the concentration is the fundamental variable of state for the appearance of 

lyotropic liquid-crystalline phases. There is a typical sequence of the LLC phases with increasing 

surfactant concentration, which is shown in the generic phase diagram in Figure 3.5. The lyotropic 

hexagonal H1 phase occurs in a wide range between the isotropic or cubic phase and the lamellar 

phase. The lamellar Lα phase is typically found at high surfactant concentrations and occurs over a 

broad concentration and temperature range.[171] The reason for the sequence hexagonal phase 
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– lamellar phase with increasing surfactant concentration in a binary surfactant/water mixture is the 

size of the optimum head group area ��. The head group area includes the amount of water bound to 

the polar head groups, i.e. the hydration shell. The size of the hydration shell decreases with increasing 

surfactant concentration since less water molecules per surfactant are available for the solvation of the 

head groups. Hence, the packing parameter � increases and micelles with a smaller curvature are 

formed.[167] 

 

Figure 3.5: Generic phase diagram of a binary amphiphile/water system. Above the critical micelle 
concentration, a solution of spherical micelles is formed. With increasing surfactant concentration the micellar 
shape changes (increasing packing parameter �) and the micelles aggregate into lyotropic hexagonal and at 
even higher concentrations lyotropic lamellar phases. Between the micellar solution and the hexagonal phase 
also cubic phases from spherical micelles (see also Figure 3.4) are possible. Adapted from I. Dierking, S. Al-
Zangana, Nanomaterials 2017, 7(10), 305.[172] (Open Access).  

While the nematic phase is most common in thermotropic liquid crystals, lyotropic nematic phases 

are rather rare. In contrast to the frequent and broad hexagonal and lamellar phases, the nematic regime 
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in the phase diagram of lyotropic mixtures is often very narrow. Usually, the appearance of lyotropic 

nematic phases requires the use of an ionic surfactant and additionally a cosurfactant or an 

electrolyte.[173] In the case of ionic surfactants, repulsive Coulomb interaction mainly determine the 

area requirement of the polar head group.[167] The addition of salts shields the ionic head group, thus 

decreasing the repulsive interaction and leading to a smaller effective head group area. A similar effect 

can be achieved by the addition of cosurfactants, where the small non-ionic head groups reduce the 

Coulomb repulsion and thus the micelle curvature. Hence, the lyotropic nematic phases appear in a 

typical ternary (surfactant/cosurfactant/water) phase diagram (Figure 3.6) with increasing 

cosurfactant concentration between the lyotropic hexagonal and lamellar phase. 

 

Figure 3.6: Draft of the partial phase diagram of the lyotropic system sodium decylsulfate (SdS) – 
n-decanol – water. Reprinted from Ref.[174] with the permission of EDP Sciences, Copyright 1981. 

In the following, the lyotropic mesophases relevant for this thesis are introduced with regard to their 

properties and their characterization.  

Lyotropic nematic Nd and Nc phase 

As mentioned above, lyotropic nematic phases are rare and appear only in a limited temperature and 

concentration range. Hence, lyotropic nematic phases were not discovered until 1967.[175]  

Lyotropic nematic phases are characterized by the presence of long-range orientational order and the 

absence of any long-range translational order. Nevertheless, short-range translational order, i.e. a 

pseudo-lamellar structure has been reported for lyotropic nematic phases.[176] Orientational order 

means that the principal axes of the micelles are on spatial and temporal average oriented along a 

preferred direction. This preferred direction is called the director n, with the directions +n and –n 
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being physically indistinguishable. To quantify the quality of orientational order, the orientational 

order parameter �� is defined as 

�� = 12 〈3 cos� �� − 1〉 , (3.2) 

where �� is the angle between the director and the principal axis of all building blocks (micelles, 

mesogens) � and the brackets denote the ensemble average over many building blocks at the same 

time or a temporal average for a single building block. If there is no long-range orientational order, 

meaning that the micelles are oriented in all directions with the same probability as in the isotropic 

phase, �� is zero. For a perfectly oriented system �� increases to + 1.[177]   

Three different types of lyotropic nematic phases are known and their structures are shown in 

Figure 3.7. Two of them are uniaxial (Nc and Nd phase), while the third is biaxial (Nbx). In the uniaxial 

phases, the director corresponds to the optical axis of the system and all directions perpendicular to 

the director are equivalent (D∞h symmetry). In the biaxial phase all three directions are inequivalent 

due to orientational ordering along the directions of the longest and shortest axes of the micelles. 

There are 3 two-fold symmetry axes and two optical axes (D2h symmetry).[178]  

 

Figure 3.7: Schematic representation of the lyotropic nematic (a) Nc phase, (b) Nbx phase and (c) Nd phase. In 
the Nc phase the micelles have cylindrical shape, in the Nbx phase the micellar shape is brick-like and in the 
Nd phase is build-up by disk-like micelles. In the uniaxial Nc phase and Nd phase the principal micellar axes 
are on average oriented along the director n. In the biaxial Nbx phase the �- and �-axes are orientationally 
ordered. Redrawn after Ref.[173] 

In a “micellar frame” �, �, � (see Figure 3.7), a tensor property �⃡ such as the electric or magnetic 

susceptibility is written as[177] 
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�⃡ =  �!! 0 00 �## 00 0 �$$
% , (3.3) 

with �!! = �## ≠ �$$ in case of a uniaxial phase and �!! ≠ �## ≠ �$$ in case of a biaxial phase. 

Hence, in case of a uniaxial phase the 2nd rank tensor becomes[177] 

�⃡ = '�( 0 00 �( 00 0 �∥* , (3.4) 

with �( and �∥ being the principal value of the property �⃡ perpendicular and parallel to the director, 

respectively. Similarly, the anisotropy[177] 

∆� = �$$ − ,�!! + �##.2  , (3.5) 

can be written as 

∆� = �∥ − �( . (3.6) 

By means of small angle X-ray scattering, the micellar shape was claimed to be cylindrical in case of 

the Nc phase (calamitic nematic phase) and disk-like in case of the Nd phase (discotic nematic 

phase).[174,179] Additionally, it was noticed that Nc phases from amphiphiles with hydrocarbon chains 

align with the director parallel to the magnetic field (positive anisotropy of the diamagnetic 

susceptibility, ∆01 > 0, often called type I mesophases and indicated with a “+”), while Nd phases 

are aligned with the director perpendicular to the magnetic field direction (negative anisotropy of the 

diamagnetic susceptibility, ∆01 < 0, often called type II mesophases and indicated with a “-“).[180] 

Since hydrocarbon chains are known to align perpendicular to the magnetic field[181], a cylindrical 

micelle shape in case of the Nc and a disc-like shape in case of a Nd phase was proposed.[182] In case 

of perfluorinated chains the signs of ∆01 are inverted in comparison to those in the case of alkyl 

chains.[180] Hence, to distinguish between a Nc and a Nd phase, the sign of ∆01 is a distinctive property 

to be tested.   

To identify lyotropic nematic phases, polarized optical microscopy (POM) and X-ray scattering can 

be used. General information on the POM technique and the characteristic textures of the different 

(thermotropic) liquid-crystalline phases can be found in respective textbooks[183,184]. For further 
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information on the X-ray technique and X-ray scattering on soft matter, Ref.[185] and Ref.[186] are 

recommended, respectively.  

Under a polarizing microscope nematic phases usually show a schlieren texture with typical point 

defects of topological strengths ± 5� and ±1, from which two or four black brushes emerge, 

respectively.[184] For lyotropic nematic phases, the schlieren texture is the characteristic texture for 

freshly prepared samples.[171] If a micellar solution is filled into a capillary with an untreated 

hydrophilic glass surface, the surface is covered by a mono- or bilayer of surfactant. For lyotropic 

nematic phases, this leads to a slow alignment of the cylindrical or disk-like micelles with their long 

axes parallel to the glass surface.[167,187] In case of the Nd phase filled into flat glass capillaries, this 

results in an homeotropic alignment with the director oriented parallel to the path of light propagation. 

Hence, a pseudo-isotropic texture results, which appears greyish when the capillary is tilted.[187],[171] 

In case of a Nc phase the calamitic shaped micelles align in a planar way, such that the director is 

oriented perpendicular to the path of travelling light. If the alignment is not uniform, the typical 

schlieren texture is observed between crossed polarizers. For a complete uniform alignment, the 

assistance of a magnetic field is often necessary.[171]   

Due to the lack of long-range translational order in lyotropic nematic phases, only diffuse scattering 

maxima can be observed in X-ray scattering patterns.[174,188] In Figure 3.8 the characteristic scattering 

patterns for an aligned Nd phase is shown. Rather strong arcs (a-band in Figure 3.8d) are seen in the 

direction parallel to the director. These maxima are present due to the short-range intermicellar 

positional correlation in this direction (Figure 3.8a), which is the direction of the short intermicellar 

distance 6∥.[179] The arc-shape of these maxima arises since orientational fluctuations of the micelles 

smear these bands out.[176] In a perfectly oriented sample (�� = 1) these maxima would appear as 

points, while in the isotropic phase (no orientational ordering, �� = 0) would appear as a circle. For 

lyotropic nematic phases often a second scattering maxima in the same direction can be observed, 

which is the second order maxima of the stronger first maxima (b-band in Figure 3.8d). This indicates 

a pseudo-lamellar ordering of the micelles, i.e. a lamellar ordering over only a few (up to 8) 

intermicellar distances.[176,189] Perpendicular to this direction very broad and weak bands are observed 

(c-band in Figure 3.8d), which can appear rather rectilinear[176] or as a diffuse ring[171]. These maxima 

correspond to the long intermicellar distance 6( and thus appear at lower q-values than in the direction 

perpendicular to it (Bragg relation 6� = 28/:�).[179] Due to the shape anisotropy of the micelles, the 

2D scattering pattern (Figure 3.8e) is elliptical. For an aligned Nc phase, a similar scattering patterns 
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emerges. But now, the rather strong a- and b-arcs are oriented perpendicular to the director n 

representing the short intermicellar distance 6(.[179]   

 

Figure 3.8: Emergence of the X-ray diffraction pattern of an aligned lyotropic nematic phase, exemplary shown 
for the Nd phase. The exponential decay of the correlation functions (;∥(=), ;((>), ;((?)) shows the 
short-range translational order (a) parallel and (c) perpendicular to the director n. In the direction of the director 
the correlation length @∥ can range over several intermicellar distances 6∥ indicating a pseudo-lamellar order. 

In b) a schematic structure of the Nd phase is shown. A theoretical and a real X-ray diffraction pattern are 
presented in d) and e), respectively. The magnetic field is applied in the 1-direction, thus the director of the 
Nd phase points along the 3-direction (for a uniform alignment, rotation of the capillary around the 3-axis is 
required). The broad and rather weak maxima denoted with a and c arise due to the short (6∥) and long (6() 

intermicellar distance, respectively. The b-band is the second order of the a-band and appears due to the 
pseudo-lamellar order. The arc-shape of the a and b-band results from the long-range orientational order of the 
nematic phase. In case of a Nc phase, the X-ray diffraction pattern looks similar, but now the director n points 
along the 1-direction. d) is adapted from Y. Galerne et al., J. Chem. Phys. 1987, 87, 1851.[189], with the 
permission of AIP Publishing. e) is reprinted from Ref.[190] with permission of Taylor & Francis. 

 

Lyotropic lamellar Lα phase 

The lyotropic lamellar Lα phase consists of equidistant flat surfactant bilayers (lamellae) with a large 

shape anisotropy (ideally infinite, usually larger than 1:50)[171] separated by a water sub-layer. In 

addition to the orientational order, the Lα phase is characterized by a long-range one-dimensional 

positional ordering of the lamellae along the layer normal k, which is parallel to the director n.[191] As 

indicated by the index “α”, the alkyl chains of the amphiphilic molecules are oriented perpendicular 
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to the surface of the bilayer and are in a liquid-like state making the Lα phase a 

2D fluid (Figure 3.9a).[171] In contrast, the hydrocarbon chains of Lβ (Figure 3.9b) and 

Lβ´ (Figure 3.9c) phases are in an all-trans configuration and either parallel or tilted with respect to the 

layer normal. The surfactant molecules possess an in-plane 2D (hexatic) bond orientational order and 

due to the stiff alkyl chains the Lβ and Lβ´ phases exhibit very high viscosity.[171,192,193] 

 

Figure 3.9: Schematic drawing of the lamellar (a) Lα phase, (b) Lβ phase and (c) Lβ´ phase. In a lamellar phase, 
surfactant bilayers (called lamellae) of a thickness ABC are regularly positioned along the layer normal k with a 
periodicity 6� (called lamellar repeat unit), i.e. lamellar phases show 1D-translational order. In the Lα phase 
the alkyl chains are in a liquid-like state, while in the Lβ and Lβ´ phase, stiff alkyl chains are oriented parallel 
or tilted to the layer normal. 

As the lyotropic nematic Nd phase, the Lα phase has a negative anisotropy of the diamagnetic 

susceptibility (∆01 < 0)[194] and tends to slowly align with the bilayers parallel to a hydrophilic glass 

surface.[171] Thus, with POM often pseudo-isotropic textures (appear black between crossed 

polarizers) are observed where in case of an imperfect alignment so-called oily-streaks are visible. In 

case of a planar alignment, the mosaic texture and the focal-conic fan-shaped texture are typical for 

the Lα phase.[195] With freeze-fracture electron microscopy (FFEM), the layered structure can be 

visualized by smooth lamellar fracture faces, so-called layer steps.[167,196,197]  

A typical X-ray image from the structure of a Lα phase is shown in Figure 3.10. The one-dimensional 

periodic structure of the Lα phase is reflected by the appearance of sharp pseudo-Bragg peaks 

indicating a large correlation length of the 1D-translational order of the bilayers of over 100 nm 

(Figure 3.10b).[171] Often further peaks appear with the relation of the relative q-positions of the peaks 

being 1:2:3:4…with respect to the position of the principal peak, i.e. these peaks are higher order 

peaks. The positions of these peaks are reciprocal (Bragg relation 6� = 28D/:E with m being mth 

diffraction order) to the lamellar repeat unit 6�, which is the sum of the bilayer thickness ABC and the 

thickness of the water sub-layer (Figure 3.9a).[198] In case of an aligned sample, sharp spots appear in 

the X-ray diffractions pattern along the direction perpendicular to the lamellae (parallel to n and k) 
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(Figure 3.10c). In the wide-angle region, a diffuse scattering maximum confirms the presence of 

“molten” liquid-like paraffinic chains, where the maximum indicates the mean distance between the 

alkyl chains (approximately 0.46 nm, Figure 3.10d).[167] In contrast, rather sharp maxima are present 

in the X-ray curve of Lβ and Lβ´ phases.[192,193] Due to the liquid-like character of the alkyl tails in the 

Lα phase, the wide-angle scattering appears as a diffuse ring in the 2D diffraction pattern.[199]  

 

Figure 3.10: Emergence of the typical 2D X-ray diffraction pattern of an aligned lyotropic lamellar Lα phase. 
a) Sketch of the Lα structure with director n and layer normal k aligned in vertical direction (=-direction). The 
lamellar repeat unit 6� is indicated. (b) Correlation function ;∥(=) with period 6� of the lamellar structure 
in (a). True long-range translational order is destroyed by thermal fluctuations of the bilayers. The amplitude 
of ;∥(=) thus slowly decays algebraically with an exponent F called the Caillé parameter (see chapter 6.1.3). 

In an X-ray scattering experiment this quasi long-range translational order leads to multiple orders D of sharp 

pseudo-Bragg peaks at relatively small scattering vectors |:⃗| = �I1J D in the direction of k. Experimental 

2D diffraction patterns of the same shear aligned Lα phase at different sample-to-detector distances showing 
the small-angle regime (c) and the wide-angle regime (d). In (c) the pseudo-Bragg peaks of the lamellar 
structure are seen as sharp spots in the direction of =. In (d) an additional ring of diffuse scattering from the 
fluid intra-lamellar order is observed in the wide-angle regime. Here, the pseudo-Bragg peaks are overexposed.  

 

Lyotropic hexagonal H1 phase 

In a hexagonal phase the amphiphiles form long cylinders with a circular cross-section and a large 

shape anisotropy (diameter to length at least 1:50, often called infinite cylinders).[171] Parallel 

cylinders are arranged on a two-dimensional hexagonal lattice with the water in between. Hence, the 

director n indicating the long-range orientational order points along the long axes of the cylindrical 

micelles and there is a two-dimensional long-range translational order in the plane perpendicular to n 

(see Figure 3.11).[167] 
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Figure 3.11: Schematic drawing of the structure of a lyotropic hexagonal H1 phase. Long cylindrical micelles 
are oriented parallel to each other on a 2D hexagonal lattice with the director n along the long cylinder axes.  

The hydrocarbon chains of the amphiphiles are in a liquid-like state, thus the hexagonal phase is also 

often labelled as Hα. The designation “H1” phase denotes that the alkyl tails point inside the micelles 

with the polar head groups facing the surrounding water (“normal” hexagonal phase). In contrast, at 

very high surfactant concentrations or when large concentrations of non-polar solvents are added, the 

cylindrical micelles are inverted, with the alkyl chains pointing outwards and the water placed inside 

the cylinders. This phase is called the inverse hexagonal phase H2.[171]   

The H1 phase is highly viscous since the only easy direction of flow is normal to the 2D lattice in the 

direction of n. In addition, defects can further increase the effective viscosity.  

Similar to the calamitic nematic Nc phase, the hexagonal phase exhibits a positive anisotropy of the 

diamagnetic susceptibility (∆01 > 0), but its high viscosity needs higher magnetic fields and/or a long 

period of time to get the H1 phase uniformly aligned.[194,200] Under a polarizing microscope the 

H1 phase typically shows fan-like textures. Additionally, the observation of non-geometric textures 

with or without striations is characteristic.[195]   

A typical X-ray scattering profile of the hexagonal phase shows pseudo-Bragg peaks with q-ratios of 

1: √3: 2: √7…, reflecting the two-dimensional hexagonal symmetry of the H1 phase (see 

Figure 3.12).[167] However, often only the first scattering maximum is visible. The lattice parameter � 

of the hexagonal structure can be obtained from the X-ray data using  

� = 2√3 65� , 
(3.7) 
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where 65� is the distance between adjacent rows of cylinders obtained from the position of the first 

scattering maximum :5� via the Bragg equation (Figure 3.12).[198]  

In the rare case that the X-ray beam is oriented along the long cylinder axes, the six-fold symmetry of 

the hexagonal lattice is reflected in a 2D diffraction pattern by the appearance of the symmetrical 

distribution of six spots which ideally have the same intensity.[201] At high q-values a broad and diffuse 

band at approximately : = �I�.NO PQ can be observed[167], which indicates that the alkyl chains are in a 

liquid-like state. Even if the H1 phase is uniformly aligned, this maximum appears as a diffuse ring in 

a 2D X-ray diffraction pattern.[171]  

 

Figure 3.12: Emergence of the X-ray scattering profile R(:) of a lyotropic hexagonal phase. a) Schematic 
drawing of the hexagonal phase with view along the director n. The 2D hexagonal translational order 
characterized by the periodic distances 65� and 655 and the lattice parameter � leads to the appearance of 
(10) and (11) peaks in the corresponding X-ray profile, as shown in b). b) is reprinted from D. Varade et al., 
Phase diagrams of water–alkyltrimethylammonium bromide systems, Colloids Surf., A 2008, 315, 205.[202], 
Copyright 2008, with permission from Elsevier. 

 

3.2 Self-assembled fibrillar networks 

Self-assembled fibrillar networks (SAFiNs) are formed when a sol consisting of a small content of 

so-called low molecular weight gelator (LMWG, molecular weight usually ≤ 2000 Da) molecules in 

a solvent is cooled below its characteristic sol-gel transition temperature Tsol-gel (Figure 3.5). The 

gelator molecules self-assemble via physical interactions, such as hydrogen bonds, π-π interactions or 
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London dispersion interactions.[5,11,203] These interactions are highly specific with anisotropic 

tendencies, which highly favor one-dimensional aggregation into fibers, ribbons, tubules, strands or 

tapes.[142,204] The aggregate morphology depends on the molecular structure of the LMWG as well as 

on the gelator-solvent interaction and the procedure of gel formation. To result in a gel, the 

1D aggregates (from now on simply called fibers) have to build up a three-dimensional network of 

large surface area, which permeates the volume and thereby immobilizes the solvent macroscopically 

due to adhesion and surface tension, although the solvent molecules are still able diffuse 

microscopically.[205] Therefore, macroscopic flow under gravity is inhibited.[11,142,206] In the network, 

the fibers are interconnected in so-called junction zones, which can be of permanent or transient 

nature.[143,207,208] Permanent junction zones originate from mismatches during the fiber growth leading 

to a branched network.[209,210] Transient junction zones emerge from physical interactions between the 

fibers as well as from the mechanical contact of the entangled fibers.[210,211] The junction zones provide 

rigidity to the microstructure and are thus responsible for the solid-like, elastic properties of the 

gel.[5,142]  

Since all interactions (intra- as well as interfiber) are of the non-covalent kind, the resulting physical 

gels are thermoreversible, meaning that the network can be repeatedly disassembled and reassembled 

upon heating or cooling, respectively.[5,11,212] The process of supramolecular gel formation is 

summarized in Figure 3.13.  

LMWGs which are able to gel water are called hydrogelators, whereas LMWGs that gel organic 

solvents are called organogelators, the resulting gels are called hydrogels or organogels, 

respectively.[5,203]  

The molecular structure of LMWGs is often based on naturally occurring biomolecules, such as 

steroids, sugars, fatty acids, amino acids and nucleobases. Especially for hydrogels, this can lead to 

biocompatibility as well as biodegradability important for biological applications such as biosensors, 

tissue engineering, drug delivery etc.[213–215] The inherent molecular chirality of these gelator 

molecules is often reflected in a supramolecular chirality, i.e. in twisted fibers or helical ribbons, with 

a pitch between 10 nm and several microns.[216] The handedness of the chiral fiber is directly linked 

to the molecular chirality of the gelator, with one enantiomer forming only left-handed fibers and the 

other one only right-handed fibers.[216] 
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Figure 3.13: Process of the gel formation by a low molecular weight gelator (LMWG). The LMWG is 
dissolved in a solvent by heating (sol formation). Cooling the sol leads to an aggregation of the LMWG 
molecules into small fibers and further cooling leads to the formation of the fiber network, which immobilizes 
the solvent. Depending on the lifetime stability of the gel, precipitation or crystallization of the gelator occurs 
sooner or later. Adapted and redrawn from Ref.[203] 

To be able to form a network in a solvent, a minimum gelator concentration, which is called the critical 

gelator concentration (cgc, usually ≤ 2 wt%) is necessary.[142] The cgc is thus a measure for the 

efficiency of a gelator in the respective solvent. The efficiency of a LMWG as organogelator can also 

be evaluated by the range of different solvents the gelator is able to gel. Measures for the stability of 

a gel are its thermal stability (gel-sol transition temperature Tgel-sol), its mechanical stability 

(rheological criteria like its yield stress or the values and ratio of the elastic G’ and the loss 

G’’ moduli), as well as its long-term stability (between a few hours and several decades).[5,207] Since 

most SAFiNs are thermodynamically metastable, macroscopic phase separation, i.e. crystallization or 

precipitation of the gelator takes place with time.[5,217]   

As it will become more clear below, the structure of the network (e.g. fiber diameter, network mesh 

size, junction zone density) and thus the properties of the gel depend on its age, the gelator 

concentration, the solvent and the gels’ history, i.e. its formation (e.g. slow or fast cooling rate), the 

temperature at which it is kept and the application of mechanical stresses.[5,143,217]   

The fiber can be either of crystalline or amorphous nature depending on the gelator and the 
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solvent.[206,218] Fiber and network growth are either described via a percolation[219] model 

characterized by a divergence of the connectivity correlation length[143] or a nucleation and growth 

mechanism,[209,220–222] mostly assuming the fiber to have a crystalline nature.  

The solvent-gelator relationship crucially influences the ability to form a gel in the first place, as well 

as the fiber morphology and the gels’ properties. 1D aggregation into a fiber and subsequent network 

formation is on a delicate balance between dissolution of the gelator molecules and precipitation of 

aggregates from the solution.[223] The solvent may compete with the gelator for the functional groups 

responsible for the fiber formation (e.g. hydrogen bond donors or acceptors), thus preventing inter-

gelator interactions and leading to dissolution of the LMWG molecules rather than to fiber formation. 

Hence, stable gels are usually achieved by choosing a solvent with limited interactions with the 

LMWG molecules.[224,225] Contrary, if the inter-fiber interactions are too strong and not reduced by 

fiber-solvent interactions precipitation of the aggregates results.[223]   

Moreover, the fiber structure formed by a certain LMWG can be different in different 

solvents.[224,226,227] If for example several different interactions are responsible for the fiber formation, 

one specific interaction can be the main driving force in polar solvents and another one can be the 

main driving force in non-polar solvents resulting in different arrangements of the gelator molecules 

in polar or non-polar solvents.[228] To rationalize the gel formation, the gel forming ability and certain 

gel properties are often correlated with different solubility parameters of the solvent.[224,229–231] For 

example, Hansen solubility parameters, which dissect the gelator-solvent interactions into dispersive, 

polar and hydrogen bonding interactions, are used to predict whether dissolution, gel formation or 

precipitation occurs for a gelator in different solvents.[232]  

It was shown that a certain degree of undercooling (or supersaturation) is necessary to enforce gel 

formation.[233] Thus, the morphology of the gel depends on the gelation temperature (for isothermal 

gelling conditions)[220,234] or the cooling rate (for non-isothermal gelling conditions)[209,221,222], since 

the degree of supersaturation determines the number of formed nuclei, the nucleation rate and the 

formation of permanent junction zones, which determine the fiber length and the cross-linking density. 

Cooling the sol below Tsol-gel leads to a supersaturated solution far from the thermodynamic 

equilibrium, a situation which is the key to the formation of a metastable, well-organized network 

structure, meaning that a micro-phase separated structure occurs rather than precipitation or 

crystallization.[233] A higher cooling rate or a lower gelation temperature lead to a higher degree of 

undercooling and thus to an increased supersaturation, as does a higher gelator concentration. An 

increased gelator-solvent compatibility requires a higher degree of undercooling necessary to start 
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gelation, giving another reason why the solvent influences the fiber and network morphology.[235] The 

higher the degree of supersaturation, the higher the driving force for (micro)phase separation, i.e. fiber 

formation which might also result in a higher degree of mismatching leading to a highly branched 

network.[208,209,220,221,234,236,237]  

A final note regarding the nomenclature of the fibrous aggregates in SAFiNs. In biological fibrillar 

materials such as cellulose or collagen the term fiber means a large fiber in the micrometer range that 

is composed of smaller fibrils in the nanometer range. In turn, the fibrils can be composed of even 

smaller fibrils called nanofibrils or microfibrils.[238,239] However, the fibrous aggregates in SAFiNs 

are usually less than 100 nm in diameter, but still mostly called fibers, e.g. in the references[240–242]. 

To emphasize that the fibrous aggregate is in the nanometer range the term nanofiber is also 

used.[64,68,74] Moreover, there are examples where finer fibrils entwine to compose the final gel fiber. 

To underline this behavior the terms fibril (for the thin fibers building up the bigger fiber) and fiber 

(for the final fiber) are used,[72,79] regardless whether the diameter of the final fiber is the nanometer 

or micrometer range. From now on the term fiber is used in this thesis to describe the fibrous 

aggregates formed by LMWGs.  

 

 

 



 

 

4 Preparation and stability of micellar lyotropic LC physical gels 

(Publication I) 

In this chapter, the experimental procedure of transferring the lyotropic liquid-crystalline phases 

(lamellar Lα, nematic Nd or Nc, hexagonal H1) of the system H2O – n-decanol – SDS into the 

corresponding gelled state using the gelator 12-hydroxyoctadecanoic acid (12-HOA) is presented. The 

choice of 12-HOA was based on successful preliminary tests to gel the lamellar phases of the lyotropic 

systems D2O – n-decane – C10E4
[136] and H2O – didodecyldimethylammonium bromide.[243] After 

describing an easy and reproducible gelling procedure for LLC gels, insights how the gelator and the 

fiber network influence the LLC phases and vice versa are reported. Furthermore, it is demonstrated 

why the obtained lyotropic liquid-crystalline gels are not orthogonal self-assembled systems, i.e. the 

two structures – lyotropic liquid-crystalline phase and gel fiber network – do not form independently 

of each other within the same system.  

 

4.1 Specific background 

4.1.1 The lyotropic system H2O – n-decanol – SDS 

The micellar lyotropic system containing sodium dodecylsulfate as anionic surfactant, n-decanol as 

cosurfactant and water as solvent was chosen as “solvent” for gelation since, depending on the 

composition, it exhibits four different lyotropic phases at room temperature, namely the lamellar 

Lα phase, the nematic Nd and Nc phases and the hexagonal H1 phase (see Figure 4.1).  

To be exact, also small islands of the biaxial nematic Nbx phase were observed in the room temperature 

phase diagram[244] and temperature dependent Nbx – Nc
[244,245] and Nd – Nbx

[190] phase sequences were 

observed at different compositions. To keep it simple, compositions aside those biaxial phase regions 

were chosen for further investigations. The identification of the Nc and Nd phase was performed as 

described in the chapter 3.1. In order to fully rule out the possibility that a biaxial nematic gel has been 

formed, the birefringences (n2-n1 and n3-n2) would need to be measured by e.g. laser 

conoscopy.[190,246] But since the Nbx phase appears only in a very narrow regime in the phase diagram, 

the formation of a biaxial nematic gel is highly unlikely.  

A pseudo-lamellar arrangement of the micelles in the nematic phases of this system was reported by 

Berger et al.[188] As shown by POM[247] and SAXS[248] studies, the ratio n-decanol / SDS crucially 
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defines the formed phase. SAXS investigations proved that the micellar shape depends on the 

n-decanol / SDS ratio showing that the transition from a cylindrical to a discotic micellar shape almost 

coincides with the Nc – Nd transition at increasing cosurfactant / surfactant ratio.[248] 

 

Figure 4.1: Phase diagram of the system H2O – n-decanol – SDS including the molecular structures of the 
surfactant SDS and the cosurfactant n-decanol. The red dots indicate the examined sample compositions. 
Adapted with permission from P.-O. Quist et al., Phys. Rev. E 1993, 47, 3374.[249] Copyright 1993 by the 
American Physical Society.  

 

4.1.2 The LMWG 12-HOA 

12-HOA is known to gel various organic solvents and is thus an organogelator.[250,251] The self-

assembled structure of 12-HOA fibers in non-polar solvents is shown in Figure 4.2 and constitutes as 

follows: The 12-HOA molecules form cyclic bend dimers via hydrogen bonds between the carboxylic 

head groups.[252,253] Due to hydrogen bonds between the hydroxyl-groups at the C12-position, the 

dimers aggregate into a one-dimensional fiber with a zig-zag chain of H-bonds along the fiber axis.[254] 
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Moreover, the fibers exhibit an internal layer structure with layers of 4.67 nm thickness, as proven by 

X-ray investigations.[255]  

 

Figure 4.2: Molecular structure of the organogelator (R)-12-hydroxyoctadecanoic acid and its self-assembly 
into a one-dimensional gel fiber. Reprinted with permission from S. Dieterich et al., Langmuir 2019, 35, 
16793.[162] Copyright 2019 American Chemical Society.  

The fibers form a 3D interconnected network via transient and permanent junction zones, where the 

former are formed by neighboring gelator strands which expose their hydrogen bonds to the fiber 

surface[211] and the latter occur due to crystallographic mismatching during fiber growth.[256] The self-

assembled fiber network structures are considered to be composed of crystalline structures reminiscent 

of the one found in crystalline 12-HOA.[257,258] Both, the scattering profiles (see Figure 4.3) of the 

solid 12-HOA powder and the binary gel n-dodecane / 12-HOA show two peaks which were assigned 

to be the (001) and (003) reflections arising from the layer-structured fibers and the crystalline 

monoclinic microdomains which interconnect the fibers in the junction zones.[257,259]   

The chirality of the 12-HOA molecule expresses itself in the formation of twisted gel fibers, in which 

(R)-12-HOA forms left-handed fibers and the fibers formed by (S)-12-HOA show a right-handed 

twist.[260] There is an ongoing scientific discussion whether the racemic form is able to gel organic 

solvents or not. Sakurai et al. claim that the racemic form does not form gels[261], whereas 

Douglas et al. describe the gelation ability of the racemic form as significantly worse than of the 

enantiopure compound.[262] The reason for this are different H-bond configurations which leads in 



4 Preparation and stability of micellar lyotropic LC physical gels (Publication I) 41 
 

 

organic solvents to twisted fibers in the case of enantiopure 12-HOA and platelets in the case of the 

racemate.[262] 

1 2 3 4 5 6

 solid 12-HOA
 n-dodecane / 3 wt% 12-HOA

I 
/ 
a
.u

.

q / nm-1
 

Figure 4.3: X-ray diffraction profiles of the solid 12-HOA powder (black) and the binary gel 
n-dodecane / 3 wt% 12-HOA (red). Reflections are observed at the same q-values indicating that the 
arrangement of the 12-HOA molecules in the gel fibers and in the junction zones is similar to the one in the 
crystalline state.  

It was verified that the gelator used in this study is (R)-12-HOA by measuring its melting point and 

its optical activity. By means of differential scanning calorimetry (DSC) the melting point was 

measured to be at 79.5°C, which is in good agreement with the literature value of 79.8°C and clearly 

higher than the value of 76.2°C for the racemate.[261] The specific rotation of 12-HOA [α] was 

measured with a polarimeter (PerkinElmer, 241 MC) at room temperature in pyridine at λ = 589 nm 

(Na-D line) and in benzene at λ = 365 nm (Hg-lamp). The specific rotation was found to be 

[α]D = -0.39 (literature [α]D = -0.46)[255] and [α]365 = -0.99 (literature [α]365 = -0.84 (Kanto Chemicals, 

purified) and [α]365 = -1.0 (SigmaAldrich))[261]. Hence, the used 12-HOA is clearly present in its 

R-configuration.  

The type of the solvent considerably influences the 12-HOA network properties, i.e. the network 

microstructure. Macroscopic physical properties such as the critical gelator concentration, the thermal 

and viscoelastic properties, as well as the opacity of the gel depend on the used solvent.[251] As 

described before in chapter 3.2, the solvent-gelator interaction determines the gel formation, in which 

proper gelation is only possible for a solvent that has limited interactions with the gelator. Due to this 

solvent-gelator interplay, polar solvents and especially hydrogen-bonding solvents rather dissolve 

12-HOA and thus prevent gel formation. The critical gelator concentration increases with increasing 
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polarity and hydrogen-bonding ability of the solvent.[263] Moreover, the addition of polar additives 

like alcohols[264] or lecithin[265] suppresses the gelation process and leads to higher critical gelator 

concentrations and a reduced mechanical strength since the additives compete with 12-HOA for the 

specific gelator-gelator interactions. In rather polar solvents, 12-HOA forms a less-effective sphe-

rulitic network instead of elongated fibers.[226,251]   

If 12-HOA is so sensitive to the hydrogen bonding ability of the solvent, why was it chosen to gel 

lyotropic liquid crystals, which mainly contain water? The reason are the successful efforts to gel 

microemulsions[266,267] and LLC phases[136] of the system D2O−n-decane−C10E4, the gel properties 

of which were shown to be not significantly changed in comparison to the gel formed in n-decane. 

Additionally, our own preliminary test gelling the Lα phase of the system H2O – didodecyldimethyl-

ammonium bromide was successful as well.[243] We assume that in surfactant containing systems a 

surfactant monolayer around the gel fiber protects the intra-fiber hydrogen bonding and mediates the 

compatibility between the mainly non-polar fiber and water.[164] Furthermore, 12-HOA was already 

used in the successful gelation of thermotropic LC phases.[132,268,269]  

Finally, it has to be mentioned that salts of 12-HOA with proper counterions (e.g. alkanolamines) act 

like surfactants in water. Cooling down an isotropic micellar solution, tubules with walls of 

concentrically stacked bilayers separated by water are formed.[270,271] At high concentrations, these 

multilamellar tubules are mechanically jammed into a glassy state[272] (sometimes called 

hydrogels[273]). For certain counterions such as hexanolamines, a transition from tubules to twisted 

ribbons occurs, which entangle to form a network and thus a hydrogel formation arises at low 12-HOA 

salt concentration (0.1 wt%).[273,274]  

 

4.2 Results and Discussion 

4.2.1 General preparation route 

At first, a general preparation protocol for lyotropic liquid-crystalline gels was developed. As 

explained in chapter 3.1 the amount of water as well as the ratio between cosurfactant and surfactant 

crucially determine the shape of the micelles and thus the resulting LLC phase. To avoid changes in 

the micellar shape by adding the gelator, the water mass fraction STUV  
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STUV = DTUVDTUV + DWXW + DXVT + DYZ�[\]^ 
(4.1) 

with DTUV, DWXW, DXVT and DYZ�[\]^ being the masses of water, SDS, n-decanol and 12-HOA, 

respectively, and the cosurfactant to surfactant ratio �XVT/WXW  

�XVT/WXW = DXVTDWXW  
(4.2) 

is kept constant in both the non-gelled LLC phase and the corresponding gel obtained thereof.  

The amount of added gelator is specified by the gelator mass fraction _ 

_ = D`abcDTUV + DWXW + DXVT + D`abc 
(4.3) 

or by the respective weight percent 

de%`abc = D`abcD\]\ ∙ 100 . 
(4.4) 

A possible orthogonal self-assembly requires the simultaneous formation of the LLC phase and the 

fibrillar network. To meet this condition, the gelator 12-HOA was dissolved in n-decanol at 80°C. 

Likewise, SDS was dissolved in water at 40°C. Subsequently, the two solutions were combined by 

adding the SDS/H2O solution to 12-HOA/DOH at 80°C by means of a syringe with a thick needle and 

ensuring a proper homogenization via steady and cautious mixing. The mixture was quenched in an 

ice bath for half an hour to achieve fast network growth. Afterwards, the sample was kept at room 

temperature for one day to complete gel formation. The sample was considered as gelled if the 

macroscopic sample does not flow for at least eight hours when turning the vial upside down.  

The cooling procedure has a distinct influence on the formed gel, as shown in Figure 4.4. If the sample 

is cooled down quickly by quenching in an ice bath, a homogenous gel is formed which exhibits 

blueish light scattering due to the Tyndall effect.[275] Contrary, if the sample is cooled down slowly 

by leaving it at room temperature, visible white areas which are either very large network regions 

(large crystalline junction zones) or part of the gelator precipitating. This finding is supported by the 

phenomenological observation that a gel which has been cooled down slowly is a mechanically 

weaker gel, either due to a reduced number of net points or a reduced amount of available gelator. 

In literature it was found that the cooling rate significantly influences the morphology of the fiber 
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network.[209,221] Under the assumption of a nucleation-fiber growth-branching mechanism[276], a higher 

cooling rate leads to a lower onset of nucleation and therefore a higher degree of undercooling (and 

thus supersaturation) at the moment of nucleation. This leads to an increased number of smaller nuclei. 

Additionally, an increased cooling rate results in a higher degree of fiber branching (mainly due to an 

increased rate of crystallographic mismatching leading to permanent junction zones).[209,221] 

Moreover, for isothermal network formation it was also shown that a higher degree of undercooling 

leads to a denser network of thinner and shorter (i.e. more branched network) fibers resulting in a 

mechanically more stable gel of higher elasticity.[276]  

 

Figure 4.4: Comparison of a gelled lamellar phase cooled down either rapidly (left) or slowly (right). 

The second observation regarding the gelling procedure is that the LLC phase is forming significantly 

faster (within seconds) than the gel network (in the range of minutes to hours, depending on the gelator 

concentration). Although a simultaneous formation of LLC phase and network was envisaged, the gel 

network is formed in the presence of the LLC phase.   

To evaluate the liquid-crystalline as well as the gel properties of the gelled LLC phases and to clarify 

whether or not the gelled LLC phases are orthogonal self-assembled systems, the gelled samples are 

compared with two parent systems: i) the gelator-free LLC with the same STUV and �XVT/WXW as the 

gelled LLC and (ii) the binary gel formed by n-dodecane and the same amount _ of 12-HOA as in the 

gelled LLC. Dodecane was chosen for comparison since it has the same chain length than the 

hydrophobic part of the surfactant SDS.  

The first diagnostic test to determine whether a gel has formed is the tube-inversion test. The vial 

containing the sample is turned upside down and either the sample is self-supporting (gel) or flows 

under its own weight (sol). A gel is a material having a yield stress, below which the material shows 
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elastic behavior (soft but rigid solid). The sample begins to flow if the external forces acting on the 

sample exceed the internal structural forces, which are given by the strength of the bonds in the 

network and the rigidity of the network.[277] In the tube-inversion test, the external force is the weight 

force gY of the sample due to gravity. A schematic drawing of the experiment is shown in Figure 4.5. 

The weight of the sample is 

D = 8h� ∙ i ∙ j (4.5) 

where h is the vial radius , i is the sample height and j is the sample density. 

The yield stress k$ is then  

k$ = gYl = i ∙ j ∙ m (4.6) 

with the vial base area l and the acceleration due to gravity m.[278,279]  

Since the column height of the sample depends on the sample mass and the diameter of the vial, it is 

of great importance to always conduct the test under the same experimental conditions (sample weight, 

vial type). Additionally, one has to be careful to not misclassify highly viscous fluids as gels. The 

distance a sample flows down over a certain time under the action of gravity is inversely proportional 

to the viscosity of the sample.[279] Thus, a sufficiently long period of observation is necessary to 

distinguish between a highly viscous fluid and a gel, which we chose to be eight hours.  

 

Figure 4.5: Schematic drawing of the tube-inversion experiment. The sample is considered as a cylinder of 

radius h and length i and base area l. The weight force gY due to gravity is balanced by internal structural 

forces of the gel, i.e. the yield stress. Redrawn after Ref.[278]  

Using the tube-inversion test, it was confirmed that gelling all four examined LLC phases (lamellar Lα, 

nematic Nd and Nc, hexagonal H1) with 12-HOA led to a stable gel above a certain critical gelation 

concentration (cgc). At least 1.5 wt% 12-HOA are required to gel the Lα phase. For the lyotropic 
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nematic phases and hexagonal phase 1.8 wt% and 2.0 wt% are needed to transfer the sample into the 

gel state, respectively. Contrary, only 0.2 wt% 12-HOA are sufficient to obtain the binary gel 

n-dodecane / 12-HOA. This observation can be explained with the fact that interactions between 

gelator and solvent molecules reduce the ability of a gelator to form a gel network. It was thus found 

that the critical gelation concentration for 12-HOA increases with increasing polarity of the solvent 

and increasing ability of the solvent to form hydrogen bonds.[251]  

As shown in Figure 4.6, the gelled Lα phase shows optical birefringence between crossed polarizers, 

elastic response to external stress and exhibits no flow, all clearly proving the formation of an 

anisotropic gel. 

                    

Figure 4.6: a) Picture of the gelled lyotropic lamellar phase outside and between crossed polarizers. The gel 
shows no flow but strong optical birefringence. b) The gel returns to its original shape when the stress is 
released proving its elasticity. Adapted with permission from S. Dieterich et al., Langmuir 2019, 35, 16793.[162] 
Copyright 2019 American Chemical Society.  

 

4.2.2 Gelling nematic, lamellar and hexagonal phases 

As a second step, it has to be examined whether the order of the respective LLC phases is preserved 

during gelation. The liquid-crystalline properties were investigated using polarized optical 

microscopy (Figure 4.7) and small-angle X-ray scattering (Figure 4.8). The textures of the gelator-

free and gelled Lα phase resemble each other; both show an oily-streaks texture in a planar matrix 

proving that the lamellar order is maintained in the gelled state. Contrary, the POM images of the 

other LLC phases gelled with 12-HOA provide evidence that no lyotropic nematic or hexagonal gel 

was obtained. While the textures of the gelator-free Nd and Nc phase show schlieren textures typical 

of the nematic phase, the corresponding gelled samples (_ = 0.018) exhibit textures similar to the 

lamellar gel. The image of the gelator-free H1 phase shows a typical fanlike texture, but the 

corresponding gelled sample (_ = 0.02) is not birefringent anymore. Large junction zones in the gel 

(a) (b) 
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network with an extension of hundreds of nanometers (range of the wavelength of visible light) cause 

local spots of weak birefringence (see Figure 4.7d), otherwise an isotropic gel is obtained.  

 

Figure 4.7: (Left) Texture images obtained by polarized optical microscopy of the gelator-free a) Lα, b) Nd, 
c) Nc and d) H1 phase and their gelled counterparts (STUV = 0.70 for all samples) (right). While the gelator-

free nematic phases show a typical schlieren texture, the corresponding gelled phases exhibit characteristics of 
the lamellar phase. The hexagonal phase is not birefringent in the gelled state; the observed texture arises from 
aggregation of gel fibers. Reprinted with permission from S. Dieterich et al., Langmuir 2019, 35, 16793.[162] 
Copyright 2019 American Chemical Society.  
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The findings obtained by POM are confirmed by small-angle X-ray scattering. In Figure 4.8 the X-ray 

diffractograms of the gelled (_ = 0.03) and gelator-free Lα, Nd, Nc and H1 phase as well as of the 

binary gel are shown. For the gelled and gelator-free Lα phase two orders of pseudo-Bragg peaks due 

to the lamellar layer structure emerge (Figure 4.8a). Additionally, small scattering maxima at 

q = 1.33 nm-1 and q = 3.99 nm-1 appear in the SAXS curve of the gelled Lα phase as well as of the 

binary gel. These maxima are known to be the (001) and (003) reflections due to the layered structure 

of the 12-HOA fibers[255,259] (see Figure 4.3). The limited number of layers per twisted fiber give rise 

to the considerable width of these “intra-fiber” scattering maxima which are weak in intensity due to 

the small fraction of fibers in the sample. To conclude, the X-ray diffractograms in Figure 4.8a prove 

the formation and coexistence of a lamellar layer and a gel fiber structure in the gelled Lα phase.   

In contrast, the SAXS results for the nematic and hexagonal phases contradict the existence a gel with 

nematic or hexagonal order. On the one hand, for the gelator-free Nd and Nc phases broad scattering 

maxima are visible in Figure 4.8b,c due to the short-range translational order present in nematic 

phases. On the other hand, in the corresponding gelled materials a scattering profile typical of a 

lyotropic lamellar profile with two orders of sharp layer peaks with a q-ratio of 1 : 2 are observed. The 

POM and SAXS results thus clearly demonstrate that gelling a nematic phase with 12-HOA leads to 

the formation of a lamellar gel.   

The I(q) profile of the gelator-free H1 phase (Figure 4.8d) exhibits three sharp peaks with a q-ratio of 

1 : √3 : 2 which is characteristic for 2D hexagonal order. However, in case of the gelled material just 

two diffuse scattering maxima remain, indicating that only short-range translational order is left. In 

summary, the fact that the gelled material shows no birefringence between crossed polarizers along 

with the SAXS results demonstrate that gelling a H1 phase with 12-HOA results in an isotropic gel 

and not in a lyotropic hexagonal gel.  
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Figure 4.8: X-ray diffraction profiles of the gelator-free (black) and gelled (red) a) Lα, b) Nd, c) Nc and 

d) H1 phases (STUV = 0.70 for all samples). In the binary gel (blue), the diffuse and weak (001) and (003) 

peaks from the layered structure of the 12-HOA fibers are seen. Reprinted with permission from S. Dieterich 
et al., Langmuir 2019, 35, 16793.[162] Copyright 2019 American Chemical Society.  

Further evidence for the coexistence of a fiber network and a lamellar layer structure in the gelled 

Lα phase, but also in the gels obtained by gelling a nematic phase is given by the freeze-fracture 

electron microscopy (FFEM) pictures in Figure 4.9. For the Lα, as well as for the Nc phase gelled with 

12-HOA, twisted gel fibers as well as layer steps typical of a Lα phase are observed. For the gelled 

Lα phase this is further evidence that both “parent” structures have actually formed and exist next to 

each other. In all cases, all fibers observed in the replica show a right-handed twist meaning that all 

fibers are actually left-handed, as expected for (R)-12-HOA gels[260]. However, this result for the 

lamellar gel is in clear contrast to the Lα phase of the system D2O−n-decane−C10E4 gelled with 

12-HOA, where non-twisted fibers were observed.[136] The fiber thickness is in the same range for all 
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investigated gels, 20 – 60 nm for the binary gel, 30 – 50 nm for the gelled Lα phase and 20 – 40 nm 

for the lamellar gel obtained by gelling the Nc phase.  

 

Figure 4.9: Freeze fracture electron microscopy image of the a) binary gel n-dodecane / 3 wt% 12-HOA, b) the 

gelled Lα phase (STUV = 0.67, �XVT/WXW = 0.375 , _ = 0.03) and c) the nematic Nc phase (STUV = 0.67, �XVT/WXW = 0.18 ) after gelling the sample with 3 wt% 12-HOA. The observed layer steps 

indicate the presence of a lamellar structure which coexists with twisted gel fibers. Adapted with permission 
from S. Dieterich et al., Langmuir 2019, 35, 16793.[162] Copyright 2019 American Chemical Society.  

What is the reason for the strong stabilization of the lamellar regime? Why is it not possible to transfer 

lyotropic nematic phases into the state of a nematic gel using the gelator 12-HOA? An explanation 

may lie in the molecular structure of 12-HOA (Figure 4.2). Disregarding the 12-hydroxy group, 

12-HOA has a typical amphiphilic structure with a non-polar alkyl tail and a polar head group. Hence, 

the gelator is likely incorporated into the amphiphilic film also acting as a cosurfactant. As described 

in chapter 3.1, the curvature of the micelle and thus the formed lyotropic liquid-crystalline phase 

depends on the packing parameter introduced by Israelachvili.[169] The effective head group area of 

anionic surfactants like SDS is determined by repulsive Coulomb interactions between the charged 

head groups. Thus, the ratio of the effective cross section area occupied by the alkyl tail and the 

effective cross section area occupied by the head group is increased when 12-HOA is incorporated 

into the micelles since a non-ionic cosurfactant leads to a smaller effective head group area by 

reducing the Coulomb repulsion between the charged head groups of the anionic surfactant molecules. 

As shown in Figure 4.10 the incorporation of 12-HOA into the amphiphilic film flattens the micelle 

curvature and results in the transition from a nematic phase into a lamellar gel. The surface activity of 

12-HOA was already observed for gelled bicontinous microemulsions and other gelled lyotropic 

liquid crystals.[243,267,280] 
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Figure 4.10: Schematic representation how the incorporation of the non-ionic 12-HOA into the micelles leads 
to a decreased film curvature by reducing the Coulomb repulsion between the charged head groups of the 
anionic SDS molecules. Reprinted with permission from S. Dieterich et al., Langmuir 2019, 35, 16793.[162] 
Copyright 2019 American Chemical Society. 

The subsequent question to be answered is how high actually the gelator concentration incorporated 

into the micelles is? Differential scanning calorimetry was used to roughly determine the amount of 

12-HOA acting as cosurfactant as follows:  

With increasing gelator concentration more (or thicker) gelator fibers are formed and a stronger gel 

network is build up. The enthalpy of the gel melting Δgel-solH is thus expected to increase with 

increasing gelator amount and it is observed in Figure 4.11 that this relationship is linear for all 

samples, the binary gel n-dodecane / 12-HOA (and additionally shown in literature for a different 

binary gel n-decane / 12-HOA[281]) as well as the gelled lyotropic liquid-crystalline phases. While the 

linear regression for the binary gel passes through the origin as expected, the linear regression for all 

gelled LLC phases independent of the cosurfactant to surfactant ratio �XVT/WXW intersects the abscissa 

at a gelator content between 1.23 and 1.35 wt.% of 12-HOA. For clarification, the corresponding 

gelator-free phase is given in parenthesis in Figure 4.11, even if the samples are in a different state 

after gelation. This offset indicates the amount of gelator incorporated into the amphiphilic film, which 

is thus estimated to be between 1.2 to 1.4 wt% 12-HOA. A view on the ternary phase diagram 

(Figure 4.1) reveals that the nematic Nd and Nc phases differ in cosurfactant (n-decanol) concentration 

by roughly 1 wt.%. Hence, it is reasonable to assume that 1.2 to 1.4 wt% 12-HOA integrated into the 

micelles are enough to substantially change the micellar curvature and thus the phase behavior upon 

gelation.  
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Figure 4.11: Gel-sol transition enthalpy versus the gelator mass fraction μ for the gelled phases of the 

composition STUV = 0.67 and �XVT/WXW = 0.27  (black squares), �XVT/WXW = 0.21 (red circles), �XVT/WXW = 0.18 (blue triangles up) and �XVT/WXW = 0.10 (green triangles down), and for the binary gel 

n-dodecane / 12-HOA (orange diamonds). The linear extrapolation to Δgel-solH = 0 leads to an intersection with 
the abscissa for a gelator content between 1.23 and 1.35 wt.% for the LLC sample. Since Δgel-solH = 0 is found 
at μ = 0 for the binary gel as expected, the obtained value for the gelled LLC samples can be interpreted as a 
rough estimate of the fraction of 12-HOA incorporated into the micelles. Adapted with permission from S. 
Dieterich et al., Langmuir 2019, 35, 16793.[162] Copyright 2019 American Chemical Society.  

However, the formation of an isotropic gel upon gelation of the hexagonal phase cannot be explained 

with the cosurfactant effect of 12-HOA, since an increase in cosurfactant content should drive the 

hexagonal phase into the nematic or lamellar regimes (see the effect of n-decanol in Figure 4.1). 

Actually, the addition of stearic acid, which has almost the same molecular structure as 12-HOA but 

misses the 12-hydroxy group responsible for gel formation (see appendix, Figure 9.1), lead to the 

formation of a Nc phase at room temperature, which is the result of stearic acid acting as cosurfactant. 

What is then the reason for the transformation of the H1 phase into an isotropic gel during gelation? 

We believe that the formation of a 3D network of comparatively thick fibers is not compatible with 

the 2D translational order in the hexagonal phase. The network formation destroys the high degree of 

translational order present in a lyotropic H1 phase. Thus, other low molecular weight gelators, namely 

DBS and DBC (see chapter 5.1.2) which are known to form thinner gel fibers, were tested in order to 

obtain micellar lyotropic hexagonal gels. The results on gelling the hexagonal phase with the gelators 

DBS and DBC are reported in the following.  

Between crossed polarizes the gels obtained with DBS and DBC show optical birefringence (see 
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Figure 4.12). To confirm that the anisotropic gels indeed exhibit a hexagonal structure, POM and 

SAXS measurements were executed (Figure 4.13 and Figure 4.14). For both, the gelator-free H1 phase 

and the H1 phase gelled with 1 wt% DBS a striated texture and a mosaic texture was observed, both 

characteristic of the hexagonal phase. For the H1 phase gelled with 2 wt% DBC a rather non-

characteristic texture was found. In the X-ray curve of this sample the first scattering maximum 

appears quite sharp and the second maximum is very brought and might contain the (11) and (20) 

reflections typical of a hexagonal phase. However, the scattering maxima observed in the gel obtained 

with DBS are rather broad indicating only short-range translational order. Nevertheless, the results 

obtained with POM demonstrate that a hexagonal gel is formed upon gelation of the H1 phase with 

DBS and the hexagonal nature of the gel obtained with DBC is confirmed by X-ray scattering. Thus 

in contrast to gelation with 12-HOA, gelling the H1 phase with the gelators DBS or DBC successfully 

transfers the hexagonal structure into the gelled state.  

 

Figure 4.12: Optical birefringence between crossed polarizers and the absence of flow confirm the formation 
of an anisotropic gel for a) the H1 phase gelled with 1 wt% DBS and b) the H1 phase gelled with 3 wt% DBC. 

 

       

Figure 4.13: Images of the textures observed with polarized optical microscopy of a) the gelator-free H1 phase, 
b) the H1 phase gelled with 1 wt% DBS and (c) the H1 phase gelled with 3 wt% DBC. 

 

(a) (b) (c) 
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Figure 4.14: X-ray diffraction profiles of the gelator-free H1 phase (black), the H1 phase gelled with 
1 wt% DBS (blue) and the H1 phase gelled with 3 wt% DBC (green). 

For the hexagonal gel obtained with DBC a shift of the scattering maxima to lower q-values in 

comparison with the gelator-free H1 phase is observed. The d10 distance between the cylindrical 

micelles and the lattice constant � (� = �√q 65�) obtained from Lorentz fits to the X-ray curves (Bragg 

relation 65� = �IrsJ) are listed in Table 4.1. 

Table 4.1: Distance 65� between the cylindrical micelles and lattice constant � obtained from the analyses of 
the first order scattering maxima of the SAXS data shown in Figure 4.14 for the studied gelator-free H1 phase 
and the corresponding hexagonal gels. 

Sample tuv / [nm] w / [nm] 

Gelator-free H1 5.8 6.7 

H1, 1 wt% DBS 5.4 6.4 

H1, 3 wt% DBC 7.4 8.6 

 

What is the reason of the considerable widening of the hexagonal structure in case of gelation with 

DBC? First, one has to consider how the gel fibers can coexist with the 2D hexagonal order of the 

H1 phase. To not destroy the hexagonal structure, the gel fiber can either run between the cylindrical 

micelles or one gel fiber can replace one micelle in the hexagonal lattice. Both possibilities are 

sketched in Figure 4.15. Thus, most of the fibers have to run parallel to the director. Nevertheless, for 

gel formation the formation of a 3D network is necessary. Thus, the average length of the cylindrical 

micelles is assumed to be considerable shorter than in the gelator-free case since cross connections 
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between the fibers are inevitable. If the diameter of the formed gel fibers is larger than the diameter 

of the micelles or than the space between the micelles the hexagonal structure must expand. Above a 

certain threshold, the fibers are too thick to be compatible with the hexagonal structure and an isotropic 

gel is formed. 

 

Figure 4.15: Schematic drawing of a hexagonal gel. The gel fiber (orange) can a) either run between the 
micelles or b) replace one micelle.  

The fiber diameter observed with electron microscopy is 20 – 35 nm in case of the isotropic gel 

obtained with 12-HOA, 4 – 7 nm for fibers made of DBS in the hexagonal gel and 8 – 14 nm for DBC 

gel fibers in the hexagonal gel (see Figure 4.16). While gel fibers from DBS can be easily incorporated 

in the hexagonal structure, the hexagonal structure has to expand to include the DBC fibers. In case 

of 12-HOA the fibers are too large to be integrated in the 2D hexagonal structure and thus an isotropic 

gel is formed.   
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Figure 4.16: The gel fibers are visible in the FFEM images of a) the isotropic gel obtained with 3 wt% 
12-HOA, b) the hexagonal gel obtained with 1 wt% DBS and c) the hexagonal gel obtained with 3 wt% DBC.  

To conclude, similar as in lyotropic lamellar gels (see chapter 6) the ratio of the fiber diameter to the 

hexagonal lattice constant is the crucial parameter whether or not the hexagonal structure is conserved 

during gelation. If the fiber diameter is too large, an isotropic gel results. In case of a hexagonal gel, 

the fiber thickness considerably determines the hexagonal structure.  

 

4.2.3 Coexistence and mutual impact of gel network and lamellar structure 

Since the Lα phase is the only lyotropic phase whose structure is preserved during gelation with 

12-HOA, we focused on the Lα phase to investigate the mutual influence of gel fiber network and 

lamellar layer structure on each other in the lamellar gel.   

A measure for the strength of the formed network is the gel-sol transition temperature Tgel-sol, as well 

as the amount of energy necessary to break the interactions in the fiber network. Thus, DSC 

measurements were used to study the thermal behavior of the gels. The observed endothermic peaks 

while heating are related to a “melting” of the gel network. It was noticed that the peaks are more 

pronounced for the binary gel than for the lamellar gel, as can be seen in the heating curves in 

Figure 4.17.  
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Figure 4.17: DSC heating curves for a lamellar gel (STUV = 0.67, �XVT/WXW = 0.27 , _ = 0.025, solid line) 

and a binary gel n-dodecane / 12-HOA (_ = 0.03, dashed line), both obtained with a heating rate of 5 Kmin-1. 

The fact that the calorimetry peaks span a large range of about (or even more) than 10 K shows that 

several processes take place during the melting of the gel. On the one hand, the cross-links between 

the fibers have to be broken (interfiber interactions), on the other hand the H-bonds holding together 

a single fiber have to be overcome (intrafiber interactions). Therefore, not the onset but the maximum 

of a peak was taken as gel-sol transition temperature, as suggested in literature.[278] After subtracting 

a baseline, the area under the curve yields the enthalpy of the gel melting Δgel-solH (see Figure 4.18). 

A hysteresis was noticed between the gel melting and the gel formation, as was observed for SAFINs 

before.[143,282,283] The hysteresis and Δgel-solH are increasing with increasing heating rate and thus the 

lowest heating rate that still allowed a sufficient detection of the gel melting peaks was used, which 

was a rate of 5 Kmin-1. Solely the transition from gel to the fluid sol while heating was considered. 

By that the gel-sol transition temperature for one sample was found to have a reproducibility in the 

order of Tgel-sol ±1.5 K.  
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Figure 4.18: Baseline-subtracted DSC heating curve for the binary gel n-dodecane / 12-HOA (_ = 0.03). The 
gel-sol transition temperature Tgel-sol is obtained from the peak maximum and the gel melting enthalpy Δgel-solH 
from the area under the calorimetry peak.  

The gel-sol transition temperature dependent on the gelator content is compared for the lamellar gel 

with the one of the binary gel. To only consider the fraction of gelator actually forming fibers, the 

amount of gelator acting as cosurfactant in the lamellar gel was neglected and an effective gelator 

mass fraction _Zxx = _yZ�YzZ1 �{ − 0.0125 was used. As expected, the gel-sol transition temperature 

increases with increasing gelator amount for the lamellar and the binary gel due to the presence of 

more fibers. Since Tgel-sol of the gelled lamellar phase is about 25 K lower than for the binary gel, the 

gelled Lα phase is the weaker gel.   

As reported in literature for various gelators (molecular as well as polymeric ones)[153,284,285], the plot 

of ln_Zxx versus Tgel-sol
-1 shows a linear behavior (see Figure 4.19b). The physical meaning behind this 

behavior is still discussed in two contradictive models. 
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Figure 4.19: a) Gel-sol transition temperature in dependence of the effective (fiber-forming) mass fraction of 
12-HOA for the lamellar gel (STUV = 0.67, �XVT/WXW = 0.27 , filled circles) and the binary gel 

n-dodecane / 12-HOA (open circles). b) The plot of ln _~�� versus Tgel-sol
-1 shows a linear dependence for both, 

the gelled Lα phase (STUV = 0.67, �XVT/WXW = 0.375 ) and the binary gel.  

The first model assumes that the sol to gel transition is of second order and gelation is interpreted as 

a percolation process, in which the molecules first assemble into small clusters before they assemble 

further into a space-filling network at the gelation point. Typical of a second order transition, the 

molecules undergo changes well before the transition point and the clusters cooperatively grow in size 

such that the cluster size, i.e. the correlation length, increases with a power law dependence in the 

vicinity of the gelation point.[278] This model is supported by the fact that the rheological properties 

follow a power law as the gelation point is approached.[241,286,287] The thermal properties of such a 

transition were first described for the gelation of biopolymers such as gelatin by Eldridge and Ferry, 

which assumed that gelation proceeds via an exothermic pairwise cross-linking process.[285] The 

dimerization of biopolymer chains (or gelator fibers in the case of SAFINs) provides the following 

relationship between the gelator concentration and Tgel-sol 

ln _ = −∆��^h�YZ���]� + constant , 
(4.7) 

with h being the gas constant. ∆��^ is the enthalpy connected to the cross-linking process and can be 

interpreted as the energy necessary to break one mole of cross-links, i.e. nodes of the gel network.[281] 

From the slope of the linear fits in Figure 4.19b an enthalpy of ∆��^= 260 kJ mol-1for the binary gel 

and ∆��^= 115 kJ mol-1 for the lamellar gel is obtained. The fact that less energy is required to break 
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the nodes in the gelled Lα phase than in the binary gel confirms again that the gel formed in a lamellar 

phase is weaker than the one formed in dodecane. Interactions of 12-HOA with the surrounding polar 

water may reduce the gel forming ability of 12-HOA since the number of “inter-gelator” hydrogen 

bonds is reduced.  

The second model assumes the sol to gel transition to be a first order transition which proceeds via a 

nucleation and growth mechanism.[278] The gel to sol transition is interpreted as the melting of gelator 

crystals and the relation between gelator concentration _ and Tgel-sol is  

ln _ = −∆�Eh ∙ ,�YZ���]� − �E., (4.8) 

where ∆�E is the melting enthalpy of neat gelator and �E is the melting temperature of neat gelator. 

From the linear fits in Figure 4.19b, the 12-HOA melting temperatures of 80.3°C and 80.4°C are 

obtained for the case of the binary gel and the lamellar gel, respectively. Thus, the obtained melting 

temperatures are close to the value of 79.5°C obtained from a DSC measurement of neat 12-HOA and 

the value of 79.8°C found in literature,[261] which supports to treat the dissolution of 12-HOA gels as 

a melting of gelator crystals. However, the enthalpy obtained from the fits (∆�E= 260 kJ mol-1for the 

binary gel and ∆�E= 115 kJ mol-1 for the lamellar gel) is significantly larger than the melting enthalpy 

of neat 12-HOA received from DSC measurements, which is ∆�E= 49.5 kJ∙mol-1.   

The observed broad calorimetry peaks in the DSC heating curves suggest a weakly first order 

transition. In fact, the gel network formation of small molecule gelators is nowadays interpreted as a 

two-step process.[278,288] First, the gelator molecules self-assemble into fibers via a first-order process, 

which is mainly observed in DSC measurements due to the discontinuous enthalpy change related to 

the fiber formation. In a second step, the fibers link together to form clusters and finally the 3D 

network, the cross-linking between the fibers is a second order process with a diverging cluster size 

at the gelation point. This explains the fact that gel-sol transition temperatures which are measured 

via rheology or the “table-top” method (a gel in an inversed vial is placed in a heated water bath and 

checked for flow) are often found to be below the ones measured with DSC.[281] The first probes the 

mechanical stability of the gel which is connected to its cross-linking density, and the second rather 

measures the melting of the single gel fibers.    

A striking difference between the gelator-free Lα phase and the lamellar gel becomes obvious by a 

look at the temperature dependent lamellar layer spacing (see Figure 4.20). For the gelator-free 

Lα phase the lamellar repeat unit 6� is decreasing with increasing temperature. Such behavior is 
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expected due to the enhanced fluctuations of the surfactant molecules and thus decreasing 

orientational order with increasing temperature.[289] In contrast, the gelled Lα phase shows an almost 

temperature-independent layer spacing at low temperatures. Above a certain temperature a decrease 

of the layer spacing as in the gelator-free case can be observed. The temperature from which the 

behavior changes coincides with the gel-sol transition temperature. Below the gel-sol transition 

temperature the lamellar layer spacing is arrested, while above Tgel-sol the layer spacing is free to 

change with temperature. The gel network seems to freeze the lamellar liquid crystalline order leading 

to stiffer lamellar bilayers. 
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Figure 4.20: Lamellar repeat unit 60 in dependence of temperature for the gelator-free Lα phase (for 

a) STUV = 0.70, �XVT/WXW = 0.28, and b) STUV = 0.70, �XVT/WXW = 0.30 , open circles) and the 

corresponding gelled Lα phase (_ = 0.03, filled circles) measured by small angle X-ray scattering. For the 
gelled Lα phase an arrested layer spacing is observed below the gel-sol transition temperature Tgel-sol. a) is 
adapted with permission from S. Dieterich et al., Langmuir 2019, 35, 16793.[162] Copyright 2019 American 
Chemical Society.  

Another indication that the lamellar structure is influenced by the presence of the gel network gives a 

detailed comparison of the diffraction profiles of the gelator-free Lα phase and the lamellar gel (see 

Figure 4.21). For the gelled Lα phases a shift of the layer peaks to lower q in comparison with the 

corresponding gelator-free Lα phase as in Figure 4.21 is often observed. This is a common, but not the 

general behavior and this trend is not systematic in its magnitude. On reason for the increase in the 

layer spacing might be that the incorporation of the “cosurfactant” 12-HOA with a C18 chain broadens 

the bilayer formed by the C12 surfactant SDS. Additionally, an increase in the layer repeat unit points 

towards a higher degree of orientational order.   

More important, for the gelled Lα phase the intensity of the second order peak is enhanced and a third 
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order layer peak emerges, which indicates that the quality of lamellar ordering is clearly enhanced by 

the presence of the gel network fibers. This leads to the general conclusion that both structures, 

lamellar layers and gel fibers, do not coexist independently of each other. 
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Figure 4.21: Comparison of the X-ray profiles obtained for the gelator-free Lα phase (black) and for the 
Lα phases gelled with 1.5 wt.% (orange) and 3 wt.% (green) 12-HOA. The intensity is normalized to the 
intensities of the first order layer peaks. With increasing gelator amount an enhancement of the second order 
layer peak and even a third order layer peak due to the lamellar structure can be observed. This indicates a 
higher translational order for the gelled than for the gelator-free Lα phase. Reprinted with permission from 
S. Dieterich et al., Langmuir 2019, 35, 16793.[162] Copyright 2019 American Chemical Society.  

 

4.3 Conclusion 

In this section of the thesis one of the first examples of surfactant-based lyotropic liquid-crystalline 

physical gels is presented. The development of a reproducible procedure for the fabrication of such 

LLC gels is described. The combination of a lamellar liquid crystal and a low molecular weight gelator 

leads to a new kind of a mechanically stable, elastic and anisotropic soft solid.  

In conclusion, the obtained results clearly demonstrate that the two combined structures, liquid 

crystalline phase and gel fiber network, do not coexist independently of each other meaning that the 

gelled lyotropic liquid crystalline phases are not orthogonal self-assembled systems.   

It is possible to transform all observed LLC phases into the gelled state using the gelator 12-HOA, but 

only for the Lα phase its lamellar structure is maintained. In contrast, nematic phases have a lamellar 
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structure in the gelled state and the hexagonal phase was found to be isotropic after gelation. It seems 

that the high order of the hexagonal phase is incompatible with the gel network structure. However, 

it turned out that hexagonal gels could be obtained using different low molecular weight gelators, 

which form considerably thinner gel fibers as 12-HOA, which allows the fiber network and the 

hexagonal phase to coexist with each other. Hence, the gel fiber diameter is the crucial criterion 

whether micellar lyotropic hexagonal gels can be formed.   

All in all, the gel network interacts with the lyotropic phases in such a way that the lamellar structure 

is stabilized, as additionally shown by an increased translational order in the lamellar gel in 

comparison to the gelator-free Lα phase.  

Due to the strong preference of the lamellar phase, the structures of non-layered phases, such as the 

nematic phases, could not be preserved during gelation with 12-HOA. In addition, the gelator 12-HOA 

was found to be surface active and thus acting partly as cosurfactant in the LLC system. This leads to 

a flattening of the micelle curvature and thus to a broadening of the lamellar regime. Hence, in the 

next step, low molecular weight gelators which are not surface active were investigated in order to 

obtain lyotropic nematic gels. The results are presented in the next part of this thesis (chapter 5).  

Gelling the Lα phase is most straightforward. The behavior of the examined lamellar gels deviates 

from the one of the gelator-free Lα phase since an arrested lamellar layer spacing and an enhanced 

lamellar order were found. Thus, the structure of the lamellar gels and the mutual influence of lamellar 

layer structure and gel fiber network on each other is studied in more detail in a systematic SANS 

study, the results of which are discussed in section 6 of this thesis.  

 



 

 

5 Lyotropic nematic gels (Publication II) 

Nematics are the structurally simplest LC phase, which makes lyotropic nematic gels essential for 

demonstrating fundamental principles in LLC gels. The absence of any long-range translational order 

is also the reason for their low viscosity enabling easy alignment of lyotropic nematics before gelation. 

As described in chapter 1 lyotropic nematic gels can be considered as the lyotropic counterpart to 

thermotropic nematic elastomers. Likewise, the orientational order of the lyotropic nematic phase can 

be coupled to the orientation of the physical gel network. A change in the order (order-disorder 

transition) of a macroscopically aligned (monodomain) lyotropic nematic gel may thus lead to a 

change in the shape of the gel if the fiber network relaxes into an isotropic state, as shown in 

Figure 5.1. Hence, lyotropic nematic gels are promising materials for the application in water-based 

stimuli-responsive actuators.  

 

Figure 5.1: Schematic drawing of the expected actuation principle in lyotropic nematic (Nc) gels. Since the 
topology of a gel network is coupled to the orientation and order of the LLC, the shape of a macroscopically 
aligned sample changes (i.e. contraction in the direction of the director n and expansion perpendicular to it) 
when the nematic to isotropic phase transition is induced by external stimuli such as temperature, solvent 
concentration, pH-value or the addition of salts.  

In comparison to lamellar and hexagonal lyotropics, lyotropic nematic phases are rather rare. Gelling 

lyotropic nematic phases is challenging due to the small range of the nematic regime in the phase 



5 Lyotropic nematic gels (Publication II) 65 
 

 

diagram. In addition we found in chapter 4 that gelling LLC phases leads to a strong preference of the 

lamellar structure. Probably as a result of these problems, no micellar nematic physical gels were 

reported in literature before this study. This chapter describes how the first examples of micellar 

lyotropic nematic gels were found and it is shown that gelators which are not amphiphilic and are thus 

not able to act as a cosurfactant are essential to obtain these gels. Furthermore, first results regarding 

monodomains of micellar nematic gels are presented.  

 

5.1 Specific background 

5.1.1 The lyotropic system H2O – n-decanol – CDEAB 

In addition to the lyotropic system H2O – n-decanol – SDS (see chapter 4.1.1), the nematic phases of 

the lyotropic system consisting of N,N-dimethyl-N-ethylhexadecylammonium bromide (CDEAB) as 

surfactant, n-decanol as cosurfactant and water was used to obtain lyotropic nematic gels. The 

molecular structures of the components and the phase diagram of the system H2O – n-decanol – 

CDEAB are shown in Figure 5.2. In the binary system water/CDEAB, a nematic Nc phase exists at 

surfactant concentrations lower than for the hexagonal phase. This is one of the rare cases that a 

nematic phase exists in a binary water/surfactant system. However, the formation of the rather flat, 

disk-like micelles in the Nd phase requires the use of the cosurfactant n-decanol.  

As demonstrated by X-ray studies, the addition of n-decanol leads to structures with a smaller 

interfacial curvature since for a n-decanol molecule solubilized in the micelle, the surface increase is 

small in comparison to the volume increase. Additionally, the hydroxyl groups of n-decanol reduce 

the electrostatic repulsion between the positively charged CDEAB head groups leading to a denser 

micelle surface.[290]  

It was shown that in the isotropic phase of the ternary system the micelles already have an anisotropic 

rod-like shape. A reduction of the water concentration at constant CDEAB/n-decanol ratio transforms 

the micellar shape into a weakly anisotropic elliptical one (still isotropic phase). Due to an increased 

micelle density, a further decrease of the water content leads to anisotropic disk-like micelles which 

are uniaxially ordered (Nd phase). By further decreasing the water content, the anisotropy and ordering 

of the micelles increases until an expanded bilayer structure is formed (Lα phase).[291] In the Nc phase 

the addition of n-decanol results in a growth in length and in a slight increase in diameter of the 

micelles. For both nematic phases it was shown that the temperature induced nematic to isotropic 
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transition is not caused by a change of the micellar shape, but a sudden reduction in the degree of 

ordering of the micelles.[291]  

The composition we chose to obtain a nematic Nd phase was STUV = 0.632, �XVT/�X��� = 0.15, and 

for the nematic Nc phase STUV = 0.68, �XVT/�X��� = 0 was used.  

 

Figure 5.2: Room temperature phase diagram of the ternary system H2O – n-decanol – CDEAB (schematically 
redrawn from Ref.[292] by Prof. F. Gießelmann) including the molecular structures of the surfactant CDEAB 
and the cosurfactant n-decanol, as well as the used compositions which are indicated by red circles. 

 

5.1.2 The low molecular weight gelators DBS, DBC and HG1 

Instead of the amphiphilic LMWG 12-HOA used in the previous study (chapter 4) we now examined 

the capability of the non-amphiphilic LMWGs 1,3:2,4-dibenzyliden-D-sorbitol (DBS), 

N,N’-dibenzoyl-L-cystine (DBC) and the tris-amido-cyclohexane derivative HG1 to gel lyotropic 

nematic phases. The molecular structures of these gelators and the corresponding fiber formation is 

shown in Figure 5.3. 
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Figure 5.3: Molecular structure and fiber growth of the LMWGs DBS, DBC (fiber formation is actually shown 
for the compound ditoluoyl-L-cystine, which crystals are assumed to have the same intermolecular interactions 
than a DBC gel fiber, reprinted with permission from Ref.[293] Copyright 1995 Wiley-VCH) and HG1 
(reproduced from Ref.[294] with permission from The Royal Society of Chemistry, Copyright 2009). 

DBS is known for its ability to gel organic solvents for over 100 years.[295] The special feature of DBS 

is the broad range of solvents it is able to gel, non-polar ones as well as polar protic ones. Since the 

self-complementary non-covalent interactions holding together the 1D stack are hydrogen bonds as 

well as π-π interactions, each of the interactions can predominantly be responsible for the gelation.[295] 

It was shown by selective conversion of either the 5-OH or the 6-OH group with a methoxy group 

that the 6-OH group is intermolecular bonded to an acetal oxygen leading to gel formation (i.e. no gel 

was formed when the terminal 6-OH group was protected). However, if the 5-OH group was protected 

gelation still occurred proving that the 5-OH group is not involved in the self-assembly of the fiber.[296] 

In contrast, for alcoholic solvent solvents a π-π stacking of the DBS molecules building up the gel 

fiber was observed.[282] The competition between “DBS-DBS” and “DBS-solvent” hydrogen bonds 

leads to a higher importance of π-π interactions in protic solvents. Additionally, it was shown that the 

morphology of the gel fibers is different for solvents of different polarity. In nonpolar solvents helical 

fibers are observed, while the planar π-π interactions in polar solvents lead to non-helical fibers.[228] 

However, the ability of a solvent to accept or donate hydrogen bonds determines the physical 

properties of the resulting gel more than the solvent polarity.[227]  
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The gelator DBS was already used to gel thermotropic LC phases[122] and in our DFG project “Gelled 

lyotropic liquid crystals – orthogonal self-assembly or soft templating”, see chapter 2) other lyotropic 

LC phases were gelled with DBS as well.[297,298] For gelling the Lα and H1 phases of the system 

H2O – C12E7 (heptaethyleneglycol monododecylether) with DBS it was found that the structure of the 

formed LLC gel is the same, independent on whether the gel network or the LLC phase has formed 

first. The sol-gel transition temperature of the DBS gel network was customized by changing the 

gelator content in a way that the network forms at either higher or lower temperatures than the LLC 

phase, but all obtained LLC gels behave similar and are orthogonal self-assembled systems.[297,298]  

The ability of DBC to gel water is known since the early 1920s.[299,300] In water, DBC forms fibers 

with a diameter of 20 – 60 nm.[155] As shown in Figure 5.3 the DBC molecules stack linearly, with 

hydrogen-bonds between the amide NH and the carboxyl carbonyl with the donor-acceptor 

combination on one side of the S-S linkage linking to the molecule below and the other one to the 

molecule above. A π-π stacking of the aromatic rings further stabilizes the gel fibers.[242,293] The 

interactions relevant for the DBC fiber formation were investigated by modifying single groups of the 

molecule and observing the change in the gelation ability. If the S-S linkage is replaced by CH2-CH2 

or CH=CH groups, the gelating properties are destroyed.[300] The CH2-S-S-CH2 dihedral angle of 

about 90° is required for the directed intermolecular hydrogen-bonds and the π-π interactions. The 

importance of aromatic groups is shown since the diacetyl-L-cystine compound shows no gelation 

(too water-soluble), but for naphthalene instead of benzyl groups an increased gelation ability 

(lower cgc, faster gel formation) is observed.[242] That the carboxyl-proton is not essential for gel 

formation (not included in the intra-fiber hydrogen bonding) is proven since the methyl ester 

derivative can form gels.[242] However, under alkaline conditions DBC is not able to form gels, 

probably due to an electrostatic repulsion between the carboxylate groups. Moreover, the carboxylic 

acid proton is believed to promote interfiber hydrogen bonds with the amide carbonyl.[293] If the 

α-carboxyl is converted into a primary α-carboxamide group the hydrogen-acceptor ability of the 

carbonyl oxygen is increased resulting in an improved gel forming performance proving the 

importance of the carbonyl oxygen for the intrafiber hydrogen bonding.[242] If however an electron 

withdrawing nitro-group is added to the aromatic ring, no improvement in the hydrogen-donor ability 

of the amide NH was noticed, instead a crystallization from solution was observed before gel 

formation. The same is noticed if the benzoyl-groups are replaced by toluoyl-groups. This shows the 

delicate balance between gelation and crystallization. DBC single crystals allow an X-ray analysis on 
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the atomic level and the observed ‘fibrous’ crystals confirm the above-mentioned assumed 

interactions between the molecules.[242]  

The responsiveness of DBC gels to the pH-value allows an controlled release of (drug) molecules 

when the gel dissolution is triggered in alkaline solutions.[155] In case of a pH-gradient a directed self-

assembly with gel fibers oriented parallel to the gradient is achieved.[301]   

In contrast to the gel fibers of 12-HOA (see chapter 4.1.2), the gel fibers of DBS and DBC are non-

crystalline as proved by the absence of diffraction maxima in the SAXS curves of the respective binary 

gels (see Figure 5.4).  
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Figure 5.4: X-ray diffractions profiles (own measurements) of the solid powder (black) and a binary gel (red) 
of the gelators a) DBS and b) DBC. In both cases, no diffraction maximum can be observed in the gel proving 
the non-crystalline nature of the gel fibers.  

In contrast to the “old” gelators DBS and DBC, HG1 was only developed in 2003 as a LMWG in a 

series of cyclohexane-based hydrogelators in the group of Prof. van Esch.[302] HG1 is a highly 

effective hydrogelator able to gel water at concentrations as low as 0.033 wt%.[240] The formed fibers 

are thin (5 - 25 nm), have a long aspect ratio (length ⁓ 500 nm) and presumably consist of twisted 

bundles of stacked HG1 molecules. A rigid gel from long and stiff fibers which entangle and stabilize 

the network by mainly mechanical contacts between the fibers results.[294] The high gelation ability of 

HG1 arises from the anisotropic self-assembly of the gelator molecules, in which the 1D array is 

stabilized by six hydrogen-bonds between the carboxamide groups (see Figure 5.3).[302] The uniaxial 

interactions between the 1,3,5 triamide cyclohexane cores were also shown for derivatives of HG1, 

for which 1D crystals[303] or organogels[304] (if the residues are long alkyl chains, i.e. trialkyl 

1,3,5 cyclohexantricarboxamide derivatives) were observed. In case of HG1, the hydrophobic amino 

acid L-phenylalanine is connected to the core. The phenyl-rings were shown to fold inwards shielding 
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the 1D hydrogen bonds between the amides from competitive interactions with water. Additionally, 

hydrophobic interactions are added as an aggregation force (alternating hydrophobic and hydrophilic 

building blocks, but due to bulky “circular” molecular shape HG1 shows no surface/interface activity) 

supporting the 1D stack of gelator molecules.[240] Self-assembled fibrillar networks with encapsulated 

vesicles or spherical micelles and interpenetrating networks with elongated entangled micelles are 

formed from solutions of HG1 and various surfactants in water.[294,302,305] 

 

5.2 Results and Discussion 

Using the three low molecular weight gelators DBS, DBC and HG1 the first examples of micellar 

lyotropic nematic gels with a self-assembled 3D fiber network were achieved. Besides the nematic 

phases of the lyotropic system H2O – n-decanol – SDS, the Nd and Nc phases of the lyotropic system 

H2O – n-decanol – CDEAB were gelled as well (see Bachelor thesis of Friedrich Stemmler[306]). Gels 

were achieved for all combinations with the exception of the nematic phases of the system 

H2O – n-decanol – CDEAB with the gelator DBC. All obtained gels were nematic with the exception 

of the system H2O – n-decanol – SDS gelled with HG1, where starting from the Nc phase an isotropic 

gel was received. A complete overview on the experiments to obtain lyotropic nematic gels with these 

surfactant systems and gelators is given in Table 5.1. The properties of the lyotropic nematic gels of 

the system H2O – n-decanol – CDEAB are reported in Ref[306]. All in all, we were able to obtain nine 

different lyotropic nematic gels, which are to the best of our knowledge the first examples of this new 

kind of anisotropic hydrogels.  

Table 5.1: Overview on the nematic phases (Nd and Nc) of the two lyotropic systems and the three low 
molecular weight gelators used in this study to obtain lyotropic nematic gels. The symbols � and � indicate 
whether or not the gelation was successful. The numbers in the brackets is the critical gelator concentration 
(cgc) in wt%, necessary to obtain a nematic gel. Reprinted from the Supporting Information of Ref.[163] 

 

 

 

 

 

System 
LMWG (cgc / wt%) 

DBS DBC HG1 

H2O - n-decanol - SDS 

Nd � (0.75) � (2.0)  �(1.75) 

Nc � (0.75) � (2.0) 
(�) 

Nc  isotropic, gelled 

H2O - n-decanol - CDEAB 
Nd � (2.0) � � (1.5) 
Nc � (3.5) � � (1.0) 
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5.2.1 Preparation of lyotropic nematic gels 

The Nd phase (disk-shaped micelles as mesogenic units) and the Nc phase (cylindrical micelles as 

mesogenic units) were distinguished by the way they attach to a polar glass surface and align in a 

magnetic field. As seen in Figure 5.5, the Nd phase aligns homeotropic in flat glass capillaries, while 

for the Nc phase a uniform planar director alignment can be observed after four days. While the 

Nd phase has a negative anisotropy of diamagnetic susceptibility (∆01 < 0), for the Nc phase ∆01 > 0 applies. Hence, the director is oriented either perpendicular (Nd) or parallel (Nc) to an 

external magnetic field as confirmed by 2D SAXS patterns in Figure 5.6.  

 

Figure 5.5: Polarizing microscopy images of (above) the Nd and (below) the Nc phase of the system 
H2O – n-decanol – SDS, (left) directly after filling the sample into flat glass capillaries and (right) four days 
after filling. After 4 days the Nd phase appears black between crossed polarizers (with the exception of the 
sample to air interface) indicating a homeotropic alignment (appears grey upon tilting), while for the Nc phase 
a non-disturbed uniform director alignment can be observed. Reprinted from the Supporting Information 
of Ref.[163] 
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Figure 5.6: 2D SAXS diffractograms of (left) the gelator-free Nd phase and (right) the gelator-free Nc phase. 
The samples were oriented for 8 hours in an external magnetic field of 1 T before measuring. While the 
director n of the Nd phase is oriented perpendicular to the magnetic field direction, the director of the Nc phase 
is oriented parallel to it. Reprinted from the Supporting Information of Ref.[163] 

Gels made of DBS, DBC or HG1 were prepared slightly different than described in section 4 for the 

gelator 12-HOA. All three gelators could not be dissolved in n-decanol. Hence, they were added 

directly to an already prepared nematic phase. For dissolving the gelator in the ternary system, high 

temperatures (95 - 100°C) were needed. No clear optical difference could be observed for gels cooled 

down either rapidly or slowly. 

 

5.2.2 Structures and properties of lyotropic nematic gels 

In comparison to the gelator 12-HOA the gelators DBS, DBC and HG1 are bulky and non-

amphiphilic. Due to its amphiphilic nature 12-HOA is partly incorporated into the micelles acting as 

a cosurfactant and thus reduces the micelle curvature leading to a lamellar gel (see chapter 4). In 

contrast DBS, DBC and HG1 are likely to leave the micelle curvature unchanged upon gelation.  

Indeed, POM and X-ray investigations confirm the nematic nature of the gels obtained when gelling 

the Nd (Figure 5.7) and Nc (Figure 5.8) phases with DBS and DBC, since schlieren textures in POM 

examinations and X-ray profiles that resemble the one of the gelator-free Nd phase were observed. 

The X-ray intensity profile of the Nd phase gelled with HG1 also clearly proves the absence of 

translational order and its POM image reveals a fingerprint texture, typical of a chiral nematic phase 

(see Figure 5.7i). Obviously, gelation of the Nd phase with HG1 leads to a lyotropic cholesteric gel, 

due to (heterogeneous) chiral induction by the twisted gel fibers. However, gelling the Nc phase with 

HG1 leads to the formation of an isotropic gel (see Figure 5.8i). (see also Figure 5.4).  
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Figure 5.7: Comparison of the gelator-free Nd phase with the Nd phase gelled with the different LMWGs. (left) 
POM images of a) the gelator-free Nd phase and of the gels obtained with c) 12-HOA, e) DBS, g) DBC and 
i) HG1. (right) X-ray diffraction profiles of b) the gelator-free Nd phase and of the gels obtained with 
d) 12-HOA, f) DBS, h) DBC and j) HG1. Gelation of the lyotropic nematic Nd phase with the gelator 12-HOA 
leads to a lamellar gel. Contrary, gelation of the Nd phase with the LMWGs DBS and DBC results in a nematic 
gel. When using HG1 to gel the Nd phase, the formation of a chiral nematic gel is observed. The layered 
structure of the 12-HOA fibers[255,259] reveals itself by two small and broad maxima at q = 1.35 nm-1 and 
q = 4.04 nm-1 in the X-ray profile in (d). Contrary, the presence of gel fibers of DBS and DBC is not reflected 
in the X-ray profiles. Adapted with permission from S. Dieterich et al., Adv. Mater. 2021, 33, 2007340.[163] 
Copyright 2021 John Wiley & Sons. 
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Figure 5.8: Comparison of the gelator-free Nc phase with the Nc phase gelled with the different LMWGs. (left) 
POM images of a) the gelator-free Nc phase and of the gels obtained with c) 12-HOA, e) DBS, g) DBC and 
i) HG1. (right) X-ray diffraction profiles of b) the gelator-free Nc phase and of the gels obtained with 
d) 12-HOA, f) DBS, h) DBC and j) HG1. Gelation of the lyotropic nematic Nc phase with the gelator 12-HOA 
leads to a lamellar gel. Contrary, gelation of the Nc phase with the LMWGs DBS and DBC results in a nematic 
gel. When using HG1 to gel the Nc phase, the formation of an isotropic gel is observed. Adapted from the 
Supporting Information of Ref.[163] 
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All thermal properties of the micellar nematic gels, namely the LLC sequences and the gel-sol 

transition temperatures Tgel-sol are listed in Table 5.2. 

Table 5.2: Phase sequences of the gelator-free and gelled nematic phases of the system H2O – n-decanol – SDS 
(studied up to 105°C by means of POM and X-ray scattering, for the sample Nd, 2 wt% DBC the Lα-isotropic 
phase transition is above 105°C), as well as Tgel-sol of the nematic gels. Tgel-sol is measured by inversion of the 
test tube at different temperatures in a water basin and checking for flow. A transition of the Nd phase into a 
lyotropic lamellar Lα phase with increasing temperature is found. The appearance of a phase with long-range 
translational order at higher temperatures than a phase with solely long-range orientational order is highly 
untypical but already reported for the studied system H2O – n-decanol – SDS.[190,307] Reprinted from the 
Supporting Information of Ref.[163] 

sample Phase Sequence 
[°C] 

Tsol-gel 
[°C] 

Gelator-free Nd Nd 33 Lα 90 isotropic - 

Nd, 1 wt% DBS Nd 36 Lα 94 isotropic 78 

Nd, 2 wt% DBC Nd 40 Lα 69 

Gelator-free Nc Nc 30 isotropic - 

Nc, 1 wt% DBS Nc 31 isotropic 85 

Nc, 2 wt% DBC Nc 42 isotropic 75 

 

The anisotropic and self-sustaining properties of the lyotropic nematic gels were demonstrated since 

the gels show optical birefringence between crossed polarizers and no flow when turning the vial 

upside down (see Figure 5.9). To further examine the gel network properties, exemplary FFEM and 

rheology measurements were performed. The FFEM images in Figure 5.10 show twisted gel fibers in 

the nematic gels (in case of HG1 meaningful images were obtained for the binary gel 

H2O / 0.5 wt% HG1 only). The fibers have an average thickness of 6.5 nm for DBS, 10 nm for DBC 

and 4.5 nm for HG1. In case of the Nc phase gelled with DBC an arbitrary fiber network is observed, 

while in the Nd phase gelled with DBS the fibers show orientational alignment. One has to keep in 

mind that FFEM probes the local structure of a sample and not enough images were taken to generalize 

the observed behavior. 
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Figure 5.9: Gel formation and anisotropy are confirmed for the nematic gels a) Nd phase gelled with 2 wt% 
DBS and b) Nd phase gelled with 3 wt% DBC, since no flow is observed when turning the sample upside down 
and the samples show optical birefringence between crossed polarizers. Adapted with permission from S. 
Dieterich et al., Adv. Mater. 2021, 33, 2007340.[163] Copyright 2021 John Wiley & Sons.  

Rheology measurements shown in Figure 5.11 clearly reveal the gel character of the nematic gel. For 

the nematic Nd phase gelled with 2 wt% DBC the storage modulus G´ (which represents the elastic 

solid-like behavior) is over the whole frequency range about one order of magnitude larger than the 

loss modulus G´´, (which represents the viscous liquid-like behavior). The behavior of the nematic 

gel is quite similar to the one of the isotropic binary gel (H2O gelled with 0.5 wt% DBC), 

demonstrating that the gel properties are not considerably changed when an isotropic solvent is 

replaced with a micellar lyotropic nematic phase. In contrast, the fluid gelator-free nematic phase 

exhibits G´´ > G´ showing typical liquid-like behavior with both moduli at least three orders of 

magnitude smaller than in the nematic gel.  

How are the lyotropic nematic phase and the fiber network influencing each other and what is the 

resulting morphology of the nematic gel? These questions were investigated by 2D small-angle X-ray 

experiments in a magnetic field, the direction of which is normal to the axis of the glass capillary with 

the LLC gel sample. 
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Figure 5.10: The gel fibers are visible in freeze-fracture electron microscopy images. Exemplary shown for 
the a) the Nd phase gelled with 1 wt% DBS, b) Nc phase gelled with 2 wt% DBC and c) the binary gel 
H2O / 0.5 wt% HG1. Please note the orientational alignment of the fibers in a) and the arbitrary running fibers 
in b). Adapted with permission from S. Dieterich et al., Adv. Mater. 2021, 33, 2007340.[163] Copyright 2021 
John Wiley & Sons. 
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Figure 5.11: Storage modulus G´ (filled symbols) and loss modulus G´´ (open symbols) for the gelator-free 
Nd phase (black circles), the nematic gel (Nd phase gelled with 2 wt% DBC, red squares) and the binary gel 
(H2O gelled with 0.5 wt% DBC, blue triangles), obtained via oscillation frequency (ω) sweeps at constant shear 
stress (τ = 2 Pa for the gelator-free Nd phase and τ = 40 Pa for the gelled Nd phase and the binary gel) and 
temperature (T = 24°C). Reprinted with permission from S. Dieterich et al., Adv. Mater. 2021, 33, 2007340.[163] 
Copyright 2021 John Wiley & Sons.  
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If the sample is slowly cooled down from the isotropic sol state two scenarios must be distinguished: 

In the first scenario we assume that the gel network forms first. Given the negligible magnetic 

interactions with the fibers, a random isotropic network will form, which will disturb any macroscopic 

alignment if the micellar nematic phase forms at lower temperatures. As a result, a polydomain 

structure of the Nc and Nd gels is expected, as shown in Figure 5.12. 

         

Figure 5.12: Model for the polydomain structure of a micellar nematic gel in case of a) the Nd phase and b) the 
Nc phase. Reprinted with permission from S. Dieterich et al., Adv. Mater. 2021, 33, 2007340.[163] Copyright 
2021 John Wiley & Sons.  

In the second scenario we assume that the LLC phase forms first. Likewise to the cases observed for 

gelator-free Nc and Nd phases, the action of the magnetic field will align the nematic director parallel 

(Nc, ∆01 > 0) or normal (Nd, ∆01 < 0) to the field direction (see Figure 5.14). The aligned nematic 

phases will act as a soft template for the growth of the fiber network and, as a result, macroscopically 

aligned nematic gels should be obtained.  

Most surprisingly, our experiments did not follow either of these two scenarios. On the one hand the 

2D diffraction patterns shown in Figure 5.13a and c clearly indicate the formation of macroscopically 

aligned nematic gels (second scenario), but on the other hand the alignment of the nematic directors 

do not follow the expectations. Instead, the Nc director is found normal to magnetic field direction and 

parallel to the capillary axis while the Nd director aligns normal to the capillary axis.  

These rather unexpected observations can be readily explained if we assume that the fiber network 

forms first (see Table 5.2) and that the fibers preferentially grow in the directions parallel to the glass 

surface of the thin cylindrical capillaries (700µm in diameter). This will lead to an anisotropic, 

uniaxially aligned fiber network which now acts as a soft template for the formation of the micellar 

nematic phases at lower temperature. If the templating effect exceeds the aligning action of the 

(a) (b) 
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magnetic field effect, this scenario will exactly lead to the gel configurations shown in Figure 5.13b 

for the Nd gel and in Figure 5.13d for the Nc gel. Each of these configurations is in full agreement with 

the corresponding 2D X-ray patterns actually observed in the experiment.  

 

Figure 5.13: 2D SAXS diffractograms of the DBC gelled a) Nd phase and c) Nc phase. The model derived from 
the 2D SAXS measurements is schematically shown in b) for the Nd phase and in d) for the Nc phase. Although 
the gel fibers form first, an oriented director configuration is observed. Probably, the capillary surface guides 
a linear growth of the gel fibers which in turn serve as a soft template for the nematic phase. Reprinted with 
permission from S. Dieterich et al., Adv. Mater. 2021, 33, 2007340.[163] Copyright 2021 John Wiley & Sons.  

A uniform alignment of the nematic gels is easier to achieve for nematic phases gelled with DBC than 

with DBS (see Figure 5.14). Such monodomains of lyotropic nematic networks are essential for the 

potential use of LLC gels as actuators and sensors. However, a director alignment as shown in 

Nc 

Nd 



80 5.2 Results and Discussion 
 

 

Figure 5.13 is not always reproducible. In some cases, nematic polydomain gels were observed as 

well. 

 

Figure 5.14: 2D SAXS diffractograms of (left) the gelator-free, (middle) the DBS gelled and (right) the DBC 
gelled Nd (above) and Nc (below) phases. While the gelator-free nematic phases are oriented by the magnetic 
field, the orientation of the nematic gels is presumably determined by the orientation of the gel fibers. Reprinted 
from the Supporting Information of Ref.[163] 

For all samples, the nematic fluids and the nematic gels, the X-ray profile exhibits a relatively sharp 

first order and a diffuse second order scattering maxima at q2 ≈ 2q1 indicating the presence of a 

pseudo-lamellar structure, i.e. clusters with short-range translational order. A previous study on the 

nematic phases of the same system reports a local pseudo-lamellar arrangement of the micelles.[188] 

Additionally, a pseudo-lamellar structure was found for the Nd, Nc and Nbx (biaxial nematic) phases 

of two further lyotropic systems.[176] Such smectic clusters are also known to appear in nematic phases 

of thermotropic LCs when approaching the nematic-smectic phase transition.[308–310]  

To determine the correlation length, a peak shape analysis was carried out using a cumulative fit of 

two Lorentz fits (see Figure 5.15) according to 
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R(:) = 2l8 g���4(: − :�)� + g����  , (5.1) 

where :� is the position of the scattering maximum, FWHM is the full width at half maximum and l is the area of the peak. As shown by the Lorentzian shape of the diffraction maxima the positional 

correlation function decays exponentially, with @ being the correlation length obtained from the width 

of the peak (@ = ��bTa). For the Nd phase the correlation length is about 150 Å and remains practically 

in the same range in the gelled state. In the Nc phase the correlation length is significantly lower, about 

55 Å, and a clear increase for the Nc phase gelled with DBC (@ = 95 Å) is noted.  

 

Figure 5.15: Intensity vs q profiles obtained from radial averaging of the 2D X-ray diffractograms shown in 
Figure 5.14 for (left) the gelator-free, (middle) the DBS gelled and (right) the DBC gelled (above) Nd and 
(below) Nc phases. All experimental data is fitted by a cumulative fit of two Lorentz fits. Reprinted from the 
Supporting Information of Ref.[163] 
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Table 5.3: The mean intermicellar distance 6� and the positional correlation length @ obtained from the 
analyses of the first order diffuse scattering maxima of the SAXS data shown in Figure 5.5 for the studied 
gelator-free nematic phases and the corresponding nematic gels. Reprinted from the Supporting Information of 
Ref.[163] 

Sample t� / [Å] � / [Å] 

Gelator-free Nd 60.8 156.6 

Nd, 1 wt% DBS 59.4 142.5 

Nd, 2 wt% DBC 80.6 154.5 

Gelator-free Nc 59.0 57.8 

Nc, 1 wt% DBS 57.7 51.3 

Nc, 2 wt% DBC 90.9 94.9 

 

The mean micellar to micellar distance (for the Nd phase along the director, for the Nc phase 

perpendicular to it) is calculated from the SAXS data using the Bragg equation 6� = 28/:�. For the 

nematic gels obtained with DBS the intermicellar distance is in the same range as for the gelator-free 

nematic phases. Contrary, a pronounced increase of the intermicellar distance in the order of 20 - 30 Å 

is noticed for the nematic gels obtained with DBC. An explanation for the enlargement of the 

intermicellar distance due to gelation with DBC might be the thickness of the DBC gel fibers. As 

revealed by FFEM, the DBS fiber diameter is ⁓ 6.5 nm, which is in the range of the intermicellar 

distance (6.1 nm and 5.9 nm for the gelator-free Nd and Nc phases, respectively). The fibers formed 

from DBC however are about 10 nm thick which exceeds the intermicellar distance of the gelator-free 

nematic phases. While the DBS fibers can easily be incorporated into the nematic phases, a local 

widening of micellar arrangement is necessary to incorporate the DBC fibers into the nematic structure 

significantly. However, it is questionable whether the fraction of gel fibers formed by the addition of 

only 2 wt% DBC is sufficient to explain the observed increase in the intermicellar distance.  

 

5.3 Conclusion 

For the first time, micellar lyotropic nematic gels were obtained by adding low molecular weight 

gelators to micellar nematic phases. The key to obtain micellar nematic gels turned out to be the use 

of gelators which have a bulky and non-amphiphilic molecular structure and are thus unable to change 

the shape of the anisometric micelles. A chirality transfer from the twisted gel fibers to the nematic 

phase leading to cholesteric gels is noticed in certain cases. By means of 2D X-ray scattering the 
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existence of macroscopically aligned nematic gels was demonstrated. This new kind of anisotropic 

hydrogels is most interesting for applications in stimuli-responsive water-based actuation and sensing 

systems. The fabrication of large monodomains of lyotropic nematic gels and the investigation of their 

stimuli-responsive behavior is the next important and most promising step in the research of lyotropic 

liquid-crystalline gels.  

 

 

 



 

 

6 Synergistic structures in lyotropic lamellar gels (Publication III) 

As presented in chapter 4 the lyotropic lamellar phase is most straightforward to gel. In this chapter 

the mutual influence of the Lα phase and the fiber network will be discussed. Furthermore, the 

structure of the lamellar gels obtained with 12-HOA with those obtained using the gelator DBS will 

be compared. While both gelators form twisted gel fibers, they substantially differ in the thickness of 

the fibers. DBS forms rather thin fibers (4 – 8 nm)[297], whereas 12-HOA forms rather thick fibers 

(21 – 33 nm)[281].  

Before starting this study, three possible scenarios on the resulting structure of the lamellar gels were 

anticipated (see Figure 6.1). Two scenarios are based on a soft-templating mechanism, in which either 

the Lα phase directs the orientation of the gel network resulting in an anisotropic fiber network or the 

gel network guides the orientation of the lamellar phase leading to a polydomain morphology. Similar 

to what was found in thermotropic LC physical gels the structure that forms first might determine the 

morphology of the second structure.[119] A third option could be that the two structures form 

simultaneously and independent of each other, a scenario that is called orthogonal self-

assembly.[6,311,312]  

 

Figure 6.1: Possible structures of a lyotropic lamellar gel. a), b) One of the two structures guides the orientation 
of the other one due to a templating mechanism. c) Both structures form independently of each other resulting 
in an orthogonal self-assembled system. Adapted with permission from S. Dieterich et al., Langmuir 2019, 35, 
16793.[162] Copyright 2019 American Chemical Society.  

Other studies presented in the course of our DFG project on gelled lyotropic liquid crystals conclude 

that structure and properties of gel network and LLC remain essentially unchanged by the presence of 

each other.[136,243,297,298] It was shown that the chronology of DBS gel and LLC formation has no 

significant influence on the actual LLC gel structure.[297] All these studies have in common that 

(a) (b) (c) 
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structural investigations were limited on length scales of up to 10 nm. To solve the question whether 

the gel network or the LLC morphologies are changed by the presence of the other, also investigations 

on larger length scales are necessary.  

Since length scales up to 500 nm are accessible with small angle neutron scattering, a systematic 

SANS study was carried out. Furthermore, the possibility of contrast variation experiments allows to 

observe the individual contributions of the fiber network and the lamellar phase to the scattering 

profile. The results of the SANS study are reported in this chapter leading to the conclusion that none 

of the three scenarios shown in Figure 6.1 apply for lamellar gels with 12-HOA as gelator, but instead 

a new synergistic structure is formed in the lyotropic lamellar gel, which do not exist in the two parent 

systems, namely the non-gelled Lα phase and the binary gel.  

 

6.1 Specific background 

6.1.1 Small-angle neutron and X-ray scattering – a comparison 

Please note that this chapter is not intended to give a comprehensive introduction into elastic scattering 

and instrumentation of SANS experiments. For scattering theory, textbooks like in Ref.[185,313] are 

recommended and details on the used instruments (D11 at ILL and NG7 at NIST) can be found on the 

facilities’ webpages.[314,315]   

The mechanism of scattering is quite different for neutrons and X-rays since it depends on the nature 

of the interaction between the radiation probe and the sample. However, the emergence of the 

interference pattern from the scattered waves and its calculation is similar for both, neutron and X-ray 

scattering.   

With the approximation that the interaction with a scatterer does not depend on the scattering by other 

scatterers (no multiple scattering, Born approximation), the amplitude l(�) of the scattered wave as 

received by the detector at the scattering vector � is[316,317] 

l(�) = � j(�)~����6�
�

 , (6.1) 

with l(�) being the Fourier transform of the scattering length density distribution j(�) = ∑ j�� (�) ∙ �� . Thereby, j�(�) is the local density of scatterers of type � and �� is called the 

scattering length which is a measure of the scattering power of a scattering center for the used radiation 
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probe.[317,318]   

In the case of a two-component system including one phase (e.g. colloidal particles) with a volume 

fraction � and a scattering length density j5 and a second phase (e.g. solvent) with a scattering length 

density j� and a volume fraction (1 − �), the scattering length density distribution reads[318,319] 

j(�) = � j5 �� �5 = � ∙ �j� �� �� = (1 − �) ∙ �  . (6.2) 

 

Then the amplitude is[318] 

l(�) = � j5~����6� + � j�~����6� 
(5��)�

 
��

 (6.3) 

which can be rewritten as 

l(�) = � (j5 − j�) ~����6� + j� � ~����6�.
���

 (6.4) 

The second term is not measured in a scattering experiment since the mean density of scatterers leads 

to a signal in forward direction (: = 0) only. Scattering is solely caused by variations in the scattering 

length density.[318]   

Since the scattering intensity per unit volume is 

R(�) = l(�)l∗(�)�  , (6.5) 

the scattering intensities for discrete inhomogeneities (e.g. particles) in the scattering length density 

distribution can be described as[317,319] 

R(�) = �� ∙ (∆j)� ∙ �(�) ∙ �(�). (6.6) 

The measured scattering intensity is proportional to the number density 
�� of scatterers, the contrast 

factor (∆j)�, the form factor �(�) and the structure factor �(�).   
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The form factor[185] 

�(�) = 〈�� j(�)~����6� �  ¡�〉                                   “intraparticle interference“ (6.7) 

describes the size and shape of the scattering object with volume �¢ while the structure factor[316,318] 

�(�) = 1 + ��5� ∙ � £m(�) − 1¤~����6� �                  “interparticle interference” (6.8) 

considers the interference between different scattering objects with the pair-correlation function m(�).  

According to equation (6.6), the scattering intensity depends on the scattering contrast, which reflects 

the interaction between the probing radiation and the investigated sample of matter. In X-ray 

scattering, the electromagnetic radiation is scattered by the electrons of the atoms (Thomson 

scattering), where the scattering arises like for free electrons. The fraction of incoming unpolarized 

radiation scattered by one electron is given by the Thomson scattering length �Z[317,320] 

�Z� = ¥Z� ¦1 + cos�(2§)2 ¨ (6.9) 

with the classical electron radius ¥Z. For small scattering angles the scattering length of the electron 

cloud of an atom is 

� = ¥Z ∙ © (6.10) 

with © being the number of electrons in the atom. Hence, the scattering amplitude l(:) corresponds 

to the Fourier transform of the electron probability density and the contrast arises from the differences 

in the electron density in the probed matter.[320]  

In neutron scattering the neutrons interact with the atomic nuclei via the strong nuclear force (and the 

magnetic moment of the neutron interacts with magnetization density fluctuations of the sample, this 

magnetic scattering is not discussed in the following). The neutron scattering length � is a measure 

for the interaction of the neutrons with nuclei and has a coherent and an incoherent part. The coherent 

scattering results from the interference of waves scattered at different nuclei and thus contains 

information about the structure. Additionally, the variation of the nucleus position and spin state 

causes a fluctuation of the scattering length around its mean value that is uncorrelated with the 

scattering length fluctuations from another nucleus. The incoming neutron wave is then scattered from 
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an ensemble of uncorrelated fluctuating scattering lengths which leads to incoherent scattering. This 

flat incoherent background is independent of : and thus contains no information about the 

structure.[320,321] 

While in X-ray scattering the scattering length increases with increasing atomic number, the 

magnitude of the neutron scattering length � varies in an unsystematic way from element to element 

and even dramatic variations in � are found for isotopic substitution. In the absence of a theory for 

nuclear forces, the scattering length has to be determined experimentally.[317] The two hydrogen 

isotopes 1H and 2H show a large difference in the coherent scattering length with � Ts = −0.374 ∙ 10�5�cm and � TU = 0.668 ∙ 10�5�cm,[321] in which a negative value for � indicates 

an attractive interaction potential for nucleus and neutron and signifies a shift of π in the phase 

scattering.[316,319] Additionally, 1H has an extremely long incoherent scattering length that exceeds the 

one of 2H.   

The scattering length density of a molecule is[316] 

j¢ = ∑ >�����¢ = ��j¢��¢ « >����  
(6.11) 

with >� atoms of kind � with the scattering length �� and the molecular volume �¢ = a ¬ J , with the bulk 

density j¢� and the molar mass �¢.   

In colloidal systems of organic materials (polymers, micelles, …) an excellent contrast is achieved 

when either the solute or the solvent is deuterated. More important for this study, in a multicomponent 

system one structure can be highlighted by matching the scattering length density of the other structure 

with the one of the solvent.[316,320] Such kind of a contrast matching experiment is shown in case of a 

lamellar gel in Figure 6.2. In the so-called bulk contrast, there is a contrast between the bilayers and 

D2O and another contrast between the gel fibers and D2O. If the scattering length of the surfactant and 

the cosurfactant are adjusted to match the one of D2O by using mainly deuterated and partly protonated 

surfactant and cosurfactant, the contrast between the bilayers and D2O vanishes and only the contrast 

between the gel fibers and the surrounding Lα phase remains. In this ‘gel contrast’, the structure of the 

gel network in the lamellar gel can be studied separately. The possibility to vary the contrast by 

isotopic substitution is the great advantage of SANS over other scattering techniques.  
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Figure 6.2: The a) bulk and b) gel scattering contrast of the SANS experiments on lamellar gels and c) the 
scattering length densities j of the components and the respective scattering contrasts ∆j are shown. The use 
of D2O leads to the observation of the gel network and the surfactant bilayers. Only the gel network is seen 
when all components (solvent and surfactant) of the lyotropic liquid crystal are deuterated. 

 

 

6.1.2 Data reduction and analysis of Neutron Scattering Data 

Data reduction is the crucial step bevor data analysis. A calibration to absolute scaling (R(:) / cm-1) 

allows a comparison between data obtained with different scattering sources, at different neutron 

facilities or at the same instrument but at different q-ranges (different sample-to-detector distance or 

different wavelengths).   

In an elastic scattering experiment, the quantitative expression for the interaction between the 

radiation and the sample is the differential scattering cross-section 
®¯ which contains all information 

on the structure of the sample. As shown in Figure 6.3, the detector counts the number of neutrons 

scattered in the direction 2θ into the solid angle dΩ and thus the differential scattering cross-section 

is[319] 

(a) (b) 

(c) 
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dσdΩ (:) = number of neutrons scattered per second in dΩ in direction 2θΦ�dΩ  (6.12) 

with the incident flux Φ�, i.e. the number of incident neutrons per unit area per second. This means 

that in a scattering experiment the scattered intensity R(:) measured at an angle 2θ and a sample-to-

detector distance i is compared with the incident intensity R� according to[321] 

dσdΩ (:) = R(:)EZ[�¼^Z1 ∙ i�R�     (cm�). (6.13) 

Normalization to unit sample volume � results in the differential scattering cross-section per unit 

sample volume 
½¯, which is the key quantity to obtain in the data reduction procedure since it specifies 

the probability of a neutron being scattered out from the unit sample volume in the direction 2θ into 

the solid angle dΩ 

dΣdΩ (:) = 1� ∙ dσdΩ (:)    (cm�5). (6.14) 

 

Figure 6.3: Geometry of a scattering experiment with a neutron beam of incident intensity R�, sample 
thickness ¿ and detector surface area l1Z\ = ∆À ∙ i� at sample-to-detector distance i and scattering angle 2θ. 
Redrawn from Ref.[321]  

The scattering intensity depends on the sample thickness ¿ and the transmission  �¥ of the sample. �¥ is defined as the ratio of the intensities between the neutron beam through the sample and the 

empty beam (no sample in beam path) at q = 0 

�¥ = R�[E¢�Z(0)RZE¢\Á ÂZ[E(0) . 
(6.15) 

These intensities are measured by removing the beam stop and bringing an attenuator (neutron 

absorber such as perforated Cadmium sheets or PMMA) into the direct beam and subsequent 
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integration of the intensity of the direct beam. The measurement of the empty beam also allows the 

determination of the beam center, which is crucial for radial averaging. Since neutrons fall under 

gravity, the beam center position depends on the sample-to-detector distance and the wavelength.  

Natural radiation and electronic noise from the detection device produce an electronic background, 

which has to be subtracted from the measured intensity. The electronic background is obtained by 

bringing a strong neutron absorber (Cadmium or boron carbide B4C) into the beam path in order to 

stop the incoming beam. The residual measured intensity stems from the electronic background. 

Additionally, the quartz cell which contains the sample scatters the incoming beam. Thus, the 

scattering from the empty cell has to be subtracted from the total scattering.[316,321]   

To calibrate to absolute units, a standard sample with a known scattering cross-section has to be 

measured 

ÃdΣdΩÄ�[E¢�Z = R�[E¢�ZR�\[{1[^1 ∙ ÃdΣdΩÄ�\[{1[^1 . 
(6.16) 

Water is commonly used as standard since it shows a flat scattering practically independent from the 

scattering angle (mainly incoherent scattering). For large sample-to-detector distances no water 

measurements are performed due to the small scattering intensity and thus long acquisition time 

necessary for a good signal to noise ratio. Instead, a scaling factor g�� is used to transfer the calibration 

measurement from a shorter sample-to-detector distance (e.g. 8 m) to the large one (e.g. 39 m).[316,321]  

Finally, the normalized scattering intensity is given by[316] 

R(:) = ÃdΣdΩÄ�[E¢�Z = 1g�� ÃdΣdΩÄTUV
ÅR�[E¢�Z − R�Æ��¥�[E¢�Z − RZE¢\Á �Z�� − R�Æ��¥ZE¢\Á �Z�� Ç 1¿�[E¢�Z

ÅRTUV − R�Æ��¥TUV − RZE¢\Á �Z�� − R�Æ��¥ZE¢\Á �Z�� Ç 1¿TUV
 , (6.17) 

where the intensities R�[E¢�Z, R�Æ�, RZE¢\Á �Z�� and RTUV are normalized with regard to the respective 

measuring time. The normalized intensity from the 2D detector is radially averaged for powder-

oriented samples (or sector averaged for anisotropic scattering patterns) to obtain the total intensity R(:) as a function of :.  

To cover a large :-range, different measurement settings, i.e. different sample-to-detector distances 

with different collimations, are used. The obtained intensity for the high :-range (short sample-to-

detector distance) and the low :-range (large sample-to-detector distance) can be slightly inaccurate 
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since high :-values are cut-off by the detector edge and for low :-values the small number of pixels 

leads to a poor resolution. Usually, the intensity obtained for the different :-ranges differs slightly in 

the overlap region. Hence, the intensity measured for the high q-range and the low :-range are shifted 

to meet the intensity of the middle :-range.  

The obtained scattering intensity is the sum of the coherent scattering intensity and the incoherent 

scattering intensity which does not contain structural information about the sample. The incoherent 

background is calculated from the measurement at the highest possible q-values since the scattering 

objects are usually too large to produce significant coherent scattering at high q.[316]  

In summary, the protocol for the data reduction procedure is:  

a) calculate the beam center  

b) calculate the transmissions  

c) subtract the scattering from the empty cell  

d) calibrate to absolute units  

e) perform radial averaging  

f) merge all measured q-ranges  

g) subtract the incoherent background. 

In this study, data reduction was performed using the software provided by the neutron facilities ILL 

and NIST, i.e. LAMP and IGOR Pro, respectively. 

 

6.1.3 Neutron scattering from lamellar phases 

The Lα phase consists of infinite planar 2D surfactant bilayers which are stacked periodically in one 

dimension separated by water sub-layers (see Figure 3.9a). The bilayers are fluid and can thus be 

deformed elastically resulting in a layer curvature. Thermally induced out-of-layer fluctuations of the 

fluid bilayers, so-called undulations, stabilize the lamellar structure. The steric hindrance of mutually 

undulating bilayers leads to a repulsive interaction known as Helfrich interaction[322] which competes 

with the attractive van der Waals interaction (even though in unscreened ionic bilayers the electrostatic 

repulsion dominates and stabilizes the lamellar order).[323]    

The model evolved by Nallet et al.[324]was chosen to describe the scattering of a lamellar phase. The 

Nallet model combines a static (“geometrical”) scattering contribution from planar surfactant bilayers 
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with a dynamic contribution from thermal layer displacement fluctuations. According to the Nallet 

model, the powder averaged scattering intensity is 

R(:) = 28 �6� ∙ �(:) ∙ �(:):�  , (6.18) 

with the irradiated volume �, the layer repeat unit 6�, the form factor �(:) and the structure 

factor �(:). The bilayer form factor �(:), which is based on the geometrical model of � identical 

bilayers of thickness AÂ� stacked regularly in the z-direction with a period 6� is given by 

�(:) = 2∆j�:� È1 − cos(: ∙ AÂ�) ∙ ~�rUÉÊËU/�Ì. (6.19) 

The polydispersity of the bilayer thickness is taken into account by a Gaussian distribution of AÂ� with 

width kÂ� (due to the poor resolution at high q, kÂ� is rather a damping parameter and kÂ� = AÂ�/3.5 

was chosen for all fits). As shown in Figure 6.4a, ∆j is the scattering length density difference 

between the surfactant bilayers and the water sub-layers. 

   

Figure 6.4: a) Geometry of the Lα phase and the corresponding neutron scattering length density profile along 
the layer normal. Adapted by permission from Springer Nature, G. Bouglet, C. Ligoure, EPJ B 1999, 9, 137.[325] 
Copyright 1999. b) Schematic drawing of the undulations of the stacked bilayers in a Lα phase. Adapted by 
permission from Springer Nature, F. Castro-Roman, L. Porcar, G. Porte, C. Ligoure, EPJ E 2005, 18, 259.[326] 
Copyright 2005. 

The dynamic contribution to the scattering intensity stems from thermally induced layer displacement 

fluctuations. It is assumed that the �-th layer may fluctuate around its equilibrium position �6� by an 

amount Í{ (see Figure 6.4b).[324] Following the continuum theory for smectic liquid crystals, the 

elastic free energy density corresponding to layer displacement is[327,328] 

(a) (b) 
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g = 12 ÎÏ ÃÐÍÐ=Ä� + Ñ ¦Ð�ÍÐ>� + Ð�ÍÐ?�¨�Ò , (6.20) 

with the layer displacement in the z-direction (normal to the layers) Í(>, ?, =) and the bulk moduli of 

the layer curvature Ñ and the layer compressibility Ï. In lyotropic smectics Ñ and Ï are a measure 

for the bilayer flexibility and the interactions between the bilayers, respectively.[329]  

The Landau-Peierls instability states that the thermal layer displacement fluctuations destroy true 

(infinite) long-range translational order in a 1D periodic medium since the mean square layer 

displacements 〈(Í{ − Í�)�〉 diverge logarithmically with the sample size.[330,331] The resulting quasi-

long-range translational order considerably affects the scattering curves of smectic liquid crystals, as 

described by the Caillé theory.[332] Conventional δ-function Bragg peaks (as for 3D solids) at 

:E = D:� = �IE1J  are replaced with weaker singularities, since the positional correlation function in 

smectic liquid crystals decays algebraically as ¥�Ó with F being the Caillé parameter. Hence, the 

structure factor parallel and perpendicular to the layers follows an asymptotic power-law behavior 

�(:( = 0, :∥)~(:∥ − :E)��ÕÓÖ (6.21) 

and 

�(:(, :∥ = :E)~:(�NÕ�ÓÖ . (6.22) 

For powder-oriented samples the averaged structure factor is[333] 

�(:)~(: − :E)�5ÕÓÖ . (6.23) 

The power-law exponent FE is related to the elasticity of the lamellar layers by 

FE = D� ×��:��88√ÑÏ (6.24) 

and the exponent F5 of the first harmonic (D = 1) is commonly called the Caillé parameter F.  

As described above, the tails of the pseudo-Bragg peaks decay following the power-law of 

equation (6.23) and thus peak shape analysis of high-resolution synchrotron X-ray data was performed 

to determine F for thermotropic[334] and lyotropic[323,333,335] smectic phases.   

The Nallet model expands the Caillé theory by combining the layer displacement fluctuations with 
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the geometry of the lamellar phase. The powder-averaged, resolution-limited structure factor of a 

lamellar stack then reads 

�(:) = 1 + 2 «(1 − ��) cos :6��1 + 2∆:�6���(�) ∙ e��rU1JU!({)Õ∆rU1JU{U�(5Õ�∆rU1JU!({)) 1
Ø1 + 2∆:�6���(�)

��5
5  (6.25) 

with the correlation function 

�(�) = 〈(Í{ − Í�)�〉26�� = F48� £ln(8�) + �¤. (6.26) 

� is the number of correlated layers in a stack, � is the Euler’s constant and ∆: the instrumental 

resolution function (provided by the respective neutron scattering facility). 

In addition to the detailed Nallet model we also used in a second approach simply the sum of two 

commensurable Lorentzians 

R(:) = 2l8 @�4(: − :�)� + @��   
(6.27) 

to fit the pseudo-Bragg peaks of the lamellar layers :� is the position of the pseudo-Bragg peak, @� is 

the full width at half maximum (FWHM) and l is the area of the peak.  

 

6.1.4 Neutron scattering from fibrillar networks 

To describe the scattering of the gel fiber network the model evolved by Terech et al.[258] and further 

developed by Laupheimer et al.[267] was applied. The gel network is treated as a combination of “free” 

gel fibers considered as stiff cylindrical rods and gel fibers bundled together in a network node (i.e. the 

network junction zones), which are considered as stacked layers of parallel running fibers. The 

suggested gel network structure is shown in Figure 6.5. It is further assumed that the effective structure 

factor of the network is �ÙÚÚ(:) = 0 and only the form factor of the gel fibers and network nodes 

contribute to the scattering intensity of the gel network.   

The scattering intensity of the gel network is thus described by the sum of two independent scattering 

contributions, the one of the “free” gelator fibers RÚBÛ and the one of the nodes RPÜ 
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RPÙÝ = RÚBÛ + RPÜ . (6.28) 

 

 

Figure 6.5: Schematic drawing of the gel network structure consisting of free cylindrical fibers of radius R and 
fibers agglomerated in nodes of thickness T. Adapted from Ref.[267] with permission from The Royal Society 
of Chemistry, Copyright 2014. 

Actually, one should add the respective scattering amplitudes and calculate the square of this sum to 

obtain the total scattering intensity. The cross-term resulting from this is neglected for the sake of 

simplicity. 

The scattering contribution of the gel fibers is given by 

RÚBÛ = � �ÚBÛ� (1 − m) � 1:h� ∙ �ÚÞÜ(:) ∙ �(h, h�)dhß
àá�

 (6.29) 

and the one of nodes is described by 

RPÜ = (1 − �) �ÚBÛ� (1 − m) ∙ � 8�:� ∙ �PÝâ(:) ∙ �(�, ��)d�ß
ãá�

. (6.30) 

The volume of the fibers formed in the sample �ÚBÛ is calculated by 

�ÚBÛ = D5�äåæ�5�äåæ �� ∙ �ÞÙçç�ÞÙçç (6.31) 

with �ÞÙçç = 1897.3 Åq and �ÞÙçç = 4 taken from the monoclinic elementary cell of 12-HOA in the 

neat crystal.[336] The assumption that the crystalline packing of 12-HOA in the gel fibers is the same 

as in the neat crystal is valid since the (001) and (003) reflections of the “lamellar” 12-HOA structure 

are visible at the same position in both, the scattering curve of the neat crystal and the gel[258] (see also 

X-ray data in Figure 4.3 of chapter 4.1.2).  
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The parameter � describes the fraction of the “free” gel fibers, i.e. the part of fibers not agglomerated 

in nodes. The fraction of gelator, which is not forming fibers but being dissolved monomerically in 

the solvent is given by the parameter m. The form factor of the fiber cross section �ÚÞÜ(h) is given by 

�ÚÞÜ(h) = Ãh28∆j ∙ J5(:h): Ä�
 (6.32) 

and the form factor of a lamellar node �PÝâ(�) is 

�PÝâ(�) = Ã2∆j: sin(:�2 )Ä�. (6.33) 

∆j is the scattering length density difference between the fiber network and the respective solvent. 

The polydispersity of the mean gel fiber radius h� and the mean thickness of a lamellar node �� is 

taken into account by a Gaussian distribution as size distribution function 

�(ë, ë�) = 1kì√28 ~�(ì�ìJ)U�ÉíU . (6.34) 

The measure for the polydispersity is the standard deviation kì. 

 

6.2 Results and Discussion 

This section is organized in three parts. First, the SANS results are discussed qualitatively with regard 

to the question whether and how the structure of the lamellar phase is modified in the gelled state. The 

differences in the scattering curves of the Lα phase gelled with either DBS or 12-HOA are addressed 

and we compare them to the scattering curves of the reference systems, namely the gelator-free 

Lα phase, the binary gel and the gelled isotropic micellar phase.  

In the second part, the SANS data is analyzed quantitatively using different models in order to 

compare structural parameters of the gelled Lα phase with its reference systems. Finally, a model for 

the synergistic structure present in lamellar gels is evolved.  
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6.2.1 Indications of a new synergistic structure in lyotropic lamellar gels 

In Figure 6.6a the bulk contrast SANS curves of the gelator-free Lα phase and the corresponding 

lamellar gels obtained with DBS (blue) or 12-HOA (red) are shown. The R(:)-curve of the DBS gelled 

Lα phase more or less exactly matches the curve of the gelator-free lamellar phase. This leads to the 

conclusion that the lamellar structure is not significantly disturbed by the presence of the DBS gel 

fibers. It seems like the relatively thin DBS gel fibers (4 – 8 nm), which match the lamellar repeat unit 

(7.5 nm), can be incorporated in the lamellar layer stacking without breaking too many layers.  

In contrast, the SANS curve of the Lα phase gelled with 12-HOA shows a remarkable difference to 

both the curve of the gelator-free and the DBS gelled Lα phase: at q ≈ 0.017 Å-1 a pronounced shoulder 

is observed. As shown in Figure 6.7, similar observations are made in other gelled Lα phases as well. 

Figure 6.6b shows the SANS curves of the gelled reference systems, namely the binary gel 

(d26-n-dodecane / 12-HOA and isotropic micellar phase of the same lyotropic system gelled with 

12-HOA. The latter was chosen for comparison since its polarity is similar to the one of the Lα phase. 

The polarity of a solvent can have strong impact on structure and properties of a formed gel 

network.[224,226,228,230,251,264,337] By gelling samples of similar polarity, differences between a gelled 

isotropic phase and a gelled Lα phase can be attributed to the difference between an isotropic and an 

anisotropic solvent. None of the scattering curves of the different isotropic gels shows a broad 

shoulder at low q-values. These findings thus indicate the formation of a new synergistic structure in 

the lamellar gel, which is neither present in the gelator-free Lα phase nor in the isotropic gel, in case 

the fiber diameter significantly exceeds the lamellar repeat unit. 
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Figure 6.6: Double logarithmic representation of the SANS curves (total coherent scattering intensity R(q) vs q) of a) the gelator-free Lα phase of the system D2O – n-decanol – SDS (�y = 0.675 and �XVT/WXW = 0.5, black squares), the corresponding Lα phase gelled with 1 wt% DBS (blue circles) and the 

Lα phase gelled with 1.5 wt% 12-HOA (blue triangles) and b) the binary gel d26-n-dodecane / 12-HOA 
(_ = 0.015, black circles), the binary gel d21-n-decanol / DBS (_ = 0.01, blue triangles) and the isotropic 
micellar phase of the system D2O – n-decanol – SDS gelled with 3 wt% 12-HOA (�y = 0.75 and �XVT/WXW = 0.17, green squares). Adapted from Ref.[164] with permission from The Royal Society of 

Chemistry, Copyright 2020. 
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Figure 6.7: Double logarithmic representation of the SAXS curves (total coherent scattering intensity R(q) vs q) of the Lα phase of the system H2O – n-decanol – SDS gelled with 2 wt% DBC (black squares) and 
the Lα phase of the system H2O – n-decanol – CDEAB gelled with 3 wt% 12-HOA (blue circles). Since the 
fiber diameter of DBC gel fibers (⁓ 15 nm) is smaller than of 12-HOA gel fibers (⁓ 25 nm), the broad shoulder 
of the DBC gelled Lα phase is at higher q-values. 
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6.2.2 Detailed analysis of SANS data 

Basically, there are three scattering contributions to the bulk scattering curves R(:) of the Lα phase 

gelled with 12-HOA to be considered: Besides the scattering of the lamellar liquid-crystalline 

structure Rlam(:) and the scattering of the gel network fibers Rnet(:), the scattering contribution of the 

synergistic structure has to be taken into account. Thus, in a first approximation the total coherent 

scattering intensity is described as the weighted sum of the three contributions while neglecting all 

cross-terms between these contributions 

R(:) = Rlam(:) + dnetRnet(:) + dsynRsyn(:) . 
(6.35) 

The weighting factors dnet and dsyn reflect the volume fraction and the scattering length density 

difference of the gel fiber network and the synergistic structure, respectively.  

The scattering contribution of the lamellar structure Rlam(:) is taken into account by two different 

models. In the first approach, the elaborate model developed by Nallet et al.[324] is used, which 

combines the geometry of a lyotropic lamellar phase with its thermodynamics, to be precise with the 

thermally induced layer displacement fluctuations. From the fit of the experimental scattering data 

with the Nallet model (Figure 6.8a) we obtain the bilayer thickness AÂ�, the layer repeat period 6� and 

the Caillé parameter F. The Caillé parameter is a measure for the elasticity of the bilayers since F is 

related to the layer curvature modulus Ñ and the layer compressibility modulus Ï by equation (6.24). 

The Nallet model is known to poorly reproduce the SANS data in the low-q regime since it predicts a 

strong increase in diffuse scattering intensity in this regime. This shortcoming can also be observed 

in our case (see the green curve in Figure 6.8a). Nevertheless, the Nallet model was proven to give 

reasonable values for the Caillé parameter[326], at least in the case of small thermal fluctuations, i.e. 

“hard smectic order”, which also applies for the here investigated Lα phase.  

For the lamellar gel however, the scattering intensity at low q-values is dominated by the gel network 

contribution. Thus, a second approach was used to describe the scattering contribution Rlam(:) of the 

Lα phase. To better reproduce the scattering at low q, the sum of two Lorentzians at : = 28/6� and 48/6� was used to fit the two orders of pseudo-Bragg layer peaks in the experimental 

SANS data.   

The scattering contribution of the fiber network Rnet(:) was modeled using the approach of 

Térech et al.[258], as outlined in section 6.1.4. According to Térech, the gel network can be considered 

as a combination of “free” gelator fibers and fibers which are agglomerated in the network nodes. The 
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fit parameters to reproduce the experimental SANS data are the fraction of “free” gelator fibers � not 

involved in nodes, the fraction of monomerically dissolved gelator m not forming fibers, the mean 

radius of the fibers h� and the mean thickness of the nodes ��. The polydispersity of h� and �� is 

included by the standard deviations kà and kã, respectively. It was found that most fibers are free and 

not bundled in nodes. To decrease the number of fit parameters, the parameters �� and kã were fixed 

at reasonably constant values, since �� and kã have no considerable impact on the scattering 

contribution Rnet(:). Finally, the scattering contribution of the new synergistic structure Rsyn(:) was 

considered in a phenomenological way by a Lorentzian with a peak position :� and a full width at half 

maximum (FWHM) @�.  

In Figure 6.8 the individual scattering contributions Rlam(:), Rnet(:) and Rsyn(:) to the full fit 

reproducing the scattering of the Lα phase gelled with 3 wt% 12-HOA are shown. To compare the two 

models chosen to describe the scattering from the lamellar structure, the Nallet model and the sum of 

two commensurable Lorentzians are shown in Figure 6.8a and b, respectively. Both models reproduce 

the lamellar layer peaks almost quantitatively providing similar values for the layer repeat unit 6� (see 

fit parameters in Table 6.1). Choosing one of the models does not affect the fit parameters of the other 

scattering contributions, neither the one of the fiber network Rnet(:) nor the one of the synergistic 

structure Rsyn(:). Hence, only the far simpler analyses obtained with Lorentz fits for Rlam(:) are 

discussed in the following. The corresponding analysis containing the Nallet model can be found in 

the Supplementary Information of reference[164].  

The key message from the analysis with the Nallet model is that the Caillé parameter F and thus the 

bilayer elasticity is not considerably altered in the gelled state regardless whether the used gelator is 

12-HOA or DBS (F = 0.11 for the Lα phase gelator-free, F = 0.11 for the Lα phase gelled with 

1.5 wt% 12-HOA, F = 0.13 for the Lα phase gelled with 3 wt% 12-HOA and F = 0.11 for the 

Lα phase gelled with 1 wt% DBS).  
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Figure 6.8: Analysis of the total coherent scattering intensity R(q) of the lamellar phase (�y = 0.675 and �XVT/WXW = 0.5) gelled with 3 wt% 12-HOA. Rlam(:), Rnet(:) and Rsyn(:) are the calculated scattering 

contributions from the lamellar liquid-crystalline structure, the gel fiber network and the synergistic structure, 
respectively. Rlam(:) is calculated using the Nallet model in a) and by two commensurable Lorentzians in b). 
All fit parameters are listed in Table 6.1. Adapted from Ref.[164] with permission from The Royal Society of 
Chemistry, Copyright 2020. 

 

Table 6.1: Fit parameters obtained from the analysis of the SANS data shown in Figure 6.8. Parameters of the 
scattering contribution Rlam(:) of the lamellar structure are the bilayer thickness AÂ�, the Caillé parameter F, 
the lamellar repeat distance 6� and the layer peak FWHM @�. Parameters of the contribution from the gel fiber 
network Rnet(:) are the mean fiber radius h� and its distribution kà, the fraction � of gel fibers not bundled in 
nodes and the fraction m of monomerically dissolved gelator. Parameters of the contribution Rsyn(:) from the 

synergistic structure are the characteristic length 6� and the distribution parameter @�. Contributions of Rnet(:) 
and Rsyn(:) are weighted with the parameters dnet and dsyn, respectively. All fits are performed with fixed 

values of the node thickness �� = 40 nm and its distribution kã = 5 nm. Reproduced from Ref.[164] with 
permission from The Royal Society of Chemistry, Copyright 2020. 
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(Lorentz) 
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Now the impact of gelator content and temperature on the SANS curves of the Lα phase with 12-HOA 

is discussed. As shown in Figure 6.9a, with increasing gelator mass fraction _ the scattering intensity 

at low and intermediate q (: < 0.05 Å–1) is systematically increasing, indicating that both the 

contribution from the gel fiber network and the contribution from the synergistic structure are 

increasing. Additionally, the position of the shoulder is shifted to lower q-values with increasing _ 

and thus the characteristic length of the synergistic structure 6� increases as _ increases (see 

Table 6.2). Accordingly, the mean fiber radius h� increases with increasing _ as well.   

The temperature dependent SANS measurements clearly support the observation that the new 

synergistic structure exists in the lamellar gel only. Below the gel-sol transition temperature of �gel-sol = 41°C the characteristic shoulder originating from Rsyn(:) is visible in the SANS curves with 

the characteristic length 6� not showing any systematic variation with �. However, when � 

approaches �gel-sol the shoulder related to the synergistic structure decreases significantly and vanishes 

completely above �gel-sol. Accordingly, the amount of gelator m monomerically dissolved in the 

Lα phase considerably increases at �gel-sol. 
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Figure 6.9: a) Total coherent scattering intensity R(:) at 25°C of the Lα phase (�y = 0.675 and �XVT/WXW = 0.5) gelled with different mass fractions of the gelator 12-HOA (symbols) and the corresponding R(:) fits (lines). Fit parameters are listed in Table 6.2. b) R(:) of the Lα phase (�y = 0.675 and �XVT/WXW = 0.5) with fixed 12-HOA gelator mass fraction of  _ = 0.015 at different temperatures � and the 

corresponding R(:) fits. Fit parameters are listed in Table 6.3. At temperatures above the gel-sol transition 
temperature �gel-sol the shoulder of the synergistic structure disappears. Reproduced from Ref.[164] with 

permission from The Royal Society of Chemistry, Copyright 2020. 
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Table 6.2: Fit parameters from the analyses of SANS data in Figure 6.9a (Lα phase (�y = 0.675 and �XVT/WXW = 0.5) gelled with different mass fractions _ of gelator 12-HOA). Parameters of the contribution Rlam(:) of the lamellar structure are the lamellar repeat distance 6� and the layer peak FWHM @�. Parameters 
of the contribution from the gel fiber network are the mean fiber radius h� and its distribution kà, the fraction � 
of gel fibers not bundled in nodes and the fraction m of monomerically dissolved gelator. Parameters of the 
contribution Rsyn(:) from the synergistic structure are the characteristic length 6� and the distribution 

parameter @�. Contributions of Rnet(:) and Rsyn(:) are weighted with the parameters dnet and dsyn, respectively. 

All fits are performed with fixed values of the node thickness �� = 40 nm and its distribution kã = 5 nm. 
Reproduced from Ref.[164] with permission from The Royal Society of Chemistry, Copyright 2020. 

_ 

Rlam(:) dnet 
Rnet(:) dsyn 

Rsyn(:) 

6�/nm @�/nm-1 h�/nm kà/nm � m 6�/nm @�/nm-1 

0.015 8.4 0.09 0.28 10.5 1.7 0.90 0.10 0.72 31 0.16 

0.0225 8.7 0.09 0.28 11.0 1.5 0.90 0.10 0.72 33 0.135 

0.03 8.3 0.09 0.30 11.5 1.3 0.87 0.10 0.7 37 0.11 

 

Table 6.3: Fit parameters from the analyses of SANS data in Figure 6.9b (Lα phase (�y = 0.675 and �XVT/WXW = 0.5) with fixed 12-HOA gelator mass fraction of  _ = 0.015 at different temperatures �). 

Parameters of the contribution Rlam(:) of the lamellar structure are the lamellar repeat distance 6� and the layer 
peak FWHM @�. Parameters of the contribution from the gel fiber network are the mean fiber radius h� and its 
distribution kà, the fraction � of gel fibers not bundled in nodes and the fraction m of monomerically dissolved 
gelator. Parameters of the contribution Rsyn(:) from the synergistic structure are the characteristic length 6� 

and the distribution parameter @�. Contributions of Rnet(:) and Rsyn(:) are weighted with the parameters dnet 
and dsyn, respectively. All fits are performed with fixed values of the node thickness �� = 40 nm and its 

distribution kã = 5 nm. Reproduced from Ref.[164] with permission from The Royal Society of Chemistry, 
Copyright 2020. 

T / °C 

Rlam(:) dnet 
Rnet(:) dsyn 

Rsyn(:) 

6�/nm @� h�/nm kà/nm � m 6�/nm @� 

25 7.1 0.12 0.1 10.5 1.7 0.84 0.10 0.9 36 0.12 

33 7.1 0.12 0.1 11.0 1.7 0.84 0.10 0.9 36 0.13 

41 7.0 0.12 0.1 11.5 2.0 0.82 0.80 0.9 38 0.23 

 

6.2.3 Model for the new synergistic structure 

The SANS measurements show that the spatial coexistence of gel fibers and lamellar layers lead to 

the formation of a synergistic structure, i.e. a structure that neither exist in the non-gelled Lα phase 
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nor in the isotropic gel, in case the fiber diameter significantly exceeds the lamellar repeat unit. The 

synergistic structure is indicated by a broad Lorentzian-shaped scattering peak at a characteristic 

length 6� which is considerably larger than the gel fiber diameter.  

What does this synergistic structure look like? First, one has to keep in mind that the Lα phase is a 

1D periodic, anisotropic medium and fibers running through this phase can be considered as a kind of 

topological defects. The natural response of LCs to such defects is an elastic response and the elastic 

deformation that cost the least energy in smectic or lamellar liquid crystals is the layer bending. The 

layer bending corresponds to the director splay, which is the only deformation that conserves the 

lamellar repeat unit and satisfies the condition that the director is normal to the layers everywhere.[338] 

Hence, each fiber is most likely surrounded by cylindrical lamellar layers, as shown in Figure 6.10b. 

In this structure, the layers experience pure layer bend and equally important, energy-costly layer ends 

are avoided. A surfactant monolayer directly attached to the fiber ensures the compatibility of the 

hydrophobic fiber with the water sub-layers.  

Since the elastic energy of the layer bending increases as the square of the layer curvature increases, 

the energy penalty of the layer bending thus decreases with increasing thickness of the gel fiber. More 

important, the gel fibers can bundle together to further decrease the elastic energy of the layer bending 

(see Figure 6.10c). This effect might create the source of a sort of pseudo force which tends to arrange 

the fibers in bundles.  

In contrast, if the length scale of the deformation is small in comparison with the molecular length 

scale, set for instance by the thickness of the surfactant bilayer Abi or the lamellar spacing 6�, the 

elastic response of the liquid crystal breaks down since the layer curvature and thus the elastic bending 

energy would be far too high.[339] In such case, the fibers rather interrupt the lamellar structure causing 

energy-costly layer ends, i.e. the fibers appear like dislocations (see Figure 6.10a). In an energetically 

more favorable spatial arrangement the hydrophobic fibers can either be surrounded by a surfactant 

monolayer or cause a passage in the bilayer.  

In case of the gelator 12-HOA the fiber diameter 2h� exceeds the lamellar spacing 6�, i.e. 2h� ≫ 6� > Abi with 2h� ≈ 24 nm, 6� ≈ 8 nm and Abi ≈ 2.4 nm and the structure proposed in 

Figure 6.10b and Figure 6.10c is most likely formed. Contrary, for the gelator DBS the fiber diameter 

comes close to the molecular length scale, i.e. 2h� ≈ 60 with 2h� ≈ 8 … 16 nm and 60 ≈ 8 nm, so 

that the resulting structure is probably the one suggested in Figure 6.10a.  
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Figure 6.10: Comparison of structures formed in lamellar gels if a) the gel fiber diameter 2h� is in the order 
of the lamellar repeat period 60 or b) substantially exceeds 60. In c) three fibers bundle together to further 
reduce the lamellar layer curvature in (b). Cross sections of fibers are colored in red, surfactant bilayers in white 
and solvent layers in blue. Figures are drawn to scale for the cases of (a) DBS fibers and (b), (c) 12-HOA fibers. 
Reproduced from Ref.[164] with permission from The Royal Society of Chemistry, Copyright 2020. 
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But how does a synergistic structure as sketched in Figure 6.10b give rise to a broad Lorentzian shaped 

scattering maxima indicating a characteristic length of the structure being larger than both, the fiber 

diameter and the lamellar repeat period? To answer this question, the scattering length density profiles 

of the proposed synergistic structure in a lamellar gel (Figure 6.11a) in the bulk contrast (Figure 6.11b) 

and in the “gel contrast” (Figure 6.11c) are compared with their corresponding SANS curves 

(Figure 6.11d).  

As can be seen in the bulk contrast scattering length density profile of the synergistic structure, the 

periodic lamellar layer stacking is disturbed by the gel fibers. The regular lamellar layer structure and 

the rather coincidental distance between the gel fibers are incommensurable. But new recurring 

distances between the lamellar layers appear around the fibers (highlighted by colored arrows in 

Figure 6.11b), which we believe to be the reason for the broad Lorentzian peak in the bulk scattering 

curves of 12-HOA lamellar gels.   

To selectively observe the gel network structure in the lamellar gel, the “gel contrast” is used, in which 

the contrast between the surfactant bilayers and the water sub-layers is eliminated (Figure 6.11c). The 

gel contrast is realized by using a mixture of mainly deuterated surfactant (and cosurfactant) with 

partly protonated surfactant (and cosurfactant), such that the scattering length density of the bilayers 

match the one of D2O. Thus, instead of pseudo-Bragg peaks due to the lamellar layer structure only 

small bumps remain at high q-values of the corresponding SANS curve proving our contrast 

adjustment to be successful (Figure 6.11d). Only the contrast between the gel fibers and the 

surrounding Lα phase remains and the only occurring distance in the scattering length density profile 

is the one between adjacent gel fibers. In the SANS curve of the 12-HOA lamellar gel a very broad 

shoulder is seen at even lower q-values in the gel contrast than in the bulk contrast. This indicates that 

the distance between the gel fibers is considerably larger than the predominant distances in the bulk 

contrast and its width can be explained due to the even broader distribution of distances between gel 

fibers. The SANS data of the gelled Lα phase in the gel contrast thus clearly support our model for the 

synergistic structure. 
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Figure 6.11: a) Synergistic structure in lyotropic lamellar gels with the gel fiber diameter considerably 
exceeding the lamellar repeat unit. A surfactant monolayer (white) is adsorbed at the surface of the hydrophobic 
gel fiber (red) and the subsequent layers are circularly wrapped around the fibers. b) Scattering length density 
profile of the suggested synergistic structure. The orange, green and blue arrows indicate the recurring distances 
leading to the broad Lorentzian peak (“shoulder”) in the SANS profile. c) Scattering length density profile for 
the “gel contrast”, a contrast where due to the use of deuterated surfactant and deuterated cosurfactant only the 
gel network sub-structure is monitored by the neutrons. d) SANS curves of the Lα phase (�y = 0.675 and �XVT/WXW = 0.5) gelled with 3 wt% 12-HOA in bulk contrast (black squares) and in the gel contrast (red 

circles). In the gel contrast a mixture of deuterated and protonated surfactant (16.7 v% / 2.4 v%) and 
cosurfactant (9.6 v% / 0.5 v%) is used to match the scattering length density of D2O. Reproduced from Ref.[164] 
with permission from The Royal Society of Chemistry, Copyright 2020. 
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The suggested model for the synergistic structure with lamellar layers circularly wrapped around the 

gel fibers requires the gel fibers to run along the layers. To prove that the fiber axis is normal to the 

lamellar layer normal 2D SAXS experiments were performed. The 12-HOA gel fibers have a layered 

structure (see chapter 4.1.2), which gives rise to a “intra-fiber” scattering maximum at q ≈ 0.14 Å-1 in 

the direction normal to the fiber axis. In the SANS scattering curves this intra-fiber peak is 

superimposed by the second order layer peak (but is visible in the gel contrast), since the intra-fiber 

peak is weak due to the low content of gel fibers (in the range of a few wt%) and broad due to the 

limited number of layers in the fiber.  

With SAXS however, the resolution is high enough to separate the layer peaks from the intra-fiber 

peak. The intra-fiber peak should be observed in the same direction than the lamellar layer peaks in 

an aligned domain of a lamellar gel in accordance with the proposed model for the synergistic 

structure. As shown in Figure 6.12, the intra-fiber peak is indeed found in the same direction as the 

lamellar layer peaks in the 2D SAXS pattern of a small aligned domain of the Lα phase gelled with 

12-HOA. Contrary, the intra-fiber peak is randomly distributed in the 2D SAXS pattern of an isotropic 

micellar gel. While in the isotropic micellar gel the fibers form a more or less random gel network, 

the fibers in the lamellar gel are oriented in directions along the lamellar layers with the layer normal 

of the Lα phase perpendicular to the long axis of the gel fiber, thus giving rise to an anisotropic gel 

network.  

 

Figure 6.12: 2D SAXS pattern of a) an aligned domain of the gelled Lα phase (�y = 0.675 and �XVT/WXW = 0.5, _(12�ól) = 0.03), b) the gelled isotropic phase (�y = 0.75 and �XVT/WXW = 0.17, _(12�ól) = 0.03) and c) the azimuthal peak profiles integration thereof. Reproduced from Ref.[164] with 
permission from The Royal Society of Chemistry, Copyright 2020. 
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6.3 Conclusion 

A new synergistic structure in lyotropic lamellar gels is observed, which neither exist in the non-gelled 

L phase nor in the isotropic micellar gel. Those synergistic structures appear in cases the gel fiber 

diameter is considerably larger than the lamellar repeat unit as an elastic response of the lamellar 

layers to the presence of a relatively thick gel fiber. The lamellar layers bend into closed cylinders 

which coaxially enclose the fiber to avoid the appearance of energy-costly layer ends. In focal conic 

textures of smectic and lamellar liquid crystals the same elastic response is found, since the layers are 

bent into Dupin cyclids (Figure 6.13a)[340,341], the formation of which is well understood in the 

elasticity theory of thermotropic smectics.[327,342] Hence, the synergistic structure is the natural 

response of a 1D layered fluid medium to topological defects. In future, the relation between the 

lamellar repeat unit, the bilayer rigidity and the gel fiber diameter has to be investigated in more detail. 

Interestingly, the observed synergistic structure mimics similar biological patterns, namely the 

structure of neural cells in which the axon is coaxially enclosed by the lamellar layers of myelin lipid 

bilayers and water (see Figure 6.13b). Lyotropic lamellar gels can thus be considered as a new kind 

of complex soft matter spontaneously forming biomimetic structures. 

 

Figure 6.13: Analogies to the new synergistic structure in lyotropic lamellar gels: a) Bend layers in Dupin 
cyclids of the focal conic domains found in thermotropic smectic liquid crystals.[343] b) In nerve cells the axons 
are coaxially enclosed by myelin sheets, as can be seen in the schematic drawing[344] (left), as well as in the 
electron microscopy image[345] (right). Reproduced from Ref.[164] with permission from The Royal Society of 
Chemistry, Copyright 2020. 



 

 

7 Concluding discussion and outlook 

Surfactant-based LLC gels in the sense that genuine micellar LLC phases are immobilized by an 

interpenetrating gel network were practically unknown until 2016. This “blind spot” in the landscape 

of anisotropic gels has now been filled to a certain extent by the results of this thesis. Following the 

rational design strategy to gel surfactant-based LLC phases with the help of low-molecular mass 

gelators (LMWGs), not only lamellar Lα and hexagonal H1 LLC gels but also the very first example 

of micellar nematic (Nd and Nc) gels were obtained. The richness of self-assembled LLC structures 

together with the increasing availability of LMWGs now opens an avenue to new anisotropic 

hydrogels, the properties of which can be tailored individually by the composition of the LLC phase 

and the choice of the LMWG.  

Furthermore, this work has led to first important insights into how the self-assembly of the gel is 

directed and how the gel network and the LLC phase mutually influence each other in terms of 

structure and morphology. It turned out that lamellar gels are the easiest to obtain, even though a 

strong mutual interaction between gel network and lamellar phase was noticed for lamellar gels 

obtained with the gelator 12-HOA. A thorough small angle neutron and X-ray study demonstrated 

that the lamellar gels are not orthogonal self-assembled systems, since an arrested lamellar layer 

spacing, an orientation of the gel fibers along the lamellar layers and the formation of a new synergistic 

structure, which is neither present in the gelator-free Lα phase nor in an isotropic micellar gel, were 

observed. 

The thickness of the fibers in relation to the lamellar repeat unit is the crucial criterion for the 

formation of the synergistic structure. The structure of the obtained lyotropic gel is determined by 

how, or how well the gel fibers are integrated in the respective liquid-crystalline phase. This is one 

reason why lamellar gels are the easiest to obtain since the lamellar phase can show an elastic response 

to the disturbance the gel fibers constitute. The lamellar layers bend into closed cylinders coaxially 

surrounding the fiber which avoids the appearance of energy-costly layer ends. This is the natural 

response of a 1D layered fluid medium, as it occurs in the Dupin cyclids of the focal-conic textures 

observed in smectic liquid crystals. However, for fibers with a diameter in the range of the lamellar 

layer thickness or smaller such a described elastic response of the lamellar layers is no longer possible 

since the layer curvature and thus the elastic bending energy would be far too high. In the case of 

small gel fibers, the energetic cost of layer ends is favored over a bending of the lamellar layers into 

closed cylinders and the structure of the resulting lamellar gel is similar to the one of the gelator-free 
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lamellar phase, as it was shown for lamellar gels obtained with the gelator DBS.   

The thickness of the gel fibers and thus the compatibility of gel network and LLC phase is also the 

critical factor for the formation of lyotropic hexagonal gels. In cases the gel fibers are significantly 

larger than the intermicellar distance of the long cylindrical micelles in the hexagonal phase, the 2D 

translational long-range order of the H1 phase is incompatible with the formation of a 3D network and 

an isotropic gel is obtained, as it was shown when gelling the H1 phase with 12-HOA. However, 

gelling the hexagonal phase with the gelator DBS, which forms fibers with a thickness in the order of 

the diameter of the cylindrical micelles leads to a lyotropic hexagonal gel. In conclusion, the first 

requirement a LMWG has to fulfill in order be able to successfully gel LLC phases is that the thickness 

of the formed gel fibers is compatible with the structure of the respective liquid-crystalline phase. 

Even if the lyotropic liquid-crystalline phase is able to adapt to the gel network, the structure of the 

LLC gel is determined by the relation of the gel fiber diameter and the LLC repeat unit.  

The second, and more important requirement a gelator has to meet in order to obtain lyotropic nematic 

gels in particular is that its molecular structure has to be non-amphiphilic. If this condition is not 

satisfied, a part of the gelator molecules is incorporated into the micelles acting as a cosurfactant and 

flattens the micelle curvature, as it was shown for the gelling of the Nd and Nc phase with the gelator 

12-HOA, where lamellar gels were obtained. Using the bulky gelators DBS and DBC the first 

examples of micellar lyotropic nematic gels were realized. In a 2D SAXS study it was even shown 

that macroscopically aligned micellar nematic gels can be achieved, although not yet in a reproducible 

way.  

Micellar lyotropic liquid crystalline gels can be regarded as the lyotropic counterpart to the 

thermotropic LCEs, which are today the workhorses in the field of soft robotics and biomimetic 

actuation.[101,104,107,108,346–348] With LLC gels as a new kind of anisotropic hydrogels, soft actuators 

which are compatible to aqueous media and responsive to a different range of external stimuli such as 

water activity, pH-value, vapor pressure, ion or solute concentration are conceivable.  

In LLC physical gels, two kinds of responsiveness are possible. First, the use of responsive gelators 

can be applied for a switchable and reversible gel network formation.[144,145,154,157] Second, and more 

important, the coupling of the macroscopic shape and the global orientational order may lead to a 

macroscopic shape change when external stimuli alter or destroy the global orientational long-range 

order.[100,101] The main requirement for a macroscopic shape response of a LLC gel sample to an 

external stimulus is the fabrication of macroscopically aligned LLC gels with a well-defined and 

macroscopically anisotropic director configuration. Additionally, an anisotropic swelling in water 
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might be observed for macroscopically aligned LLC hydrogels. Macroscopically aligned LLC (mainly 

nematic) gels may be achieved via field-assisted methods (alignment in a magnetic field), mechanical 

methods (shear- and flow alignment) or via surface interactions in restricted geometries (e.g. droplets). 

If temperature is chosen to be the stimulus, the LLC gels must meet a second condition. The sol-gel 

transition temperature has to be above the clearing temperature. However, this complicates the 

fabrication of aligned nematic gels, since during cooling down the gel network forms first. Thus, the 

kinetics of the gel network formation must be slow enough to allow a proper alignment of the nematic 

phase before the gel network forms. Another possibility is here the use of an LMWG responsive to 

e.g. UV light, which enables the alignment of the LLC phase during the exposure to UV light and a 

gel formation in the aligned LLC sample after the UV light is turned off. All in all, to obtain 

well-defined macroscopically aligned lyotropic nematic gels, the kinetics of the gel network 

formation, the orientational order parameter of the nematic phase, the relative orientation of the 

director and the gel fibers, as well as the respective sol-gel transition temperature Tsol-gel and the 

nematic to isotropic temperature TNI have to be determined and tailored via the choice of the LLC 

system, the choice of the low molecular weight gelator and the choice of the fabrication conditions. 

In conclusion, the key result of this thesis work is the success in introducing micellar lyotropic liquid 

crystal gels as a new class of anisotropic soft materials. By rational design, namely the gelation of 

micellar liquid crystal phases by low-molecular weight gelators, lamellar and hexagonal gels as well 

as first examples of micellar nematic gels were obtained. The requirements for a successful transfer 

of the LLC phases into the corresponding LLC gels were revealed and the knowledge on the structure 

of LLC gels was considerably deepened. Interestingly, structures that mimics biological schemes such 

as nerve cells were observed in lyotropic lamellar gels. Like their thermotropic counterparts (LCEs), 

micellar lyotropic gels are most interesting as stimuli-responsive water-based systems for applications 

in sensing and actuation, although the challenge remains to reproducibly obtain macroscopically 

aligned LLC gels. 
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9 Appendix 

9.1 Comparative study on the cosurfactant effect of 12-HOA 

In chapter 4 it was shown that the gelator 12-HOA - besides its gelling properties - acts also partly as 

cosurfactant. To better understand the influence of 12-HOA on the LLC phases, the phase behavior 

of the LLC phases after gelation was compared with the phase behavior of the LLC phases after 

addition of stearic acid. This was studied in the research internship of Michael Herbst under my 

supervision.[349] As shown in Figure 9.1, the molecular structures of 12-HOA and stearic acid differ 

only in the presence of the OH-group at the C12 position in the case of 12-HOA. As described above, 

the 12-hydroxyl group of 12-HOA is substantial for the formation of gel fibers. Thus, stearic acid 

should show a comparable influence as cosurfactant on the LLC phases, while not inducing gelation. 

In fact, the absence of the hydroxyl group reduces steric hindrance and makes the alkyl chain more 

hydrophobic, all of which should make stearic acid a more effective cosurfactant than 12-HOA. 

Hence, by comparing the influence of stearic acid or 12-HOA on the LLC phases, effects due to the 

cosurfactant behavior can be distinguished from effects of the gel fiber network for 12-HOA.  

                   

Figure 9.1: Molecular structure of a) 12-HOA and b) stearic acid. Both have a carboxylic head group 

and a C18 alkyl tail, but 12-HOA additionally has a hydroxyl group at the C12 position.  

Since the DSC results indicate that about 1.25 wt% of 12-HOA are incorporated into the micelles, 

also 1.25 wt% stearic acid were added to the ternary lyotropic mixtures. For the Nd phase after addition 

of stearic acid, a two-phase region of Nd + Lα phase was found at room temperature. However, the 

Nc phase is still nematic after addition of stearic acid, although the diffuse scattering maxima are 

slightly sharper than for the ternary Nc phase, indicating a larger correlation length of clusters with 

local translational ordering in the nematic phase.[349] To conclude, 12-HOA has a greater impact on 

the nematic phases by shifting them completely into the lamellar regime than stearic acid has as a 

cosurfactant. Since the cosurfactant effect should be similar or even slightly better for stearic acid, we 

assume that not only the cosurfactant effect but additionally a soft templating effect by the gel fibers 

lead to the surprising stabilization of the lamellar structure.  

(a) (b) 
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One effect of the gel network on the structure of the lamellar phase is that the lamellar layer spacing 

is “arrested”, i.e. independent of temperature (section 4.2.3, Figure 4.20). That this surprising 

behavior is truly a network effect and not a cosurfactant effect of 12-HOA was confirmed by 

measuring the temperature dependent lamellar repeat unit for a Lα phase in which stearic acid was 

added as cosurfactant, which shows the same behavior than the “regular” gelator-free Lα phase, 

namely a decreasing lamellar repeat unit with increasing temperature.[349]  

As shown in chapter 4 (see Figure 4.21), gelling the Lα phase leads to an enhanced lamellar order in 

comparison to the non-gelled lamellar phase, since in X-ray scattering the intensity of higher order 

layer peaks increases. In the X-ray curve of the Lα phase with stearic acid the higher order layer peaks 

are also intensified in comparison with the gelator-free Lα phase but are less intense than in the 

lamellar gel.  
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Figure 9.2: Comparison of the X-ray curves of the gelator-free Lα phase (STUV = 0.70, �XVT/WXW = 0.30 , 
black), the corresponding gelled Lα phase (μ = 0.03, red) and the corresponding Lα phase with stearic acid as 
cosurfactant (μst = 0.0125, green). The intensity is normalized to the respective intensity of the first order layer 
peak. An increase in intensity of the higher order reflections indicates a higher translational order for the gelled 
than for the gelator-free Lα phase. 

All measurements in Figure 9.2 were recorded with a cell holder in which the capillary is rotated along 

its long axis to obtain perfect powder diffractograms. It is noted that in the case of the gelator-free 

Lα phase the intensity of the second order peak I002 is already as high as for the first order one (I001), 

while for the lamellar gel even I002 > I001 applies. The reason for this behavior lies in the electron 

density contrast along the lamellar repeat unit (electron density j(=) for one lamellar layer spacing 6� 
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along the director n). The surfactant head groups have an electron density higher than that of water, 

while the hydrocarbon chains have an electron density lower than water.[350] Thus, a description of the 

electron density as a sinusoidal modulation of period 6� along the director as for typical thermotropic 

SmA phases[339] is not valid for lyotropic lamellar phases and an estimation of the translational order 

parameter from the ratio of the intensities of the layer peaks as suggested by Leadbetter et al.[351,352] 

is not straightforward for Lα phases. The electron density profile however can be calculated from the 

intensities of the layer peaks as was shown for LC polymers by Davidson et al.[353,354] The modulation 

of the electron density j(=) around the mean electron density j� is a symmetric and periodic function 

of period 6� and hence j(=) can be expanded in a Fourier series with only the cosine terms being 

relevant 

j(=) = « �{ cos Ã28� =6�Äß
{á5  . 

(9.1) 

The intensity of the �th order layer peak is directly proportional to |�{�|, with |�{| being the modulus 

of the coefficient �{. The intensities were corrected with the Lorentz factor (i = 5ÜCP �ô)[355,356] and 

since no absolute scattering intensities were measured, the ratio of the amplitude of the �th order layer 

peak to the first one �{ �5õ  are used. The coefficients �{ may be positive or negative, so the phase 

problem constitutes in determining the correct combination of the algebraic signs for the coefficients 

�{ (
�ö
�  distinctive possibilities).[353,354] The physical probability of the obtained electron density 

profiles has to be evaluated. In our case, only one combination of algebraic signs for the coefficients �{, namely j���(=) (meaning that �5, �� and �q are negative) shows two maxima in an appropriate 

distance.  

The electron density profile along the layer normal with the origin being in the center of the bilayer 

calculated from the measurements shown in Figure 9.2 can be seen in Figure 9.3. A period of very 

roughly 6�/2 in the electron density profile leads to the high intensity of the second order reflection. 

The more defined electron density profile for the lamellar gel shows that the lamellar order is increased 

in comparison with the gelator-free Lα phase. For the Lα phase in which stearic acid is added as 

cosurfactant to imitate the cosurfactant effect of 12-HOA, the modulation of electron density profile 

is better than for the gelator-free Lα phase but worse than in the lamellar gel. This underlines that the 
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increased translational order is mainly the consequence of the fiber network and only secondary the 

result of the cosurfactant effect.  
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Figure 9.3: Projection of the electron density profile j(=) along the layer normal = using the combination j���(=) calculated from the scattering data shown in Figure 9.2 for the gelator-free Lα phase (black), the 
corresponding gelled Lα phase (μ = 0.03, red) and the Lα phase with stearic acid as cosurfactant (μst = 0.0125, 
green). The origin is chosen to be in the center of the bilayer.  
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ABSTRACT: We present a systematical investigation of
gelled lyotropic liquid crystals (LLCs). This new class of soft
materials combines the anisotropy of LLCs with the
mechanical stability of a physical gel. The studied LLC
system consists of sodium dodecyl sulfate as a surfactant, n-
decanol as a cosurfactant, and water as a solvent. At room
temperature, four liquid crystalline phases (lamellar Lα,
nematic Nd and Nc, and hexagonal H1) are formed depending
on the composition. We were successful in gelling the
lyotropic lamellar phase with the low-molecular-weight
organogelator 12-hydroxyoctadecanoic acid (12-HOA). The
obtained gelled lamellar phase shows optical birefringence,
elastic response, and no macroscopic flow. However, we were not able to obtain gels with hexagonal or nematic structure. These
findings can be explained twofold. When gelling the hexagonal phase, the long-range hexagonal order was destroyed and an
isotropic gel was formed. The reason might be the incompatibility between the gel fiber network and the two-dimensional long-
range translational order of the cylindrical micelles in the hexagonal phase. Otherwise, the lyotropic nematic phase was
transformed into an anisotropic gel with the lamellar structure during gelation. Evidently, the addition of the gelator 12-HOA to
the lyotropic system considerably widens the lamellar regime because the integration of the surface-active 12-HOA gelator
molecules into the nematic micelles flattens out the micelle curvature. We further investigated the successfully gelated Lα phase
to examine the impacts of the gel network and the remaining monomeric gelator on both the structure and properties of the
gelled lamellar phase. Small-angle X-ray scattering results showed an arrested lamellar layer spacing in the gelled state, which
indicates a higher translational order for the gelled lamellar phases in comparison with their gelator-free counterparts.

■ INTRODUCTION

The gelation of lyotropic liquid crystals (LLCs) combines the
unique properties of a physical gel and an anisotropic fluid which
leads to a new class of soft anisotropic materials. LLCs show
various degrees of orientational and translational order and are
of interest because of their appearance in various biological
structures such as lyosomes or the eukaryotic cell membrane.
Physical gels are soft solids in which the solvent is trapped in a
three-dimensional (3D) fibrous network (the so-called self-
assembled fibrillar networks). This network is built by a small
amount of a low-molecular-weight gelator. The gelator
molecules self-organize via highly selective noncovalent
interactions such as H-bonds or π−π-stacking leading to a
one-dimensional growth of the fibers, which then entangle to
form the 3D network.1−6 An important example of a low-
molecular-weight gelator is 12-hydroxyoctadecanoic acid (12-
HOA), whose molecular structure and fiber formation are
shown in Figure 1. 12-HOA gels various organic solvents7−9 and
is thus known as an organogelator.
Applications of elastic physical gels as new functional

materials can be found in various fields.1,5,16−23 The
thermoreversible sol−gel phase transition and their responsive-
ness to external stimuli24 such as pH value,25 light,26−29

enzymes,30−33 or ion concentration26 make physical gels to
proper matrices for cosmetics, inks, and drugs, where on-
demand release is necessary.3,6,34

It has been shown that some organogelators are able to gel
thermotropic liquid crystals (LCs), thus forming anisotropic soft
solids.35−42The gel structure can enhance anisotropic properties
such as electro-optical response in twisted nematic cells43 or
hole mobility.44 Additionally, it is found that the gel network
stabilizes the liquid-crystal (LC) alignment and director
patterns.45,46 If the liquid crystalline phase is formed before
the gel network structure, the LC can serve as a soft template for
the gel, resulting in well-aligned fibers.47−50 If the fiber structure
is formed first, randomly oriented fibers result in a polydomain
LC morphology. Applying an electric field to such a liquid
crystalline physical gel leads to a macroscopic alignment of the
LC director and thereby switches a light-scattering material into
a transparent one51,52 (or the other way round for a
homeotropically aligned nematic pattern as a template for the
physical gel53).
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In contrast to these soft templating scenarios, two coexisting
self-assembled structures might also form independently from
each other within the same system. This concept is called
orthogonal self-assembly54,55 which can be found in biological
cells, where amphiphiles, proteins, biopolymers, and other self-
assembling components form coexisting structures such as
membranes, cytoskeleton, and ribosomes.56−58 Hence, there is
an intensive research to form complex biomimetic architectures
by orthogonal self-assembly,59 where a physical gel coexists with
liposomes,56 micellar solutions,60,61 and bicontinuous micro-
emulsions.62,63

In Figure 2, the three possible scenarios (soft templating by
either a LC or a gel network and orthogonal self-assembly) are
portrayed for the case of gelled LLCs.

A soft templating mechanism has already been reported to
fabricate ultrathin polyacrylamide nanosheets, where lamellar
bilayer membranes served as a two-dimensional (2D)
template.64 In contrast to the previously described physical
gels formed by low-molecular-weight gelators, the monomers
are linked via chemical bonds in this case. Another way to form
chemical gels in combination with LCs are liquid-crystal
elastomers (LCEs). In LCEs, the mesogenic units can be
covalently linked via flexible spacers to the polymer backbone
(side-chain polymers) or can be part of the polymer backbone
itself (main-chain polymers).67,68 Therefore, LCEs are chemi-
cally cross-linked gels that do not form via self-assembly. LCEs
are of eminent importance in the field of biomimetic actuation
because LCEs can reversibly change their shape in response to
external stimuli, such as temperature, light, or electric fields,
because of the changes in the order (parameter) of the liquid
crystalline phase. They are actuators that convert external energy
into directed mechanical motion.65−68 Examples for biomimetic
motion are artificial muscles,69−73 biological locomotion,74−76

the iris of the human eye,77 or an artificial flytrap.78 In addition,
applications such as micropumps79 ormotors80 are possible with
LCEs.
Lamellar hydrogels, in which surfactant bilayers are decorated

with short poly(ethylene glycol)-based amphiphilic block
copolymers, have already been reported.81,82 So far, there are
only a few examples of a LLC coexisting with a 3D physical
network83−86 and no gelled lyotropic nematic phase is reported
until now. What is lacking so far is a systematic investigation of
various liquid crystalline phases of the same lyotropic system
gelled by the same self-assembling low-molecular-weight
gelator.
In the present paper, we now try to transfer the concept of

liquid crystalline physical gels to physically cross-linked LLCs.
Similar to LCEs, macroscopically aligned monodomains of such
gelled LLCs may response to external stimuli such as
temperature, pH value, or vapor pressure of the solvent by a
macroscopic change in shape. The advantage of gelled LLCs
over LCEs is the cheap and easy fabrication of a functional elastic
material. Further possible applications of gelled LLCs are in the
field of transdermal drug delivery,18,87 or they may serve as soft
templates for the synthesis of highly oriented and macroscopi-

Figure 1. Molecular structure of (R)-12-HOA, as well as the
arrangement of 12-HOA molecules into the gel fibers. In nonpolar
solvents, the 12-HOA molecules form cyclic bent dimers via the
carboxylic head groups.10,11 Aggregation of the dimers due to hydrogen
bonds between the hydroxyl groups at the C12 position leads to a one-
dimensional fiber growth.12,13 X-ray investigations showed that the
dimers are organized in layers of a thickness of 4.67 nm.14,15 Freeze−
fracture electron microscopy (FFEM) showed that the fibers exhibit a
helical twist and revealed a fiber thickness of 10−100 nm,14 indicating
that there are 2−20 layers per fiber.

Figure 2. LLCs (here the Lα phase is shown as an example) as well as fibrillar gel networks self-assemble in two steps. A simultaneous formation of both
structures can either result in an orthogonal self-assembled system or one of the two structures guides the orientation of the other one leading to a
templating mechanism by either the LLC or the gel network.

Langmuir Article

DOI: 10.1021/acs.langmuir.9b02621
Langmuir 2019, 35, 16793−16802

16794

http://dx.doi.org/10.1021/acs.langmuir.9b02621


cally aligned nanostructuredmaterials, such asmesoporous silica
materials.88−92

Here, we report the gelation of the system consisting of
sodium dodecyl sulfate (SDS) as a surfactant, n-decanol (DOH)
as a cosurfactant, and water as a solvent. Depending on the
composition, four liquid crystalline phases (lamellar Lα, nematic
Nd and Nc, and hexagonal H1) are formed at room temperature.
The organogelator 12-HOA was used as a gelator. The two
questions under considerations are as follows:

(1) Are we able to gel the lyotropic liquid crystalline phases?
This means that the particular liquid crystalline order is
conserved during gelation and coexists with the gel
network.

(2) Do the two structures form independently from each
other (orthogonal self-assembly)? Or, and more im-
portant how, does the gel network influences the structure
and properties of the LC and vice versa?

This paper is organized in two parts. In the first part, we report
our attempts to gel the four liquid crystalline phases (lamellar Lα,
nematic Nd and Nc, and hexagonal H1) of our LLC system. We
found that the gelation strongly stabilizes the Lα phase, while the
structure of the other phases is not conserved during gelation. A
gel with hexagonal liquid crystalline order could not be obtained
because it seems like the 3D fiber growth destroys the 2D
translational order of the H1 phase, leading to an isotropic gel.
When gelling the lyotropic nematic phases, we received
anisotropic gels with lamellar order. In the second part of the
paper, we studied the successfully gelled lamellar phase in more
detail. Small-angle X-ray scattering (SAXS) results demonstrate
a higher translational order and an arrested lamellar layer
spacing for the gelled lamellar phase in comparison with the
gelator-free phase. This clearly shows that our gelled lamellar
phase is not an orthogonal self-assembled system.

■ EXPERIMENTAL SECTION

Materials and Sample Preparation. As a lyotropic liquid
crystalline system, a ternary system containing SDS as surfactant,
DOH as cosurfactant, and bidistilled water as solvent is used. SDS was
purchased from Sigma-Aldrich (BioUltra, ≥99.0%). The cosurfactant
DOH was obtained from Merck (≥99.0%). SDS and DOH were used
without further purification, and their molecular structures are shown in
Figure 3a. At room temperature, four liquid crystalline phases (lamellar
Lα, nematic Nd and Nc, and hexagonal H1) are formed, depending on
the cosurfactant-to-surfactant mass ratio ϕDOH/SDS. We prepared
samples at two fixed water contents, 70 and 67 wt % H2O. The phase
diagram is well established in the literature93 and shown in Figure 3b,
the examined samples are highlighted as red dots.
The low-molecular-weight gelator 12-HOA (see Figure 1) was

purchased from ChemCruz and used without further purification.
Because no chirality information was available, melting temperature
and optical activity were measured to confirm that the R-configuration
is present, as 12-HOA is obtained by hydrogenation of the naturally
occurring chiral compound ricinolic acid.13 The melting point was
measured via differential scanning calorimetry (DSC) (PerkinElmer,
DSC 8000) to be 79.5 °C, which is in good agreement with values of
79.813 and 80.3 °C14 found in the literature and clearly higher than the
value 76.2 °C of the racemate.13 The specific rotation of 12-HOA [α]
was measured with a polarimeter (PerkinElmer, 241 MC) at room
temperature in pyridine at λ = 589 nm (Na-D line) and in benzene at λ
= 365 nm (Hg-lamp). We found [α]D = −0.39 (literature [α]D =
−0.46)14 and [α]365 = −0.99 [literature [α]365 = −0.84 (Kanto
Chemicals, purified) and [α]365 =−1.0 (Sigma-Aldrich)].13Hence, the
used 12-HOA is clearly present in its R-configuration.
The handedness of the chiral 12-HOA is of importance because there

is an ongoing scientific discussion whether the racemic form is able to

gel organic solvents or not. Sakurai et al. claimed that the racemic form
does not form gels,13 whereas Grahame et al. described the gelating
ability of the racemic form as significantly worse than that of the
enantiopure compound.12 The reason for this is different H-bond
geometries, which lead in organic solvents to twisted fibers in the case of
enantiopure 12-HOA and platelets in the case of racemate.12

Additionally, it was found that (R)-12-HOA forms left-handed fibers,
whereas the fibers formed by (S)-12-HOA show a right-handed twist.94

The composition of the investigated samples is specified by the
quantities listed below.

The water mass fraction is defined as

ω =

+ + +
‐

m

m m m m
H O

H O

H O SDS DOH 12 HOA
2

2

2 (1)

and is either ωH2O = 0.70 or ωH2O = 0.67 for all samples. The DOH-to-

SDS ratio is given by

ϕ =
m

m
DOH/SDS

DOH

SDS (2)

The amount of gelator used to gel the sample is specified by the
gelator mass fraction

η =

+ + +

‐

‐

m

m m m m

12 HOA

H O SDS DOH 12 HOA2 (3)

The properties of the gelled lyotropic liquid crystalline phases are
compared with two parent systems, namely, (i) the gelator-free LLC
with the same ωH2O and ϕDOH/SDS as the gelled LLC and (ii) the binary

gel formed by dodecane and the same amount η of 12-HOA as in the
gelled LLC. Dodecane was chosen for comparison because it has the
same chain length as the hydrophobic part of the surfactant SDS.

The gelled LLC phases were prepared by dissolving proper amounts
of SDS and 12-HOA in H2O and DOH, respectively. For the
dissolution of 12-HOA, elevated temperatures (60−70 °C) in a
thermoshaker (Hettich, MHR-23) are necessary. The two solutions are
combined by adding the SDS/H2O solution to 12-HOA/DOH by
means of a syringe with a thick needle and concurrent but cautious
vortex (ika VORTEX 3) to ensure a proper mixing while preventing

Figure 3. (a) Molecular structure of SDS (on top) and DOH (below).
(b) Phase diagram of the investigated lyotropic liquid crystalline
system. The red dots indicate the sample compositions. Reprinted with
permission from [Quist, P.-O.; Halle, B. Curvature defects in a lamellar
phase revealed by nuclear-spin-relaxation anisotropy. Phys. Rev. E 1993,
47, 3374−3395. Copyright 1993, American Physical Society].
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foam formation. For fast gel network growth, the mixture was quenched
in an ice bath for 0.5 h. Afterward, the sample is kept 1 day at room
temperature to complete the gel formation. To probe whether or not
the sample was gelled, the vial was put upside down for at least 4 h. If no
flow was observed, the sample was considered as gelled.
The parent systems were obtained as follows. To prepare the gelator-

free LLC, SDS and water were weighed into a glass vial sealed with a
screw plug and the mixture was kept at 40 °C in a thermoshaker
(Biosan, PST-60HL) until SDS was completely dissolved (about 1 h).
DOH was added and the vial was placed on a roll mixer (Phoenix
Instruments, RS-TR05) until the sample was homogenized (at least 2
days). The formation of the liquid crystalline phases was confirmed by
the observation of characteristic textures in the polarizing optical
microscope (Leica, DMLP). To obtain the binary gel, 12-HOA and
dodecane (Sigma-Aldrich, ≥99.0%, used without further purification)
were weighed into a vial, which were heated in a thermoshaker
(Hettich, MHR-23) until 12-HOA was dissolved (60−70 °C, 500
rpm). Afterward, the hot solution was quenched in an ice bath and kept
overnight at room temperature. Gel formation was tested as described
above.
Methods. Polarizing microscopy was performed at room temper-

ature using a Leica DMLP polarizing microscope. Photographs of the
textures were taken by a Nikon D5300 camera. Samples were filled into
flat capillaries (Camlab UK) of dimensions of 0.4 × 4 mm and flame
sealed.
Dynamic scanning calorimetry was performed with a power

compensating PerkinElmer DSC8000 instrument using a heating rate
of 5 K/min to heat from 20 to 80 °C. Samples were filled into aluminum
pans (PerkinElmer, Part no. B016-9321) which were sealed afterward.
Small-angle X-ray studies were carried out with a SAXSess system

(Anton Paar). The X-ray radiation (Cu Kα, λ = 0.15418 nm) was
generated by an ISO-DEBYEFLEX 3003 X-ray generator (GE
Inspection Technologies GmbH) and the X-ray scattering was recorded
using either a CMOS detector (Dectris, Mythen 2 1K) or a CCD
detector (Princeton instruments, SCX-TE:4300K/2). Temperature
was controlled by the sample holder unit TSC 120. Samples were placed
into Mark capillary tubes (Hilgenberg, glass no. 14) with an outer
diameter of 0.7 mm and a wall thickness of 0.01 mm.
FFEM replicas of the gelled LC samples were prepared with a freeze

fracture and etching system EM BAF060 from Leica. At room
temperature, a small amount of each specimen was placed on two
copper grids (hexagonal 360 mesh) and two copper plates (4.5 mm ×

3.0 mm), which were assembled to a so-called sandwich. The sandwich
was then plunged into liquid ethane cooled by liquid nitrogen. The
frozen and fractured specimen was quickly transferred into the vacuum
chamber of BAF060. At −150 °C, the surface was replicated by a layer
of Pt/C (∼2 nm) deposited at an angle of 45° and stabilized by a layer
of pure carbon (∼20 nm) at 90°. After cleaning the replicas with warm
ethanol, they were examined using a Tecnai G2 Sphera FEI TEM (FEI,
Eindhoven, Netherlands) at 200 kV. TEM images were recorded by a
16-megapixel camera (TemCam-F416 [4k × 4k], TVIPS, Gauting,
Germany).

■ RESULTS AND DISCUSSION

Gelling the Different Lyotropic Liquid Crystalline
Phases. Characteristic gel properties are elasticity (at least in
a certain stress range) and the absence of macroscopic flow. To
probe whether our gelled LLCs show this behavior, the vial
containing the sample was put upside down for several hours.
No flowwas observed for the gelled Lα phase (η = 0.015), as seen
in Figure 4. The shape persistency was proven by applying stress
bymeans of a spatula on the sample and releasing it afterward. As
shown in Figure 4, the deformation is reversible, clearly
confirming the elastic properties of the gelled Lα phase. Between
crossed polarizers, the gelled Lα phase shows optical
birefringence, which was not observed for the corresponding
binary gel (dodecane gelled with 1.5 wt % 12-HOA). This

confirms the anisotropy originating from the presence of the
liquid crystalline phase.
When gelling the liquid crystalline phases, we noticed that at

least 1.5 wt % 12-HOA are needed to gel the lamellar phase.
However, 1.8 and 2.0 wt % are necessary to gel the nematic
phases and the hexagonal phase, respectively. In contrast, the
critical gelation concentration (cgc) to gel dodecane is much
less, 0.2 wt % only. It was reported that the cgc increases with
increasing polarity and increasing ability of the solvent to form
hydrogen bonds.95

We now examined by X-ray diffraction (XRD) and POM
whether or not the structures of the four different liquid
crystalline phases are conserved in their gelled states.
The X-ray diffractograms of the gelled and gelator-free Lα, Nd,

Nc, and H1 phase as well as of the binary gel are shown in Figure
5. Because of the layer structure of the lamellar phase, pseudo-
Bragg peaks arise at the same positions in both cases, the gelator-
free and the gelled (η = 0.03) Lα phase. In addition, small broad
peaks at q = 1.33 nm−1 and q = 3.99 nm−1 appear in the SAXS
curve of the binary gel and the gelled Lα phase. These are known
to be the (001) and (003) reflections of the bilayers of bent
cyclic 12-HOA dimers of which the fiber consists.14,15 The
considerable width of these peaks corresponds to small
correlation lengths because a single twisted fiber is formed by
a limited number of layers. All in all, the SAXS results in Figure
5a clearly confirm the formation and coexistence of the lamellar
layer structure and the gel fiber structure in the gelled Lα phase.
In the case of the gelator-free nematic phases Nd and Nc,

broad scattering peaks due to the short-range translational order
of nematic phases are observed. However, the gelled materials
obtained thereof show the characteristic I(q) profiles of lamellar
phases with 2 orders of sharp layer peaks. This observation
suggests that the gelation transforms the lyotropic nematic
phases into lamellar phases. Further support is given by FFEM,
which indeed confirms the presence of lamellar layer steps in the
gelled material (S1). Hence, gelling the nematic phases with 12-
HOA leads to gelled lamellar phases.
The gelator-free H1 phase shows three sharp peaks with a q-

ratio of 1: 3 :2, which is characteristic for 2D hexagonal order.
In the gelled state, however, just two diffuse peaks remain, which
indicates that only short-range order is left. In addition, the

Figure 4. (On top) Picture of the gelled lyotropic lamellar phase
outside and between crossed polarizers. The gel shows no flow but
strong optical birefringence. (Below) The pictures show the elasticity of
the gelled lamellar phase. The gel returns to its original shape when the
stress is released.
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gelled phase shows no optical birefringence between crossed
polarizers. Thus, gelling a hexagonal phase with 12-HOA does
not result in a gelled H1 phase, but in an isotropic gel.
For a further identification of the gelled lyotropic liquid

crystalline phases, we used polarized optical microscopy (POM)
(Figure 6). The textures of the gelator-free and the gelled (η =
0.015) lamellar phase resemble each other, both show an oily
streak texture in a planar matrix. This is another proof that the
lamellar structure is maintained in the gelled state. On the
contrary, the POM images of the other gelled lyotropic liquid
crystalline phases prove that it was not possible to gel the
lyotropic Nc, Nd, and H1 structures. The gelator-free Nc and Nd

phase exhibit a schlieren texture typical for nematic phases. In
line with the XRD results, the gelled phases (η = 0.018) show
textures similar to the one of the Lα phase. In the gelator-free H1

phase, a typical fanlike texture can be observed, whereas it is not
birefringent in the gelled state (η = 0.02) anymore. The weak
birefringence occurring in some parts of the gelled H1 phase
arises because of a dense gel network. The results of POM thus
confirm all findings of SAXS. The 2D translational order of the
hexagonal phase is destroyed by the growth of the gel network.
In the case of nematic phases, a lamellar phase is obtained after
the gelation procedure.
What is the reason for the surprising stabilization of the

lamellar phase? An explanation may lie in the molecular
structure of the gelator 12-HOA. Apart from the 12-hydroxy
group, 12-HOA has a typical surface-active structure with a polar
head group and a nonpolar alkyl tail (see Figure 1). Thus, 12-
HOAmight also act as a cosurfactant and might be incorporated

into the amphiphilic film. According to Israelachvili, the
curvature of the micelle as well as the liquid crystalline phase
formed thereof depend on the ratio of the effective cross-
sectional area occupied by the alkyl tail and the effective cross-
sectional area occupied by the head group.96 The effective head
group area of anionic surfactants such as SDS is determined by
repulsive Coulomb interactions between the charged head
groups. The incorporation of a nonionic cosurfactant reduces
the Coulomb repulsion between the head groups, leads to a
smaller effective head group area, and thus to a smaller curvature
resulting in a transition from the nematic to the lamellar phase,
as shown in Scheme 1. Furthermore, 12-HOA as a cosurfactant
is much more hydrophobic as SDS because of its less polar head
and much longer hydrophobic chain and by this potentially a
more effective cosurfactant as DOH. In addition, because 12-
HOA is a hydrophobic cosurfactant, the bending rigidity of the
amphiphilic film should be increased. The surface activity of 12-
HOA was already observed for gelled bicontinuous micro-
emulsions and gelled LLCs.63,84,86

Now the question arises how large is the concentration of 12-
HOA integrated into the micelles? We roughly estimate this
amount by DSC. The sol−gel transition enthalpy Δsol−gelH is
determined from the area of the endothermic peak. As
expected,97 Δsol−gelH increases linearly with increasing gelator
concentration for all observed samples. However, the linear
regression does not pass through the origin but intersects the
abscissa at a gelator content between 1.23 and 1.35 wt % of 12-
HOA, as shown in Figure 7. This applies for all samples (ωH2O =

Figure 5. XRD profiles of the gelator-free (black) and gelled (red) (a) Lα, (b) Nd, (c) Nc, and (d) H1 phases (ωH2O = 0.70 in all four phases). The
formation of the lamellar layer structure is confirmed by the presence of 2 orders of sharp pseudo-Bragg peaks in both the gelator-free and the gelled Lα

phase. In the binary gel (blue), the diffuse and weak (001) and (003) peaks from the layered structure of the 12-HOA fibers are seen. These peaks are
also found in the gelled Lα phase, which confirms the coexistence of lamellar layers and gel fibers in the gelled Lα phase. In the case of nematic phases,
the gelator-free phases show two diffuse peaks because of the short-range order present in nematic phases. In the gelled materials obtained thereof, two
sharp peaks with a q-ratio of 1:2 are observed together with the gel peaks from the 12-HOA fibers. This reveals that not a gelled nematic phase but
instead a gelled lamellar phase is formed. For the gelator-free hexagonal phase, three characteristic pseudo-Bragg peaks with a q-ratio of 1: 3 :2 are
found because of the 2D hexagonal long-range order. After gelation with 12-HOA, only two broad peaks remain, which reveals that there is only short-
range order left.
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0.67) independent of the cosurfactant-to-surfactant ratio
ϕDOH/SDS (for clarification, the corresponding gelator-free
phase is given in parenthesis, even if the samples are in a
different state after gelation). The amount of 12-HOA
incorporated into the amphiphilic film can thus be estimated
as between 1.2 and 1.4 wt %. Remembering the fact that the
nematic Nd and Nc phases differ in cosurfactant concentration
by roughly 1 wt % (see phase diagram in Figure 3), the estimated
amount of 1.3 ± 0.1 wt % 12-HOA incorporated into the
micelles seems enough to substantially change the micelle
curvature and thus the phase behavior.
The fact that a considerable amount of 12-HOA is

incorporated into the amphiphilic film (and thus do not form
fibers) in the liquid crystalline phases can also explain why the
SAXS peaks of the fibers are higher in intensity for the binary gel
than for the gelled Lα phase (Figure 5a). In other words, even
though the same amount of gelator is added to the sample, the
actual gel fiber concentration is less in the gelled Lα phase than in
the binary gel. Otherwise, this cosurfactant effect of 12-HOA

does not explain why the H1 phase transforms during gelation
into an isotropic gel because an increase in cosurfactant content
should drive the hexagonal phase into the nematic or lamellar
regimes (see the effect of DOH in Figure 3). Instead, we believe
that in general the formation of gel fibers destroys the high
degree of 2D translational order present in a lyotropic H1 phase.

Coexistence and Mutual Impact of Gel Network and
Lamellar Structure. Because the lamellar phase is the only
phase which was successfully transferred into the gelled state, we
focused on the Lα phase to explore the influence of the gel fiber
network on the structure and properties of the gelled phase and
vice versa. The gel−sol transition of the gelled Lα phase and the
binary gel was studied with DSC, and broad endothermic peaks
over a range of up to 10 K were observed on heating. This
reflects that several processes take place during the melting of
the gel on a molecular scale: the interfiber interactions in the
nodes and junction zones as well as the hydrogen bonds holding
together one single fiber have to be broken. We thus did not take
the onset but the maximum of a peak as sol−gel transition
temperature Tsol−gel and Tsol−gel was found to have a
reproducibility in the order of ±1.5 K.
With gelator concentrations increasing from η = 0.015 to 0.04,

Tsol−gel increases from 35 to 46 °C in the case of the gelled Lα

phase (ωH2O = 0.67) and from 64 to 68 °C in the case of binary

gel (Figure 8). An increase in the sol−gel transition temperature
with increasing gelator amount is expected because of more
and/or thicker gel fibers. Because the Tsol−gel of the gelled
lamellar phase is about 25 K lower than for the binary gel, the
gelled Lα phase is the weaker gel. Interactions of 12-HOA with
the polar parts of the surrounding solvent may reduce the gel
forming ability of 12-HOA and thus be the reason for the
observed lower sol−gel transition temperatures. The low sol−
gel transition temperatures of the gelled Lα phase in comparison
with those of the binary gel can also be explained with the surface
activity of 12-HOA. If parts of the gelator molecules are
incorporated into the micelles, the effective gelator concen-
tration is reduced, which should result in a lower Tsol−gel.
FFEM images as the one shown in Figure 9 show layer steps

typical of a Lα phase which appear next to twisted gelator fibers.
This observation further confirms that both structures actually

Figure 6. (Left) Texture images obtained by POM of the gelator-free
(a) Lα, (b) Nd, (c) Nc, and (d)H1 phase (ωH2O = 0.70 in all four phases)
and their gelled counterparts (right). While the gelator-free nematic
phases show a typical schlieren texture, the corresponding gelled phases
exhibit characteristics of the lamellar phase. The hexagonal phase is not
birefringent in the gelled state, and the observed texture arises from
aggregation of gel fibers.

Scheme 1. Incorporation of Nonionic 12-HOA Molecules
into the Micelles Leads to a Reduction of the Coulomb
Repulsion between the Anionic Surfactant Molecules Which
Results in a Decreased Film Curvature

Figure 7. Sol−gel transition enthalpy Δsol−gelH as a function of the
gelator mass fraction η for gelled phases of the compositionωH2O = 0.67

and ϕDOH/SDS = 0.27 (squares), ϕDOH/SDS = 0.21 (circles), ϕDOH/SDS =
0.18 (triangles), and ϕDOH/SDS = 0.10 (diamonds). For clarification, the
corresponding gelator-free phase is given in parenthesis. Δsol−gelH
increases linearly with η. The linear extrapolation toΔsol−gelH = 0 leads
to an intersection with the abscissa for a gelator content between 1.23
and 1.35 wt %. Because Δsol−gelH = 0 should be found at η = 0, the
obtained value can be interpreted as a rough estimate of the fraction of
12-HOA incorporated into the micelles.
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have formed and exist next to each other. The fibers have a
thickness of 40−50 nm, which is in the same range as in the
corresponding binary gel (30−60 nm, see S1). All fibers
observed in the replica show a right-handed twist, which means
all fibers are actually left-handed, as expected for (R)-12-HOA94

gels. However, this result is in clear contrast to the observation of
nontwisted fibers of (R)-12-HOA in gelled lamellar phases of the
system D2O−n-decane−C10E4 presented by Xu et al.83

To further analyze the structure of the gelled lamellar phase,
we performed SAXS. When comparing the SAXS data of the
gelator-free Lα phase with the Lα phase gelled with 1.5 and 3 wt
% in Figure 10, it is striking that for the gelled lamellar phases, a
third-order layer peak emerges, which is more pronounced for 3
wt % than for 1.5 wt %. In addition, a second-order layer peak is
enhanced for the gelled Lα phases as well. The appearance and
intensification of higher-order layer peaks indicates that the
quality of lamellar ordering is clearly enhanced by the presence
of the gel network fibers, which leads to the general conclusion
that both structures, lamellar layers and gel fibers, do not coexist
independently of each other. For the gelled Lα phases, a shift of
the layer peaks to lower q in comparison with the corresponding
gelator-free Lα phase is often observed. This is a common, but

not the general behavior, and this trend is not systematic in its
magnitude. The X-ray experiments show that the gel network
increases the degree of liquid crystalline order. On the one hand,
the appearance of higher-order Bragg peaks indicates a higher
degree of translational order. On the other hand, an increase in
the layer repeat unit points toward a higher degree of
orientational order.
When monitoring the temperature-dependent lamellar layer

spacing of the gelator-free and the corresponding gelled (η =
0.03) Lα phase, another striking difference is observed in Figure
11. For the gelator-free lamellar phase, the layer spacing

decreases with increasing temperature as it is expected because
of enhanced fluctuations of the surfactant molecules and thus
decreasing orientational order. In contrast, the layer spacing of
the gelled lamellar phase is almost independent of temperature
at low temperatures. Above a certain temperature, a decrease of
the layer spacing as in the gelator-free case can be observed. The
temperature at which the behavior changes coincides with the
sol−gel transition temperature. Above the sol−gel transition
temperature, the layer spacing is free; below the sol−gel
transition temperature, the layer spacing is arrested. The gel
network seems to freeze the lamellar liquid crystalline order
leading to stiffer lamellar bilayers.

Figure 8. Sol−gel transition temperature Tsol−gel vs the gelator mass
fraction η for the gelled Lα phase (ωH20 = 0.67, ϕDOH/SDS = 0.27, filled
circles) and the binary gel n-dodecane/12-HOA (open circles)
measured via DSC. For both, the binary gel and the gelled lamellar
phase, the sol−gel transition temperature increases with increasing
gelator content. The sol−gel transition temperatures are about 25°
lower for the gelled Lα phase, indicating that the gelled Lα phase is a
weaker gel than the binary gel.

Figure 9. FFEM image of the Lα phase (ωH20 = 0.67, ϕDOH/SDS = 0.38)
gelled with 3 wt % of 12-HOA. A helically twisted gel fiber and lamellar
layer steps (highlighted by the red circles) were found next to each
other, which proves the coexistence of the lamellar layer structure and
the gel network.

Figure 10. Comparison of XRD curves obtained for the gelator-free Lα

phase (ωH20 = 0.70, ϕDOH/SDS = 0.30, black line) and for the Lα phases
gelled with 1.5 (orange line) and 3 wt % (green line) 12-HOA. The
intensity is normalized to the intensities of the first-order layer peaks.
With increasing gelator amount, an enhancement of the second-order
layer peak and even a third-order layer peak due to the lamellar
structure can be observed. This indicates a higher translational order for
the gelled phase than for the gelator-free Lα phase.

Figure 11. Lamellar layer spacing d of the gelator-free (open circles)
and the corresponding gelled Lα phase (ωH20 = 0.70, ϕDOH/SDS = 0.28,
filled circles) vs temperature measured by SAXS. For the gelled Lα

phase, an arrested layer spacing is observed below the sol−gel transition
temperature Tsol−gel.
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Above Tsol−gel, the lamellar repeat distance d is found to be
larger in the case of gelled Lα phase than in the case of gelator-
free Lα phase. This observation might be explained by the
incorporation of 12-HOA molecules into the bilayers because
the long C18 chains of 12-HOA might enlarge the lamellar
bilayers (C12 chains of SDS).
The arrested layer spacing in the gelled Lα phase shown in

Figure 11 is frequent and typical but not of the general behavior.
When the composition of the Lα phase is altered, a systematic
arrested layer spacing cannot always be observed. The mutual
influence of lamellar layer structure and gel morphology has to
be investigated in more detail in future.

■ CONCLUSIONS

The present study shows one of the first examples of a physically
gelled LLC. By gelling LLCs with a low-molecular-weight
gelator, we obtain new mechanically stable, elastic, and
anisotropic soft solids. It is possible to transfer all three observed
liquid crystalline phases (lamellar, nematic, and hexagonal) into
the gelled state, but only for the Lα phase, the lamellar structure
is maintained. In contrast, nematic phases have a lamellar
structure in the gelled state, and the hexagonal phase was found
to be isotropic after gelation. It seems that the high order of the
hexagonal phase is incompatible with the gel network structure.
On the contrary, the gel network interacts with the lyotropic
phases in such a way that the lamellar structure is stabilized.
Thus, gelling is most straightforward for the Lα phase. Because of
the strong tendency to the lamellar phase, gelling of nonlayered
phases, such as nematic phases, was not successful. Furthermore,
the gelator 12-HOA was found to be surface-active, acting partly
as a cosurfactant in our LLC system. This reduces the micelle
curvature and thus broadens the lamellar regime. The obtained
results clearly demonstrate that the two combined structures,
liquid crystalline phase and gel fiber network, do not coexist
independently of each other, indicating that our gelled lyotropic
liquid crystalline phases are not orthogonal self-assembled
systems.
Nevertheless, gelled LLCs are promising newmaterials on the

way to elastic LLCs to be used as stimuli-responsive actuators.
To separate the previously described disadvantageous influences
of 12-HOA on the lyotropic system for further studies, we are
currently searching for new low-molecular-weight gelators that
are able to gel our lyotropic liquid crystalline system.
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(40) Janssen, R. H. C.; Stümpflen, V.; Bastiaansen, C.W.M.; Broer, D.
J.; Tervoort, T. A.; Smith, P. Thermo-reversible Liquid-Crystal Gels:
Towards a New Processing Route for Twisted Nematic Displays. Jpn. J.
Appl. Phys. 2000, 39, 2721−2726.
(41) Lin, H.-C.; Wang, C.-H.; Wang, J.-K.; Tsai, S.-F. Fast Response
and Spontaneous Alignment in Liquid Crystals Doped with 12-
Hydroxystearic Acid Gelators. Materials 2018, 11, 745.
(42) Zhao, Y.; Guan, L. Use of a gelator in a ferroelectric liquid crystal:
Pitch compensation and nanofibres. Liq. Cryst. 2003, 30, 81−86.
(43) Mizoshita, N.; Hanabusa, K.; Kato, T. Self-Aggregation of an
Amino Acid Derivative in a Liquid-Crystalline Physical Gel-Faster
Response to Electric Fields. Adv. Mater. 1999, 11, 392−394.
(44) Mizoshita, N.; Monobe, H.; Inoue, M.; Ukon, M.; Watanabe, T.;
Shimizu, Y.; Hanabusa, K.; Kato, T. The positive effect on hole
transport behaviour in anisotropic gels consisting of discotic liquid
crystals and hydrogen-bonded fibres. Chem. Commun. 2002, 428−429.
(45) Tolksdorf, C.; Zentel, R. Reversible Physical Network Stabilized
Ferroelectric Liquid Crystals. Adv. Mater. 2001, 13, 1307−1310.
(46) Deindörfer, P.; Eremin, A.; Stannarius, R.; Davis, R.; Zentel, R.
Gelation of smectic liquid crystal phases with photosensitive gel
forming agents. Soft Matter 2006, 2, 693−698.
(47) Kato, T.; Hirai, Y.; Nakaso, S.; Moriyama, M. Liquid-crystalline
physical gels. Chem. Soc. Rev. 2007, 36, 1857−1867.
(48) Mizoshita, N.; Kutsuna, T.; Kato, T.; Hanabusa, K. Smectic
liquid-crystalline physical gels. Anisotropic self-aggregation of hydro-
gen-bonded molecules in layered structures. Chem. Commun. 1999,
781−782.
(49) Kato, T.; Kutsuna, T.; Yabuuchi, K.; Mizoshita, N. Anisotropic
Self-Aggregation of an Anthracene Derivative: Formation of Liquid-
Crystalline Physical Gels in Oriented States. Langmuir 2002, 18, 7086−
7088.
(50) Mizoshita, N.; Hanabusa, K.; Kato, T. Fast and High-Contrast
Electro-optical Switching of Liquid-Crystalline Physical Gels: For-
mation of Oriented Microphase-Separated Structures. Adv. Funct.
Mater. 2003, 13, 313−317.
(51) Kato, T. Self-Assembly of Phase-Segregated Liquid Crystal
Structures. Science 2002, 295, 2414−2418.
(52) Mizoshita, N.; Suzuki, Y.; Kishimoto, K.; Hanabusa, K.; Kato, T.
Electrooptical properties of liquid-crystalline physical gels: A new
oligo(amino acid) gelator for light scattering display materials. J. Mater.
Chem. 2002, 12, 2197−2201.
(53) Suzuki, Y.; Mizoshita, N.; Hanabusa, K.; Kato, T. Homeotropi-
cally oriented nematic physical gels for electrooptical materials. J. Mater.
Chem. 2003, 13, 2870−2874.
(54) Stubenrauch, C.; Giesselmann, F. Gelled Complex Fluids:
Combining Unique Structures withMechanical Stability.Angew. Chem.,
Int. Ed. 2016, 55, 3268−3275.
(55) Laibinis, P. E.; Hickman, J. J.; Wrighton, M. S.; Whitesides, G. M.
Orthogonal self-assembled monolayers: Alkanethiols on gold and
alkane carboxylic acids on alumina. Science 1989, 245, 845−847.
(56) Boekhoven, J.; Brizard, A.M.; Stuart,M. C. A.; Florusse, L.; Raffy,
G.; Del Guerzo, A.; van Esch, J. H. Bio-inspired supramolecular
materials by orthogonal self-assembly of hydrogelators and phospho-
lipids. Chem. Sci. 2016, 7, 6021−6031.
(57) Vereb, G.; Szöllősi, J.; Matko,́ J.; Nagy, P.; Farkas, T.; Vígh, L.;
Mat́yus, L.; Waldmann, T. A.; Damjanovich, S. Dynamic, yet
structured: The cell membrane three decades after the Singer-Nicolson
model. Proc. Natl. Acad. Sci. U.S.A. 2003, 100, 8053−8058.
(58) Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.;Walter, P.
Molecular Biology of the Cell; Garland Science Taylor & Francis Group:
New York, NY, 2002.
(59) Brizard, A.; Stuart, M.; van Bommel, K.; Friggeri, A.; de Jong, M.;
van Esch, J. Preparation of nanostructures by orthogonal self-assembly
of hydrogelators and surfactants. Angew. Chem., Int. Ed. 2008, 47,
2063−2066.

Langmuir Article

DOI: 10.1021/acs.langmuir.9b02621
Langmuir 2019, 35, 16793−16802

16801

http://dx.doi.org/10.1021/acs.langmuir.9b02621


(60) Brizard, A. M.; Stuart, M. C. A.; van Esch, J. H. Self-assembled
interpenetrating networks by orthogonal self assembly of surfactants
and hydrogelators. Faraday Discuss. 2009, 143, 345−357.
(61) Heeres, A.; van der Pol, C.; Stuart, M.; Friggeri, A.; Feringa, B. L.;
van Esch, J. Orthogonal self-assembly of low molecular weight
hydrogelators and surfactants. J. Am. Chem. Soc. 2003, 125, 14252−
14253.
(62) Laupheimer, M.; Jovic, K.; Antunes, F. E.; da Graca̧ Martins
Miguel, M.; Stubenrauch, C. Studying orthogonal self-assembled
systems: Phase behaviour and rheology of gelled microemulsions.
Soft Matter 2013, 9, 3661−3670.
(63) Laupheimer, M.; Sottmann, T.; Schweins, R.; Stubenrauch, C.
Studying orthogonal self-assembled systems: microstructure of gelled
bicontinuous microemulsions. Soft Matter 2014, 10, 8744−8757.
(64) Qin, H.; Li, F.; Wang, D.; Lin, H.; Jin, J. Organized Molecular
Interface-Induced Noncrystallizable Polymer Ultrathin Nanosheets
with Ordered Chain Alignment. ACS Nano 2016, 10, 948−956.
(65) Ikeda, T.; Mamiya, J.-i.; Yu, Y. Photomechanics of liquid-
crystalline elastomers and other polymers. Angew. Chem., Int. Ed. 2007,
46, 506−528.
(66) Yu, Y.; Ikeda, T. Soft Actuators Based on Liquid-Crystalline
Elastomers. Angew. Chem., Int. Ed. 2006, 45, 5416−5418.
(67)Ohm, C.; Brehmer,M.; Zentel, R. Liquid crystalline elastomers as
actuators and sensors. Adv. Mater. 2010, 22, 3366−3387.
(68) Xie, P.; Zhang, R. Liquid crystal elastomers, networks and gels:
Advanced smart materials. J. Mater. Chem. 2005, 15, 2529−2550.
(69) Thomsen, D. L.; Keller, P.; Naciri, J.; Pink, R.; Jeon, H.; Shenoy,
D.; Ratna, B. R. Liquid Crystal Elastomers with Mechanical Properties
of a Muscle. Macromolecules 2001, 34, 5868−5875.
(70) Wermter, H., Finkelmann, H. Liquid crystalline elastomers as
artificial muscles. e-Polym. 2001, 1. DOI: 10.1515/epoly.2001.1.1.111
(71) Li, M.-H.; Keller, P.; Yang, J.; Albouy, P.-A. An Artificial Muscle
with Lamellar Structure Based on a Nematic Triblock Copolymer. Adv.
Mater. 2004, 16, 1922−1925.
(72) Buguin, A.; Li, M.-H.; Silberzan, P.; Ladoux, B.; Keller, P. Micro-
actuators: When artificial muscles made of nematic liquid crystal
elastomers meet soft lithography. J. Am. Chem. Soc. 2006, 128, 1088−
1089.
(73) Naciri, J.; Srinivasan, A.; Jeon, H.; Nikolov, N.; Keller, P.; Ratna,
B. R. Nematic Elastomer Fiber Actuator. Macromolecules 2003, 36,
8499−8505.
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gelled by low-molecular-weight gelators 
(LMWGs).[27–30] Via physical interactions, 
such as π–π interactions and hydrogen 
bonds, LMWGs form self-assembled 3D 
fibrillar networks (SAFINs), which arrest 
the fluidity of the LLC phase as a result 
of the gelation. The anisotropy of the LLC 
is thus combined with the elasticity of a 
gel network enabling potential applica-
tions where some mechanical stability is 
needed such as stimuli-responsive actua-
tion,[22,24,31] transdermal drug delivery[32,33] 
as well as non-fluid templates for the syn-
thesis of macroscopically aligned nano-
structured materials.[34,35]

In recent years few studies on LLC gels 
as a new kind of LC networks were pre-
sented.[36–40] It was shown that the aniso-
tropic order of the surfactant-based LLCs 

is combined with the mechanical stability and elasticity of a 3D 
physical gel network. Lyotropic lamellar and hexagonal phases 
were successfully gelled by LMWGs, but so far no lyotropic 
nematic physical gel was obtained. In comparison to lamellar 
and hexagonal lyotropics, lyotropic nematic phases are less 
common. In recent years however the understanding of their 
stability has been much improved and, as a result, the pool 
of lyotropic nematic systems was significantly enlarged by the 
work of Akpinar et al.[41–43]

Nematics are the structurally simplest LC phase due to the 
absence of any long-range translational order, which is also the 
reason for their low viscosity enabling easy alignment of lyo-
tropic nematics before gelation. This makes lyotropic nematic 
gels essential for demonstrating fundamental principles in LLC 
gels and straightforward for the application in stimuli-responsive 
actuators. In a former paper we showed that lyotropic nematic 
physical gels are not as easily achievable as lamellar gels since the 
used gelator 12-HOA acts partly as cosurfactant and thus gelation 
of nematic LLCs with 12-HOA lead to lamellar gels only.[40]

In this paper we restrict the term lyotropic nematic gels to 
the genuine nematic LLC phases formed by rod- or disk-like 
micelles and gelled by a fibrillar network. Please note that 
the term lyotropic nematic gel is also used in other contexts 
where the building blocks of the nematic phase are interacting 
with each other so that they form a gel network. This was for 
instance found for orientationally ordered dispersions of rigid 
fibers,[44,45] nanoparticles,[46] inverse micelles,[47] or (bio)poly-
mers[48,49] in either water or organic solvents.

Here, we present the first examples of gelator-based micellar 
lyotropic nematic networks. We gelled the nematic Nd and Nc 
phases of the two surfactant systems H2O–n-decanol–sodium 
dodecyl sulfate (SDS) and H2O–n-decanol–N,N-dimethyl-
N-ethylhexadecylammonium bromide (CDEAB) with the three  

Lyotropic liquid crystal (LLC) gels are a new class of liquid crystal (LC) 

networks that combine the anisotropy of micellar LLCs with the mechanical 

stability of a gel. However, so far, only micellar LLC gels with lamellar and 

hexagonal structures have been obtained by the addition of gelators to LLCs. 

Here, the first examples of lyotropic nematic gels are presented. The key to 

obtain these nematic gels is the use of gelators that have a non-amphiphilic 

molecular structure and thus leave the size and shape of the micellar aggre-

gates essentially unchanged. By adding these gelators to lyotropic nematic 

phases, an easy and reproducible way to obtain large amounts of lyotropic 

nematic gels is established. These nematic gels preserve the long-range 

orientational order and optical birefringence of a lyotropic nematic phase but 

have the mechanical stability of a gel. LLC nematic gels are promising new 

materials for elastic and anisotropic hydrogels to be applied as water-based 

stimuli-responsive actuators and sensors.

The coupling of orientational order and macroscopic shape[1,2] 
is the striking feature of liquid crystalline networks, such as 
liquid-crystalline elastomers[3–5] (LCEs) and LC gels (LCGs).[6–8] 
Today, thermotropic LCEs and LCGs are the backbone of the 
rapidly emerging field of soft robotics and biomimetic actua-
tion.[9–14] External stimuli (e.g., temperature, light) modify or 
destroy the LC orientational order leading to macroscopic shape 
changes. Drawbacks of LCEs are their often complicated and 
expensive fabrication as well as the limitation in the choice of 
external stimuli. In contrast, lyotropic liquid crystal (LLC) phys-
ical gels, which are the lyotropic counterpart to thermotropic 
LCEs and LCGs, are comparatively easy in fabrication and com-
patible to aqueous systems. Thus, they might find biomedical 
applications (e.g., artificial tissues) and respond to a broad 
range of biological and chemical stimuli such as pH-value, salt 
concentration, solutes, vapor pressure, and temperature, as it 
was shown for anisotropic hydrogels.[15–26] LLC gels are a new 
approach to anisotropic hydrogels: instead of a water-swollen 
polymer network, a genuine LLC phase formed by micelles is 
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low-molecular-weight gelators DBS, DBC, and HG1 (see mole-
cular structures in Figure 1). Gels were achieved for all combi-
nations with the exception of the nematic phases of the system 
H2O–n-decanol–CDEAB with the gelator DBC. All obtained 
gels were nematic with the exception of the system H2O–n- 
decanol–SDS gelled with HG1, where starting from the Nc 
phase an isotropic gel was received. All in all, we were able to 
obtain nine different lyotropic nematic gels, which are to the 
best of our knowledge the first examples of this new kind of 
water-based micellar LC networks. A complete overview on our 
experiments to obtain lyotropic nematic gels with these sur-
factant systems and gelators is found in Table S1 in the Sup-
porting Information.

As a representative example, we will now discuss the prop-
erties of lyotropic nematic gels using the Nd phase of the sur-
factant system H2O–n-decanol–SDS transferred into the gelled 
state by the gelators DBS, DBC and HG1, and make a compar-
ison to previous results obtained with the gelator 12-HOA.[40]

A schematic drawing of a lyotropic Nd phase and its gelled 
state is shown in Figure 1e,f, respectively. For the nematic gel, 
the observed sol–gel transition temperature Tsol–gel lies above 
the nematic clearing temperature (the same is true for all 
obtained nematic gels, see Table S2, Supporting Information). 
Thus, in the absence of external influences, a random gel fiber 
network is formed upon cooling. As in the case of thermotropic 
nematic gels,[8] the gel fibers probably serve as a soft template 
for the nematic phase leading to a nematic polydomain struc-
ture. Figure  1g demonstrates that the lyotropic nematic gel 
combines the anisotropic properties of a nematic phase with 
the mechanical stability of a gel since an upside down sample 
between crossed polarizers shows optical birefringence and no 
flow. A freeze-fracture electron microscopy image of the same 
sample reveals the gel fiber network, where twisted gel fibers 
with a diameter of 8–12 nm run arbitrarily through the nematic 
phase. The rheological measurements (Figure 1i) clearly reveal 
the solid-like elastic behavior of the nematic gel. Similar to what 
is observed in the binary gel, the storage modulus G′ exceeds 
the loss modulus G″ over the full frequency range from ω  = 
0.05 to 100 s−1. This is in clear contrast to the fluid-like behavior 
of the gelator-free nematic phase with G″ > G′ and both moduli 
at least three orders of magnitude smaller than in the nematic 
gel.

The molecular structure of the used LMWGs (see Figure 1c–f)  
shows a distinct difference between that of 12-HOA and the 
other gelators. While DBS, DBC, and HG1 are bulky, 12-HOA 
has a typical amphiphilic structure with a long hydrophobic 
alkyl chain and a polar head group. As reported before[40] 
and shown in Figure  2 the molecular structure of 12-HOA 

Figure 1. a–d) Molecular structure of the used LMWGs 12-HOA (a), DBS 
(b), DBC (c), and HG1 (d). While 12-HOA has an amphiphilic structure, 
the molecular structure of the other gelators is bulky, thus an incorpo-
ration of gelator molecules into the micelles is not possible for DBS, 
DBC, and HG1. e,f) Schematic drawings of the structure of a fluid gelator-
free Nd phase (e) and the proposed structure of a gelled Nd phase (f),  

with n being the director. In the nematic gel, the micellar lyotropic nematic 
phase coexists with the gel fiber network. g,h) Gel formation is confirmed 
since no flow is observed when turning the sample (Nd phase with 3 wt% 
DBC) upside down, but the nematic gel shows optical birefringence between 
crossed polarizers (g) and the gel fibers are visible in electron microscopy 
images (h). An example is shown for the Nc phase gelled with 2 wt% DBC.  
i) Storage modulus G′ (filled symbols) and loss modulus G″ (open sym-
bols) for the gelator-free Nd phase (black circles), the nematic gel (Nd phase 
gelled with 2 wt% DBC, red squares) and the binary gel (H2O gelled with  
0.5 wt% DBC, blue triangles), obtained via oscillation frequency (ω) 
sweeps at constant shear stress and temperature.
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significantly influences its gelling properties since 12-HOA is 
partly incorporated into the micelles, acting as a cosurfactant 
and thus reducing the micelle curvature. As a result, the 
nematic phase is transferred into a lamellar gel, as proven by 
POM and X-ray investigations.[40] The challenge is thus to find 
gelators that are not incorporated into the micelles and leave 
the LLC phase unchanged upon gelation.

In fact, gelation of the Nd phase with DBS and DBC suc-
cessfully leads to nematic gels, as proven by the schlieren tex-
tures observed in POM examinations and X-ray profiles that 
resemble the one of the gelator-free Nd phase (see Figure 2e–h).  
In all cases, a relatively sharp first order and a diffuse second 
order scattering maxima are observed indicating the  presence 
of a pseudo-lamellar structure. The peak shape analysis 
(Figure S9 and Table S3, Supporting Information) reveals 
that the correlation length is about 150 Å and remains practi-
cally in the same range for the gelled Nd phases. The SAXS 
study thus demonstrates that the nematic structure remains 
 essentially unchanged in the gelled state and a compar-
ison with the X-ray profile of a Lα phase (Figure  2d), which 
exhibits significantly sharper peaks confirms the nematic 
nature of all samples.

The X-ray curve of the Nd phase gelled with HG1 also clearly 
proves the absence of translational order, but the POM image 
reveals a fingerprint texture, typical of a chiral nematic phase 
(see Figure  2j). Obviously, gelation of the Nd phase with HG1 
leads to a lyotropic cholesteric gel, due to (heterogenous) chiral 
induction by the twisted gel fibers.

To gain further insights into the structure of the lyotropic 
nematic gels we performed 2D small angle X-ray scattering 
(2D SAXS). In many cases, a uniform director configura-
tion is observed (Figure 3). Even though the gel fiber network 
forms first, not a nematic polydomain structure (as sketched 
in Figure  1b) but a macroscopically aligned nematic gel is 
obtained. We assume that in thin capillaries (700 µm) the fibers 
grow along the capillary axis and thus the director of the Nd 
phase is aligned perpendicular to it. Like in other types of ani-
sotropic hydrogels[22,31,50] and LCEs,[51–53] such monodomains 
of lyotropic nematic networks are essential, for the potential 
use of LLC gels as actuators and sensors. However, a director 
alignment as shown in Figure  3b is not always reproducible. 
In some cases, nematic polydomain gels were observed as well. 
Similar investigations on the Nc phase gelled with DBS, DBC 
and HG1 are found in the Supporting Information.

In conclusion, we have shown that anisotropic hydrogels are 
available relatively easy by gelling micellar lyotropic nematic 
host phases with gelators which do not have an amphiphilic 
structure and thus do not act as a cosurfactant. In certain 
cases, a chirality transfer from the helical gel fibers to the LC 
phase might also result in cholesteric gels. Similar to their 

Figure 2. a–j) Comparison of the gelator-free Nd phase with the Nd phase 
gelled with the different LMWGs. (left) POM images of the gelator-free 
Nd phase (a) and of the gels obtained with 12-HOA (c), DBS (e), DBC 

(g), and HG1 (i). (right) X-ray diffraction profiles of the gelator-free Nd 
phase (b) and of the gels obtained with 12-HOA (d), DBS (f), DBC (h), 
and HG1 (j). Gelation of the lyotropic nematic Nd phase with the gelator 
12-HOA leads to a lamellar gel. Contrary, gelation of the Nd phase with 
the LMWGs DBS and DBC results in a nematic gel. When using HG1 to 
gel the Nd phase, the formation of a chiral nematic gel is observed. The 
layered structure of the 12-HOA fibers[55,56] reveals itself by two small and 
broad maxima at q = 1.35 nm–1 and q = 4.04 nm–1. Contrary, the presence 
of gel fibers of DBS, DBC, and HG1 is not reflected in the X-ray profiles.
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thermotropic counterparts (LCEs), micellar lyotropic nematic 
gels are most interesting as stimuli-responsive water-based sys-
tems for applications in sensing and actuation.

Experimental Section

Sample Preparation: The lyotropic nematic phases Nd and Nc of the 
ternary system sodium dodecylsulfate (SDS, SigmaAldrich, BioUltra,  
≥ 99%) as surfactant, n-decanol (DOH, Merck, ≥ 99%) as co-surfactant 
and bidistilled water, as well as of a second ternary system containing 
N,N-dimethyl-N-ethylhexadecylammonium bromide (CDEAB, 
Merck, >  98%) as surfactant, DOH as cosurfactant and water were 
studied. To transfer the nematic phases into the gel state the LMWGs 
1,3:2,4-dibenzylidene-d-sorbitol (DBS, NJC Europe), N,N’-dibenzoyl-l-
cystine (DBC, Santa Cruz) and the tris-amido-cyclohexane derivative 
HG1 (kindly provided by the group of van Esch, TU Delft, synthesized 
as described in ref. [54]) were used. All chemicals were used without 
further purification. The nematic gels were prepared with the same 

water mass fraction ( m

m
H O

H O

tot
2

2
ω = = const.) and the same cosurfactant 

to surfactant ratio ( m

m

cosurfactant

surfactant

γ = = const.) than the gelator-free nematic 

phases by adding the LMWG ( m

m

wt% 100LMWG
LMWG

tot

= × ). Please consult 

the Supporting Information for the exact composition of the respective 
samples. The gelator-free nematic phases were prepared by weighing 
surfactant and water into a glass vial sealed by a screw plug and 
subsequent shaking of the mixture for about 1 h at 40 °C (thermoshaker 
Biosan, PST-60HL) until the surfactant was dissolved. DOH was added 
and the sample was placed on a roll mixer (Phoenix Instruments, 
RS-TR05) at room temperature for one day to ensure homogenization of 
the sample. Nd and Nc phases were differentiated by the way they attach 
to a polar glass surface and align in a magnetic field (see Figures S2 
and S3, Supporting Information). To obtain nematic gels the proper 
amount of LMWG was added to the sample and dissolved by heating 
the sample up in a thermoshaker (Hettich, MHR-23, 95 °C, 500  rpm, 
10 min). Afterward, the sample was kept at room temperature for one 
day until gelation was completed. Samples were considered gelled when 
no flow occurred in an inverted vessel for at least 8 h. Please consult 
Table S1 in the Supporting Information for the respective critical gelation 
concentrations (cgc), which is for a given sample the minimal gelator 
concentration necessary to obtain a gel.

Methods: Polarizing microscopy was performed at room temperature 
using a Leica DMLP polarizing microscope. Photographs of the 
textures were taken by a Nikon D5300 camera. Samples were filled into 
flat capillaries (Camlab UK) with a cross-section of 0.3  mm × 3  mm  

and were flame sealed. 1D small-angle X-ray studies were carried out 
with a SAXSess system (Anton Paar). The X-ray radiation (Cu-Kα ,  
λ  = 0.15 418  nm) was generated by an ISO-DEBYEFLEX 3003 X-ray 
generator (GE Inspection Technologies GmbH) and the X-ray scattering 
was recorded using a CMOS detector (Dectris, Mythen 2 1K). Temperature 
was controlled by the sample holder unit TSC 120. 2D small angle X-ray 
scattering was carried out on a Bruker AXS Nanostar X-ray diffractometer 
(Cu-Kα radiation, λ  = 0.15 418  nm, generated by a Kristalloflex 770 
generator, 100 µm point-collimated X-ray beam, 60 cm sample to detector 
distance, VÅNTEC 500 2D digital Mikrogap area detector and a home-
build temperature-controlled sample holder with a magnetic field of  
0.7 T). Samples were filled into Mark capillary tubes (Hilgenberg, glass 
No. 14) with an outer diameter of 0.7 mm and a wall thickness of 0.01 mm. 
Freeze fracture electron microscopy replicas of the gelled samples were 
prepared with the freeze fracture and etching system EM BAF060 from 
Leica. After quenching the sample in liquid ethane and fracturing it, the 
surface was replicated by a layer of Pt/C (≈2 nm) deposited at an angle of 
45° and stabilized by a layer of pure carbon (≈20 nm) at 90° in the vacuum 
chamber of the BAF060 at −150 °C. The replicas were examined using a 
transmission electron microscope EM10 from Zeiss operated at 60  kV. 
Oscillating shear rheometry was measured using a Physica MCR 501 
(Anton Paar) rheometer with a plate-plate geometry (diameter of upper 
plate 25 mm) and a constant gap size of 1 mm. For all measurements, 
temperature was set to 24 °C and water evaporation reduced by a solvent 
gap. To determine the limit of the linear viscoelastic range first amplitude 
sweeps at a constant angular frequency of ω = 10 s−1 and an increasing 
shear stress τ were carried out. Oscillation frequency sweeps where then 
executed at an appropriate constant shear stress (τ = 2 Pa for the gelator-
free Nd phase and τ = 40 Pa for the gelled Nd phase and the binary gel) 
varying the angular frequency ω from 100 to 0.05 s–1.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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Synergistic structures in lyotropic lamellar gels†

Sonja Dieterich,a Sylvain Prévost, b Carina Dargel,c Thomas Sottmann a and
Frank Giesselmann *a

In this work we present a systematic study on the microstructure of soft materials which combine the

anisotropy of lyotropic liquid crystals with the mechanical stability of a physical gel. Systematic small-

angle neutron (SANS) and X-ray (SAXS) scattering experiments were successfully used to characterize

the lyotropic lamellar phase (La) of the system D2O – n-decanol – SDS which was gelled by two low

molecular weight organogelators, 1,3:2,4-dibenzylidene-D-sorbitol (DBS) and 12-hydroxyoctadecanoic

acid (12-HOA). Surprisingly, a pronounced shoulder appeared in the scattering curves of the lamellar

phase gelled with 12-HOA, whereas the curves of the DBS-gelled La phase remained almost unchanged

compared to the ones of the gelator-free La phase. The appearance of this additional shoulder strongly

indicates the formation of a synergistic structure, which neither exists in the gelator-free La phase nor in

the isotropic binary gel. By comparing the thicknesses of the 12-HOA (25–30 nm) and DBS (4–8 nm) gel

fibers with the lamellar repeat distance (7.5 nm), we suggest that the synergistic structure originates from

the minimization of the elastic free energy of the lamellar phase. In the case of 12-HOA, where the fiber

diameter is significantly larger than the lamellar repeat distance, energetically unfavored layer ends can

be prevented, when the layers cylindrically enclose the gel fibers. Interestingly, such structures mimic

similar schemes found in neural cells, where axons are surrounded by lamellar myelin sheets.

Introduction

Lyotropic liquid crystal gels (LLCGs) are soft solids in which the
mechanical stability of a physical 3D gel network is combined
with the anisotropy of a lyotropic liquid crystal. In this study,
the class of supramolecular physical gels are so-called self-
assembled fibrillar networks (SAFINs) which are built up by
small amounts of bio-inspired and thus biodegradable low
molecular weight gelators (LMWGs, e.g. amino acid or fatty
acid based). In an appropriate solvent, the LMWG molecules
self-assemble into 1D fibers, which then entangle to form the
3D gel network able to immobilize the solvent (note that a
physical gel is not at thermodynamic equilibrium).1–5 Since in a
SAFIN all interactions are non-covalent (mainly H-bonds and
p–p interactions), the gel can be reversibly transferred into the
sol state by increasing the temperature above the gel–sol
transition temperature Tgel–sol. SAFINs also show responsive-
ness to other external stimuli such as light,6–9 pH-value10 or ion
concentration6 allowing on-demand release of e.g. drugs or

inks.3,5,11 LMWGs can be separated into hydro- and organo-
gelators depending on whether they are able to gel water or
organic solvents, respectively.

In this study two chiral organogelators, namely 1,3:2,4-
dibenzylidene-D-sorbitol (DBS) and (R)-12-hydroxyoctadecanoic
acid (12-HOA), both well-known to gel various organic
solvents12–15 are investigated in their ability to gel LLCs. The
one-dimensional fiber growth for DBS is mainly mediated via

intermolecular hydrogen bonding from the OH-group at the
C6 position to the acetal oxygen, although in polar solvents p–p
stacking between the aromatic rings plays a crucial role as
well.16–19 12-HOA molecules form dimers via the carboxylic head
group.20,21 These dimers aggregate into one-dimensional helical
fibers via H-bonds between the C12 OH-groups.22,23 The fibers
exhibit an internal layer structure.24,25 While both gelators form
twisted gel fibers, they substantially differ in the thickness of the
fibers (see Fig. 1). DBS forms rather thin fibers (4–8 nm),26

whereas 12-HOA results in thick fibers (27 � 6 nm).27 Both
gelators, DBS and 12-HOA, were proven to gel thermotropic liquid
crystals leading to anisotropic soft solids.28–30 It was shown that
the gel network is able to enhance anisotropic properties of the
LC31,32 and stabilizes the liquid-crystalline alignment.33,34

Surfactant-based lyotropic liquid crystals (LLCs) are aniso-
tropic fluids, in which the micellar and lamellar building
blocks possess at least a long-range orientational order.
In addition to the long-range orientational order of lyotropic
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nematic phases, lamellar phases possess 1D quasi long-range
translational order, while hexagonal phases possess 2D quasi
long-range translational order. The fluid lamellar phase La is
characterized by a regular 1D stacking of surfactant bilayers
separated by water layers.

The formation of a physical gel in a LLC, leads to anisotropic
gels, which show no macroscopic flow, but elastic response to
external stress and solid-like rheological properties. Their
macroscopic anisotropy expresses itself in e.g. optical birefrin-
gence.35–37 LLCGs are thus the lyotropic counterparts of
thermotropic liquid-crystalline gels (LCGs)38–40 and elastomers
(LCEs)41–44 and might likewise be useful as stimuli-responsive
materials in biomimetic actuation and motion.45–52 Other
possible LLCG applications are in the field of trans-dermal drug
delivery1,53 or as templates in the synthesis of nanostructured
silica materials.54–56

The present paper aims to investigate the structure of the
lyotropic lamellar phase (La) of the system D2O – n-decanol – SDS

which was gelled by DBS and 12-HOA. One goal is to clarify,
whether the gel fiber network influence the structure of the La
phase and vice versa. In the case of thermotropic LCGs it was
shown that the LC can serve as a soft template for the gel network
leading to aligned fibers, in case the LC phase forms before the
gel.40,57–59 Otherwise, if the gel network forms first, the randomly
oriented gel fibers direct a LC polydomain structure.60–62

If the two structures form independently from each other
within the same system, the LLCG would be an ‘‘orthogonal
self-assembled system’’.63–65 There are few studies using the
LMWGs DBS and 12-HOA to investigate whether or not LLCGs
are orthogonal self-assembled systems.26,35–37,66 Most studies
conclude that structure and properties of gel network and LLC
remain essentially unchanged by the presence of each
other,26,36,37,66 although 12-HOA is known to be incorporated
into the micelles due to its amphiphilic structure35,67 (whereas
the bulky DBS has no amphiphilic nature). It was shown
that the chronology of DBS-gel and LLC formation has no

Fig. 1 Molecular structure and gel fiber formation of the two organogelators (a) 1,3:2,4-dibenzylidene-D-sorbitol (DBS) and (b) (R)-12-
hydroxyoctadecanoic acid (12-HOA), reprinted from35 with the permission of American Chemical Society, Copyright 2020. DBS and 12-HOA both
form twisted gel fibers in organic solvents. It was shown that DBS forms fibers of 4–8 nm thickness in ethyleneglycol26 (electron microscopy image
reprinted from26 with the permission of American Chemical Society, Copyright 2020), whereas the thickness of 12-HOA fibers in n-decane is 27� 6 nm27

(electron microscopy image reprinted from27 with the permission from Elsevier, Copyright 2020).
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significant influence on the actual LLCG structure.26 However,
in a recent study we showed that the gelation of a La phase with
12-HOA results in an arrested lamellar layer spacing and a
higher degree of lamellar order clearly proving that in this
particular case the lamellar gel is not an orthogonal self-
assembled system.35

All these studies have in common that structural investiga-
tions were limited on length scales of up to 10 nm. To solve the
question whether the gel network or LLC morphologies are
changed by the presence of each other, also investigations on
larger length scales are necessary. Thus, we here present the
results of a small-angle neutron scattering (SANS) study, where
structures with length scales up to 500 nm were examined. As a
key result of our systematic SANS studies we report on the
formation of a synergistic structure in the La phase gelled with
12-HOA, which manifests in a broad shoulder in the respective
SANS curves. This synergistic structure only exists in the
combined system of lamellar layers pervaded by a fiber network
and neither appear in the gelator-free La phase nor in the
isotropic binary gel. We suggest that the formation of the
synergistic structure originates from the minimization of
the La elastic free energy in the presence of relatively thick
gel fibers. In case of 12-HOA, the fiber diameter is significantly
larger than the lamellar repeat distance. To prevent too many
layer ends, the layers cylindrically enclose the gel fibers. Such a
structural assembly mimics similar schemes found in neural
cells, where axons are surrounded by lamellar myelin sheets.
Contrary, the SANS curves of the lamellar phases gelled with
DBS, which forms gel fibers with a diameter in the range of the
lamellar spacing, exhibit no pronounced shoulder, but instead,
resemble the scattering of gelator-free La phases. Thus for the
DBS-gelled La phase, the lamellar layer structure remains
almost unchanged by the presence of thin gel fibers. These
results clearly indicate that the ratio of gel fiber thickness
to lamellar layer spacing seems to be the crucial criterion
whether or not synergistic structures are formed in lyotropic
lamellar gels.

Experimental
Materials and sample preparation

In our experiments we studied the La phase made of sodium
dodecylsulfate (SDS, SigmaAldrich, BioUltra, Z99%) as surfac-
tant, n-decanol (DOH, Merck, Z99%) as cosurfactant and
water. Samples for SANS experiments were prepared by using
D2O (Eurisotop, 99.9% D), samples for SAXS experiments by
using bidistilled water as solvent. For SANS contrast variation
experiments d25-SDS (Eurisotop, Z98% D) and d21-DOH
(Eurisotop, Z98 D) were used. The samples were gelled using
the low molecular weight gelators 1,3:2,4-dibenzylidene-D-
sorbitol (DBS, NJC Europe) and (R)-12-hydroxyoctadecanoic
acid (12-HOA, ChemCruz). All chemicals were used without
further purification. Samples were prepared according to the
following quantities using the respective components’ densities
and assuming ideal mixing behavior.

The water volume fraction is given by:

fw ¼
VH=D2O

VH=D2O
þ VSDS þ VDOH þ VLMWG

; (1)

with fw = 0.675 for all lamellar and fw = 0.75 for all isotropic
samples.

The DOH to SDS ratio is defined as:

fDOH=SDS ¼
VDOH

VSDS

; (2)

with fDOH/SDS = 0.5 in the La phase and fDOH/SDS = 0.17 in the
isotropic phase.

The amount of gelator is specified by:

m ¼
mLMWG

mH=D2O
þmSDS þmDOH þmLMWG

: (3)

The scattering curves of lamellar gels are compared with
those of three reference systems, namely (i) the gelator-free La
phase with the same fw and fDOH/SDS as the gelled La phase.
(ii) the isotropic binary gel, n-decanol/DBS and n-dodecane/12-
HOA respectively, each with the same gelator weight fraction
m than the gelled La phase and (iii) a gelled isotropic micellar
phase of the same surfactant system gelled with the same
weight fraction gelator m as the gelled La phase.

The gelator-free La phase was prepared by weighing SDS and
water in a glass vial sealed by a screw plug and shaking the
mixture for about 1 h at 40 1C (thermoshaker Biosan, PST-
60HL) until SDS was completely dissolved. DOH was added and
the vial was placed on a roll mixer (Phoenix Instruments, RS-
TR05) for one day to homogenize the sample. To obtain gelled
La phases the proper amount of the LMWG was added to the
sample and the sample was heated in a thermoshaker (Hettich,
MHR-23) to dissolve the gelator (95 1C for DBS, 80 1C for
12-HOA, 500 rpm). Afterwards, the sample was quenched in
an ice bath for 30 minutes and kept at room temperature for
one day for complete gel formation. The La phase was consi-
dered as gelled when the vial was put upside down and no flow
occurred for eight hours.

The binary gels were prepared by weighing the DBS to d21-n-
decanol and 12-HOA to d26-n-dodecane (Eurisotop, Z98%),
using the thermoshaker (Hettich, MHR-23) to dissolve the
gelator (90 1C for DBS, 70 1C for 12-HOA, 500 rpm), quenching
the sample in an ice bath and keeping it at room temperature
afterwards. Gel formation was verified as described before.

Methods

SANS measurements on gelator-free and 12-HOA gelled samples
were performed on the instrument D11 at the ILL in Grenoble,
France during three beam times. The following settings were
used. March 2017: wavelengths l = 4.6 Å and 13 Å, sample-
detector distances d = 1.4 m, 8 m and 39 m at sample-
collimator distances of col = 20.5 m, 20.5 m and 40.5 m,
respectively. October 2018: l = 5.3 Å, d = 2 m, 8 m and 39 m
at col = 8 m, 8 m and 40.5 m, respectively. July 2019: l = 5.5 Å,
d = 1.5 m, 8 m and 39 m at col = 20.5 m, 20.5 m and
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40.5 m, respectively. These settings result in the q-ranges: 0.0006o
q / Å�1

o 0.56, 0.0014 o q / Å�1
o 0.37 and 0.0018 o q / Å�1

o

0.47 respectively.
DBS gelled samples were measured at the NIST Center for

Neutron Research (Gaithersburg, Maryland, USA) on the instru-
ment NG7 30 m SANS. Neutron wavelengths of l = 6.0 Å and
l = 8.4 Å (using focusing biconcave lenses LENS), sample-
detector distances of d = 1.3 m, 4 m and 13.2 m at sample-
collimator distances of col = 5.4 m, 8.5 m, 14.7 m and 16.3 m
(for the LENS configuration) respectively were used resulting in
a q-range: 0.0010 o q / Å�1

o 0.47. The ILL specified a
wavelength distribution of Dl/l = 0.09 for the D11 instrument,
while on NG7 30 m SANS a Dl/l = 0.138 was adjusted.

The experiments were carried out in Hellma cells of 1 mm
neutron path length, which were placed in cell holders which
allow for an accurate temperature control (accuracy of 0.1 K).
All isotropic two-dimensional raw data were radially averaged
and then normalized to absolute scale using the incoherent
scattering intensity of H2O as a secondary standard at the ILL
and the empty beam intensity at NIST. Radial averaging and data
normalisation were performed with softwares available at the ILL
and NIST, i.e. LAMP and IGOR Pro, respectively. All measured
intensities were background-corrected and the detector dead time
included, yielding the differential cross-section ds(q)/dO.

2D-SAXS measurements were carried out at the University of
Bielefeld on a Xeuss SAXS/WAXS System (1st generation) from
Xenocs. The X-ray radiation (Cu-Ka, l = 1.5418 Å) was provided
by a GeniX3D Cu Ultra Low Divergence tube (Xenocs) and the
X-ray scattering was recorded by a PILATUS 300 K 20 Hz hybrid
pixel detector from Dectris. A sample-detector distance of
833 mm was used. Detector images were acquired over a time
period of either 10 minutes (La phase) or 30 minutes (isotropic
phase) in high resolution collimation. Samples were placed into
Mark capillary tubes (Hilgenberg, glass No. 14) with an outer
diameter of 0.7 mm and a wall thickness of 0.01 mm and
measured at room temperature. The 2D data was analyzed
using the Foxtrot software (V.3.3.4, Xenocs/Soleil Synchrotron).

Results and discussion

This section is organized as follows: First, we qualitatively discuss
the difference in the scattering curves of the La phase gelled with
either DBS or 12-HOA and compare them to the scattering curves
of the reference systems, namely the gelator-free La phase, the
binary gel and the isotropic micellar phase with focus whether
and how the structure of the La phase is altered in the gelled state.
In the second part we analyze the SANS data with different models
to obtain quantitative values for the structural parameters of the
gelled La phases in comparison to their reference systems. Last,
we devise a model for the synergistic structures found in the La
phase gelled with the comparably thick 12-HOA fibers.

Qualitative discussion of SANS curves

Bulk contrast SANS curves of the La phase gelled with DBS or
12-HOA, and the one of the corresponding gelator-free La phase
are shown in Fig. 2 in a double logarithmic representation.

All three curves show first and second order lamellar peaks as
well as a strong increase of the scattering intensity at low q-
values. As can be seen, the curve of the DBS gelled La phase
resembles the curve of the gelator-free lamellar phase almost
quantitatively. From this we can conclude, that the structure of
the La phase seems not to be substantially disturbed by the
relatively thin DBS gel fibers (4–8 nm) matching the lamellar
repeat distance (7.5 nm). The fibers can thus be accommodated
by the lamellar layer stacking without breaking too many layers.
Note, that the wider lamellar peaks of the DBS gelled La phase
relate to the larger wavelength distribution at the NG-7 instru-
ment at NIST (Dl/l = 0.138) compared to the one of the
instrument D11 at ILL (Dl/l = 0.09), where the gelator-free La
phase and the La phase gelled with 12-HOA were measured.
In contrast, the SANS curve of the La phase gelled with 12-HOA
shows a remarkable difference to both the curve of the gelator-
free and the DBS gelled La phase: at q E 0.017 Å�1 a
pronounced shoulder is observed. Even more remarkable,
this shoulder is neither present in the curve of the binary gel
(d26-n-dodecane/12-HOA) nor in the one of the 12-HOA gelled
isotropic micellar phase of the same lyotropic system (see
Fig. S1, ESI†). This indicates the presence of a new ‘‘synergistic’’
structure in the lamellar gel, which does not exist in neither the
gelator-free La phase nor the isotropic gel.

Quantitative discussion of SANS curves

L
a
phase gelled with 12-HOA. In this subsection we will

analyze the bulk scattering curves I(q) of the La phase gelled
with 12-HOA by two slightly different fit models, both of which
will allow us to separate the scattering contribution from the
new synergistic structure Isyn(q) from other contributions,

Fig. 2 SANS curves (total coherent scattering intensity I(q) vs. q) of the
gelator-free La phase of the system D2O – n-decanol – SDS (fw = 0.675
and fDOH/SDS = 0.5, black squares), the corresponding La phase gelled with
1 wt% DBS (blue circles) and the La phase gelled with 1.5 wt% 12-HOA (red
triangles). The curve of the DBS gelled La phase resembles the one of the
gelator-free La phase almost quantitatively indicating that the DBS gel fiber
network has no significant influence on the lamellar structure. In contrast,
the curve of the 12-HOA gelled lamellar phase shows a pronounced
shoulder at q E 0.017 Å�1 which is not present in the curve of the
gelator-free La phase.
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namely the scattering from the gel network fibers Inet(q) and the
scattering from the lamellar liquid–crystalline structure Ilam(q).
In a first approximation, we neglect any cross-terms between
these three contributions and describe the total coherent
scattering intensity in both models as a simple weighted sum
of all three contributions:

I(q) = Ilam(q) + wnetInet(q) + wsynIsyn(q), (4)

with weighting factors wnet and wsyn depending on the volume
fraction and the scattering length density difference of the gel
fiber network and the synergistic structure, respectively.

The fits of I(q) together with the separated contributions of
the lamellar structure Ilam(q), the gel network Inet(q) and the
new synergistic structure Isyn(q) are shown in Fig. 3 and all
parameters listed in Table 1. The models used in Fig. 3a and b
to fit the experimental data differ in the way the scattering of
the lamellar phase is described. In the first approach (Fig. 3a)
we make use of the elaborate model developed by Nallet et al.68

In the second approach we used simple Lorentzians (see ESI,†
for equation) to fit the pseudo-Bragg peaks of the lamellar
layers. For both models a comparable almost quantitative
description of the lamellar layer peaks was achieved obtaining
similar values of the layer spacing d0.

The Nallet model68 combines a static (‘‘geometrical’’) scat-
tering contribution from planar surfactant bilayers with a
dynamic contribution from thermal layer displacement fluctua-
tions. The first (static) contribution assumes planar 2D-fluid
surfactant bilayers of finite thickness dbi that are regularly
stacked in one dimension with period d0. The second (dynamic)
contribution originates from the Landau-Peierls instability
which states that true (infinite) long-range translational
order in a 1D-periodic medium is destroyed by thermal
fluctuations.69,70 Instead of an infinite correlation length in
the direction normal to the layers, the positional correlation
function in smectic and lamellar liquid crystals decays alge-
braically as r�Z with Z being the Caillé parameter71 which is in
turn related to the elasticity of the lamellar layers, namely, the
layer curvature modulus K1 and the layer compressibility B.
In the Nallet model this effect is taken into account by the
displacement un � nd0 of the n-th layer from its equilibrium
position nd0 with a mean-square displacement h(un � u0)

2i

following the Caillé theory.71 As a result, the tails of the
pseudo-Bragg peak at q0 = 2p/d0 decay according to the power
law Ilam(q) B (q � q0)

2�Z.71,72 The respective equations of the
form and the structure factor are found in the ESI.† From the fit
of the experimental scattering data with the Nallet model the
bilayer thickness dbi, the layer repeat period d0 and the Caillé
parameter Z are obtained.

The Nallet model is known to poorly reproduce the SANS
data in the low-q regime since it predicts a strong increase in
diffuse scattering intensity at low q. This shortcoming can also
be observed in our case (see the green curve in Fig. 3a).

Fig. 3 Analyses of the total coherent scattering intensity I(q) of the
lamellar phase (fw = 0.675 and fDOH/SDS = 0.5, T = 25 1C) gelled with
3 wt% 12-HOA. Ilam(q), Inet(q) and Isyn(q) are the calculated scattering
contributions from the lamellar liquid-crystalline structure, the gel fiber
network and the synergistic structure, respectively. Ilam(q) is calculated
using the Nallet model in (a) and by two commensurable Lorentzians in (b).
All fit parameters are listed in Table 1.

Table 1 Fit parameters obtained from the analyses of the SANS data shown in Fig. 3. Parameters of the scattering contribution Ilam(q) of the lamellar
structure are the bilayer thickness dbi, the Caillé parameter Z, the lamellar repeat distance d0 and the layer peak FWHM x0. Parameters of the contribution
from the gel fiber network Inet(q) are the mean fiber radius R0 and its distribution sR, the fraction f of gel fibers not bundled in nodes and the fraction g of
monomerically dissolved gelator. Parameters of the contribution Isyn(q) from the synergistic structure are the characteristic length dc and the distribution
parameter xc. Contributions of Inet(q) and Isyn(q) are weighted with the parameters wnet and wsyn, respectively. All fits are performed with fixed values of
the node thickness T0 = 40 nm and its distribution sT = 5 nm

Ilam

wnet R0/nm

Inet(q)

wsyn

Isyn(q)

dbi/nm Z d0/nm x0/nm
�1 sR/nm f g dc/nm xc/nm

�1

Fig. 3a (Nallet) 2.4 0.13 8.2 — 0.3 11.5 1.3 0.87 0.10 0.7 37 0.011
Fig. 3b (Lorentz) — — 8.3 0.009 0.3 11.5 1.3 0.87 0.10 0.7 37 0.011
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Nevertheless, the Nallet model was proved to give reasonable
values for the Caillé parameter,73 at least in the case of ‘‘hard
smectic order’’ which also applies for the here investigated
La phase.

To describe the scattering intensity in the low-q regime
quantitatively, we decided to model the scattering contribution

of the lamellar structure Ilam(q) by simply using the sum of two
Lorentzians at q = 2p/d0 and 4p/d0 to fit the two orders of
pseudo-Bragg layer peaks in our experimental data (Fig. 3b).
As seen in Fig. 3b, this simple approach describes the layer
peaks equally well as the Nallet model in Fig. 3a but without the
strong increase of the intensity at low q. Furthermore, both
approaches provide within the measurement error the same
value of the lamellar spacing, i.e. d0 = 8.2 nm (Nallet) and
d0 = 8.3 nm (Lorentz). Note that the bilayer thickness dbi =
2.4 nm agrees with the value (dbi B 2.5 nm) found in ref. 74.
The obtained Caillé parameter of Z = 0.13 is in good agreement
with the prediction of Z o 1/n2,73,75 with n being the highest
order of the pseudo-Bragg peaks visible, which is 3 in our
samples (third order layer peak visible as a small bump
(see arrows in Fig. 3a), 1/32 = 0.11).

The gel network can be described as a combination of ‘‘free’’
gelator fibers and of fibers agglomerated into nodes which are
the networks junction zones.15 The corresponding SANS inten-
sity Inet(q) can be modelled by treating the gelator fibers as stiff
cylindrical rods and the nodes as stacked layers of parallel
running fibers. This leads to Inet(q) being the sum of two
independent scattering contributions Ifbr and Inds.

15 The model
which we used to describe the gel network was evolved by
Terech et al.15 and further developed by Laupheimer et al..76

A more detailed description of the gel network scattering
contribution can be found in the ESI.† Fit parameters are the
parameter f describing the fraction of ‘‘free’’ gel fibers not
bundled in nodes, the parameter g describing the fraction of
monomerically dissolved gelator not forming fibers, the mean
radius R0 of the gel fibers and the mean thickness T0 of the
nodes. In addition, Gaussian distributions of R0 and T0
are taken into account with standard deviations sR and sT,
respectively. As it turned out, most of the gel fibers are ‘‘free’’
and not involved in nodes. Thus, the parameters T0 and sT have
no significant impact on the scattering contributions.
To reduce the number of fit parameters both parameters are
fixed at reasonable constant values. The value of sR is found to
have almost no impact on the full fit of I(q) and is thus taken in
accordance to the value of sR found in a gelled isotropic
micellar phase of the same system (see ESI†).

Finally, we described the scattering contribution of the
synergistic structure in a phenomenological way by adding a
Lorentzian Isyn(q) with a peak position qc and a full width at half
maximum (FWHM) xc. From this analysis a characteristic

Fig. 4 (a) Total coherent scattering intensity I(q) at 25 1C of the La phase
(fw = 0.675 and fDOH/SDS = 0.5) gelled with different mass fractions of the
gelator 12-HOA (symbols) and the corresponding I(q) fits (lines). Fit
parameters are listed in Table 2. (b) I(q) of the La phase (fw = 0.675 and
fDOH/SDS = 0.5) with fixed 12-HOA gelator mass fraction of m = 0.015 at
different temperatures T and the corresponding I(q) fits. Fit parameters are
listed in Table 3. At temperatures above the gel–sol transition temperature
Tgs the I(q)-shoulder of the synergistic structure disappears.

Table 2 Fit parameters from the analyses of SANS data in Fig. 4a (La phase (fw = 0.675 and fDOH/SDS = 0.5) gelled with different mass fractions m of
gelator 12-HOA). Parameters of the contribution Ilam(q) of the lamellar structure are the lamellar repeat distance d0 and the layer peak FWHM x0.
Parameters of the contribution from the gel fiber network are the mean fiber radius R0 and its distribution sR, the fraction f of gel fibers not bundled in
nodes and the fraction g of monomerically dissolved gelator. Parameters of the contribution Isyn(q) from the synergistic structure are the characteristic
length dc and the distribution parameter xc. Contributions of Inet(q) and Isyn(q) are weighted with the parameters wnet and wsyn, respectively. All fits are
performed with fixed values of the node thickness T0 = 40 nm and its distribution sT = 5 nm

Fig. 4a m

Ilam(q)

wnet

Inet(q)

wsyn

Isyn(q)

d0/nm x0/nm
�1 R0/nm sR/nm f g dc/nm xc/nm

�1

0.015 8.4 0.09 0.28 10.5 1.7 0.90 0.10 0.72 31 0.16
0.0225 8.7 0.09 0.28 11.0 1.5 0.90 0.10 0.72 33 0.135
0.03 8.3 0.09 0.30 11.5 1.3 0.87 0.10 0.7 37 0.11
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Fig. 5 Comparison of structures formed in lamellar gels if (a) the gel fiber diameter 2R0 is in the order of the lamellar repeat period d0 or (b) substantially
exceeds d0. In (c) three fibers bundle together to further reduce the lamellar layer curvature in (b). Cross sections of fibers are colored in red, surfactant
bilayers in white and solvent layers in blue. Figures are drawn to scale for the cases of (a) DBS fibers and (b), (c) 12-HOA fibers.

Table 3 Fit parameters from the analyses of SANS data in Fig. 4b (La phase (fw = 0.675 and fDOH/SDS = 0.5) with fixed 12-HOA gelator mass fraction of
m = 0.015 at different temperatures T). Parameters of the contribution Ilam(q) of the lamellar structure are the lamellar repeat distance d0 and the layer
peak FWHM x0. Parameters of the contribution from the gel fiber network are the mean fiber radius R0 and its distribution sR, the fraction f of gel fibers
not bundled in nodes and the fraction g of monomerically dissolved gelator. Parameters of the contribution Isyn(q) from the synergistic structure are the
characteristic length dc and the distribution parameter xc. Contributions of Inet(q) and Isyn(q) are weighted with the parameters wnet andwsyn, respectively.
All fits are performed with fixed values of the node thickness T0 = 40 nm and its distribution sT = 5 nm

Fig. 4b T/1C

Ilam(q)

wnet

Inet(q)

wsyn

Isyn(q)

d0/nm x0/nm R0/nm sR/nm f g dc/nm xc/nm

25 7.1 0.12 0.1 10.5 1.7 0.84 0.10 0.9 36 0.12
33 7.1 0.12 0.1 11.0 1.7 0.84 0.10 0.9 36 0.13
41 7.0 0.12 0.1 11.5 2.0 0.82 0.10 0.9 38 0.23
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length of the synergistic structure of the order of 37 nm was
determined using the Bragg relation dc = 2p/qc and a peak
position of qc E 0.017 Å�1. Due to the relatively large xc in the
order of 0.013 nm�1, dc is considered to be broadly distributed.

Since the choice between the Nallet and Lorentz fits in Fig. 3
has no significant impact on the remaining fit parameters –
neither those of the network contribution nor those of the
synergistic structure (see Table 1) – we will further show and
discuss the analyses obtained with Lorentz fits for Ilam(q) only.
The corresponding analyses with the Nallet fit and the fit
parameters thereof are found in the ESI.†

The impact of the gelator content on the SANS data of the
gelled La phase is shown in Fig. 4a with the corresponding fit
parameters listed in Table 2. As a result of the increasing
gelator mass fraction m the scattering intensity at low and
intermediate q (q o 0.05 Å�1) is systematically increasing,
indicating that both the contribution from the gel fiber network
and the contribution from the synergistic structure are getting
bigger. Furthermore, the position of the shoulder is found to
shift to lower q-values. Accordingly, the mean radius of the
gel fibers R0 and the characteristic length of the synergistic
structure dc increase as m increases (see Table 2).

Selected SANS curves of the temperature dependent mea-
surements are shown in Fig. 4b with the corresponding fit
parameters listed in Table 3. These measurements give another
strong support that the new synergistic structure only exists in
the lamellar gel. At temperatures below the gel–sol transition
temperature of Tgs = 41 1C, the characteristic shoulder at
q E 0.017 Å�1 originating from Isyn(q) is clearly observed in
the SANS profiles. This shoulder however considerably
decreases if T approaches Tgs and completely vanishes at
temperatures T 4 Tgs, at which the gel fibers have melted
and only the lamellar structure remains present. A melting of
the gel fibers in this range of temperature was measured before
by means of differential scanning calorimetry,35 where a broad
melting peak from 33 to 41 1C with a melting enthalpy of DHgs =
0.35 kJ mol�1 was observed. As expected, the fraction g of
monomeric gelator in the sample significantly increases
towards Tgs. We further notice from Table 3 that the mean
gel fiber radius R0 slightly increases with increasing tempera-
ture while the characteristic length dc of the new synergistic
structure does not show any systematic variation with T.

Model for the new synergistic structure. In the beginning of
this section let us first summarize the experimental facts about
the synergistic structure we observed in our lamellar gels:

(1) The synergistic structure requires the spatial coexistence of
gel fibers and a lamellar liquid crystalline structure; it is neither
observed in the non-gelled lamellar phase nor in the isotropic gel.

(2) It is only observed if the gel fiber diameter considerably
exceeds the lamellar repeat unit and

(3) It gives rise to a broad Lorentzian-shaped scattering peak
at a characteristic length which is significantly larger than the
gel fiber diameter.

But what does this new synergistic structure look like?
To solve this important question, we must take into account

that the gel fibers are running through a lamellar liquid crystal
phase, an anisotropic, 1D-periodic medium. In this liquid-

Fig. 6 (a) Synergistic structure in lyotropic lamellar gels with the gel fiber
diameter considerably exceeding the lamellar repeat unit. A surfactant
monolayer (white) is adsorbed at the surface of the hydrophobic gel fiber
(red) and the subsequent layers are circularly wrapped around the fibers.
(b) Scattering length density profile of the suggested synergistic structure.
The orange, green and blue arrows indicate the recurring distances leading
to the broad Lorentzian peak (‘‘shoulder’’) in the SANS profile. (c) Scattering
length density profile for the ‘‘gel contrast’’, a contrast where due to the use
of deuterated surfactant and deuterated cosurfactant only the gel network
sub-structure is monitored by the neutrons. (d) SANS curves of the La phase
(fw = 0.675 and fDOH/SDS = 0.5) gelled with 3 wt% 12-HOA in bulk contrast
(black squares) and in the gel contrast (red circles). In the gel contrast a
mixture of deuterated and protonated surfactant (16.7 v%/2.4 v%) and
cosurfactant (9.6 v%/0.5 v%) is used to match the scattering length density
of D2O. In the bulk contrast, the scattering contributions of both fibers and
surfactant bilayers are detected, while in the gel contrast the only scattering
contribution arises from the gel fibers. In the gel contrast the shoulder shifts
to lower q-values and is considerably broader than in the bulk contrast.
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crystalline medium the fiber appears like the core of a topolo-
gical defect and the natural response of a liquid crystal to this
defect is an elastic response. This is at least true77 as long as the
length scale of the deformation, set by the fiber diameter 2R0, is
large in comparison to the molecular length scale, set for
instance by the thickness of the surfactant bilayer dbi or the
lamellar spacing d0, i.e. 2R0 c d0 4 dbi which is true in our
12-HOA case with 2R0 E 24 nm, d0 E 8 nm and dbi E 2.4 nm.

How should the elastic response look like? It is well known
that layer bending (corresponding to director splay) is the only
‘‘easy’’ elastic deformation allowed in smectic or lamellar liquid
crystals since it is the only deformation which conserves the
smectic or lamellar repeat unit.78 Pure layer bending would
lead to a synergistic structure of layers and fibers as shown in
Fig. 5b where each fiber is enclosed by closed cylindrical layers
of the lamellar phase. This synergistic structure avoids any
energy-costly layer ends. Instead, it only requires a pure bend
deformation of the layers, the elastic energy of which increases
as the square of the layer curvature increases. The energy
penalty of the layer bending thus decreases with increasing
thickness of the gel fiber and – even more interesting – it can be
further reduced if two or more fibers bundle together, as shown
in Fig. 5c. This effect might create the source of a sort of pseudo
force which tends to arrange the fibers in bundles.

Otherwise, if the fiber diameter comes close to the molecular
length scale, i.e. 2R0 E d0 (which is true in our DBS case with
2R0E 8. . .16 nm and d0E 8 nm) the elastic response of the liquid
crystal breaks down since the layer curvature and thus the elastic
bending energy would be far too high.77 As shown in Fig. 5a, the
fibers might now appear as a kind of dislocation since they
interrupt the lamellar configuration and create (energy-costly) layer
ends. In an energetically more favorable spatial arrangement the
hydrophobic fibers can either be surrounded by a surfactant
monolayer or cause the formation of passages in the bilayer.

These considerations explain very well the first two of the
above-mentioned experimental observations on the appearance
of synergistic structures. But does a synergistic structure such
as the one sketched in Fig. 5b also explain the broad Lorentzian

scattering peak indicating a characteristic length of the struc-
ture being larger than both the fiber diameter and the lamellar
repeat period?

Fig. 6b shows the profile of scattering length density in the
lamellar gel around a synergistic structure (Fig. 6a). Obviously,
the periodic lamellar structure is disturbed by the gel fibers.
The regular stacking of lamellar layers and the rather coin-
cidental distance between gel fibers are incommensurable.
Around the fibers new recurring distances between surfactant
bilayers appear, which are highlighted by the colored arrows in
Fig. 6b. We believe these distances to be the reason for the
broad Lorentzian peak appearing in the SANS curves of 12-HOA
lamellar gels. The considerable width of the peak is owed to the
broad distribution of distances between bilayers on opposite
sides of a gel fibers.

This idea is further supported by SANS contrast variation
experiments which allow to monitor the scattering contribu-
tions of the individual sub-structures in a lamellar gel. In all
our measurements presented so far the bulk contrast (proto-
nated gelator, surfactant and cosurfactant in D2O) was
used which comprises the scattering contributions of both,
gel fibers and surfactant bilayers and leads to the scattering
length density profile shown in Fig. 6b. To selectively observe
the gel network, the ‘‘gel contrast’’ was used. For the gel
contrast a mixture of mostly deuterated and partly protonated
surfactant (and cosurfactant) was used, such that the scattering
length densities of SDS (and DOH) match the one of D2O
leading to the scattering length profile shown in Fig. 6c. Since
now the contrast between the surfactant bilayers and the water
sub-layers vanishes, the only remaining contrast is the one
between the gel fibers and the surrounding lamellar phase. The
SANS data obtained from the gelled La phase in the gel contrast
is shown in Fig. 6d. Instead of pseudo-Bragg peaks due to the
lamellar layer structure only small bumps can be observed at
high q-values proving the contrast adjustment (no contrast
between bilayers and D2O) to be successful.

The small peak at q E 0.14 Å�1 is the ‘‘intra-fiber peak’’ due
to the layered structure of 12-HOA fibers (cf. Fig. 1b) which is

Fig. 7 2D-SAXS pattern of (a) an aligned domain of the gelled La phase (fw = 0.675 and fDOH/SDS = 0.5, m(12HOA) = 0.03), (b) the gelled isotropic phase
(fw = 0.75 and fDOH/SDS = 0.17, m(12HOA) = 0.03) and (c) the azimuthal peak profiles integration thereof. The 2D SAXS results prove that in a lamellar gel
the fibers are oriented in directions along the lamellar layers with the layer normal of the La phase perpendicular to the long axis of the gel fiber, whereas
the fibers are uniformly distributed in a gelled isotropic phase.
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superimposed by the second order layer peak in the bulk
contrast. As can be seen in the scattering length density profile
(Fig. 6c) the only remaining distance in the gel contrast is the
one between adjacent gel fibers. This distance is considerably
larger than the predominant distances in the bulk contrast
(colored arrows in Fig. 6b). Thus, the broad shoulder in the
bulk contrast appears at lower q-values in the gel contrast
(see Fig. 6d) where it is also significantly broader due to the
even broader distribution of distances between gel fibers. The
SANS data of the gelled La phase in the gel contrast thus clearly
support our model for the synergistic structure.

In addition, our model of gel fibers coaxially enclosed by
cylindrical lamellar layers requires that the gel fibers run along
the lamellar layers, i.e. the fiber axis is normal to the lamellar
layer normal. We have verified this mutual alignment of fibers
and layers by 2D-SAXS experiments as follows: The 12-HOA
fibers have a layered structure (see Fig. 1b) which gives rise to
an ‘‘intra-fiber peak’’ at q E 0.14 Å�1 and in the direction
normal to the fiber axis. In other words, this intra-fiber peak
should be observed in the same direction as the lamellar layer
peaks in an aligned domain of the lamellar gel with the
proposed synergistic structure. The intra-fiber peak however
is weak due to the low content of gel fibers (in the range of a few
wt%) and the peak is broad due to the limited number of layers
in the fiber (cf. Fig. 1b). While in our SANS experiments the
intra-fiber peak is superimposed by the second-order lamellar
layer peak, both peaks can be resolved in q by means of small-
angle X-ray scattering (SAXS). Fig. 7a shows the 2D-SAXS pattern
of a small aligned domain of our La phase gelled with 12-HOA.
As predicted from our model, the intra-fiber peak is found in
the same directions as the lamellar layer peaks. This proves that
the fibers run in directions along the lamellar layers with the
layer normal of the La phase perpendicular to the long axis
of the gel fiber. In contrast, the intra gel fiber peak of a
gelled isotropic micellar phase is randomly distributed in the
‘‘powder-like’’ 2D-SAXS pattern in Fig. 7b. This shows that the
fibers form a more or less random gel network in the isotropic
micellar phase, while in the La phase a clearly anisotropic gel
network is formed.

Conclusion

In this paper we report the observation of so far unknown
synergistic structures in lyotropic lamellar gels which are
neither observed in the non-gelled La phase nor in the isotropic
micellar gel. The formation of these structures thus obviously
requires the spatial coexistence of both lamellar liquid crystal-
line layers and gel fibers and, in addition, the diameter of the
gel fibers has to be large in comparison to the lamellar repeat
period.

We suggest that the synergistic structure originates from the
elastic response of the lamellar layers to the presence of a
relatively thick gel fiber which appears like the core of a
topological defect that disturbs the regular lamellar order.
As a result, the lamellar layers bend into closed cylinders which

Fig. 8 Counterparts of the new synergistic structure found in lyotropic
lamellar gels: (a) bend layers in Dupin cyclids of the focal conic domains
found in thermotropic smectic liquid crystals. Reprinted from ref. 83
with the permission of the Royal Society of London, Copyright 2020.
(b) In nerve cells the axons are coaxially enclosed by myelin sheets, as can
be seen in the schematic drawing (top, reprinted from ref. 84 with the
permission from Elsevier, Copyright 2020) as well as the electron micro-
scopy image (bottom, reprinted from ref. 85 with the permission from
Elsevier, Copyright 2020).
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coaxially surround the fiber. Since the formation of closed
cylindrical layers avoids the appearance of energy-costly layer
ends, this is a natural response of a 1D-layered fluid medium.
The same response is found in the characteristic focal-conic
textures of smectic and lamellar liquid crystals where the layers
are bent into Dupin cyclids79,80 (Fig. 8a), the formation of which
is well understood in the elasticity theory of thermotropic
smectics.81,82 All in all, the assumption of cylindrical lamellar
layers around the gel fibers is in-line with all experimental
observations and in particular with the SANS data presented in
this study.

Last but not least, it has not escaped our notice that the new
synergistic structure found in our lamellar gels has a famous
biological counterpart, namely the structure of a nerve cell in
which the axon is coaxially enclosed by the lamellar layers of
myelin lipid bilayers and water. In the lamellar gel, the axon is
replaced by the gel fiber and the myelin lipid bilayer by the
surfactant bilayers. Lyotropic lamellar gels can thus be consid-
ered as a new kind of complex soft matter spontaneously
forming biomimetic structures.
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