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Amphiphilic molecules are well-known for their ability to self-assemble in water 

to form structures such as micelles and vesicles. In comparison, much less is known 

about amphiphilic self-assembly in nonpolar organic liquids. Such “reverse” 

self-assembly can produce many of the counterparts to structures found in water. In this 

dissertation, we focus on the formation and dynamics of such reverse structures. We seek 

to obtain fundamental insight into the driving forces for reverse self-assembly processes. 

Three specific types of reverse structures are studied: (a) reverse wormlike micelles, i.e., 

long, flexible micellar chains; (b) reverse vesicles, i.e., hollow containers enclosed by 

reverse bilayers; and (c) organogel networks. While our focus is on the fundamentals, we 

note that reverse structures can be useful in a variety of applications ranging from drug 

delivery, controlled release, hosts for enzymatic reactions, and templates for 

nanomaterials synthesis. 

 

In the first part of this study, we describe a new route for forming reverse 

wormlike micelles in nonpolar organic liquids. This route involves the addition of trace 

amounts of a bile salt to solutions of the phospholipid, lecithin. We show that bile salts, 

due to their unique “facially amphiphilic” structure, can promote the aggregation of 



lecithin molecules into these reverse micellar chains. The resulting samples are 

viscoelastic and show interesting rheological properties. Unusual trends are seen in the 

temperature dependence of their rheology, which indicates the importance of hydrogen-

bonding interactions in the formation of these micelles. Another remarkable feature of 

their rheology is the presence of strain-stiffening, where the material becomes stiffer at 

high deformations. Strain-stiffening has been seen before for elastic gels of biopolymers; 

here, we demonstrate the same properties for viscoelastic micellar solutions.  

 

The second reverse aggregate we deal with is the reverse vesicle. We present a 

new route for forming stable unilamellar reverse vesicles, and this involves mixing short- 

and long-chain lipids (lecithins) with a trace of sodium chloride. The ratio of the short to 

long-chain lipid controls the type and size of self-assembled structure formed, and as this 

ratio is increased, a transition from reverse micelles to vesicles occurs. The structural 

changes can be explained in terms of molecular geometry, with the sodium chloride 

acting as a “glue” in binding lipid headgroups together through electrostatic interactions.  

 

The final part of this dissertation focuses on organogels. The two-tailed anionic 

surfactant, AOT, is well-known to form spherical reverse micelles in organic solvents. 

We have found that trace amounts (e.g., less than 1 mM) of the dihydroxy bile salt, 

sodium deoxycholate (SDC) can transform these dilute micellar solutions into self-

supporting, transparent organogels. The structure and rheology of these organogels is 

reminiscent of the self-assembled networks formed by proteins such as actin in water. 

The organogels are based on networks of long, rigid, cylindrical filaments, with SDC 

molecules stacked together in the filament core. 
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Chapter 1 

 

INTRODUCTION AND OVERVIEW 

 

1.1. PROBLEM DESCRIPTION AND MOTIVATION 

This dissertation is focused on the self-assembly of amphiphiles (molecules with 

both hydrophilic and hydrophobic parts) into reverse structures. The term “reverse” refers 

to the type of structure formed by amphiphiles in nonpolar organic solvents (“oils”) in 

which the molecules are packed in a way opposite to that of “normal” aggregates found 

in water. Specifically, the hydrophilic heads of the amphiphiles are hidden in the core of 

reverse structures, while the hydrophobic tails are directed outward and thereby in 

contact with the nonpolar oil phase. The most common type of reverse aggregates is the 

reverse micelle, which tends to be either spherical or cylindrical in structure. Reverse 

micelles have been investigated for a variety of applications due to their unusual structure 

and properties. For example, hydrophilic drugs can be solubilized in the hydrophilic core 

of reverse micelles, and the micelles can thus be used as drug delivery vehicles.1-3 

Reverse micelles can also encapsulate enzymes, and these enzymes can efficiently 

catalyze reactions of oil-soluble substrates.4-6    

 

Although reverse micelles have been studied for decades, much less is known 

about these systems compared to normal micelles. Most studies dealing with reverse 

micelles have focused on only two systems, lecithin/water/oil7-12 and AOT/water/oil.13-15 

Lecithin is a zwitterionic phospholipid, while sodium bis(2-ethylhexyl) sulfo-succinate 
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(AOT) is a two-tailed anionic amphiphile (Figure 1.1). Both these molecules form reverse 

spherical micelles when added to oil. When a small quantity of water is added, the 

reverse micelles either transform their shape to cylindrical structures or form water-in-oil 

microemulsions. In the lecithin/oil system, the added water causes the reverse micelles to 

grow into very long and flexible cylindrical chains, which are referred to as reverse 

wormlike micelles.8,11 These worms are very much like polymer chains, and they tend to 

entangle with each other and thereby impart high viscosity to the fluid.   

 

Apart from the lecithin/water/oil and AOT/water/oil systems, there are few other 

examples of reverse micelles and especially reverse wormlike micelles or reverse vesicles 

in the literature.16-19 This raises several important questions – for example, what role does 

water play in the growth of reverse micelles, i.e., what is so unique about water in this 

context? Are there other additives that are capable of inducing reverse micellar growth or 

reverse bilayer formation? What are the general rules that control the assembly of reverse 

aggregates? Can we formulate such general rules based on amphiphile geometry in much 

the same way as is possible with normal self-assembled structures? These are the 

questions that we will seek to answer in the present study. Our ultimate goal is to gain a 

better fundamental understanding of reverse self-assembly processes. 

  

1.2. OUR APPROACH 

In this dissertation, we report new routes for forming three types of reverse 

aggregates: reverse wormlike micelles, reverse vesicles, and organogels. The first two are 

lecithin-based systems while the third is AOT-based. These systems are depicted in 



 

 3

Figure 1.1 and briefly described below. In the process of discovering these new routes, 

we have used certain additives, such as bile salts and short-chain lipids, that have been 

previously studied in combination with lecithin in water, but never in organic solvents. 

Together our studies provide much new insight into reverse self-assembly processes. The 

principal techniques we have used are rheology to study the macroscopic flow properties 

and small-angle neutron scattering (SANS) to probe the nanostructure. Details on these 

techniques, including modeling of SANS data, are given in Chapter 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Amphiphilic systems investigated in this dissertation in the context of reverse 
self-assembly. A two-tailed amphiphile, such as lecithin or AOT is combined with a 
second amphiphilic additive, such as a bile salt or a short-chain lipid and added to a 
nonpolar organic liquid like cyclohexane. The result is to transform the sample into either 
a viscoelastic liquid containing reverse wormlike micelles (top vial), a solution of 
reverse vesicles that is bluish due to light scattering (middle vial) or an organogel 
network that can withstand its weight upon vial inversion (bottom vial).   
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1.2.1. Reverse Wormlike Micelles 

The impetus for this work was provided by an unexpected discovery in our lab 

that bile salts can play a similar role to water in the growth of reverse wormlike micelles 

and can thus give rise to viscoelastic fluids (Figure 1.1). Bile salts are amphiphiles that 

are synthesized in the body within the liver. Unlike conventional amphiphiles that have a 

hydrophilic head and a hydrophobic tail or tails, bile salts are facial amphiphiles and have 

polar and non-polar faces (Figure 1.1).20 Further details about bile salts are discussed in 

Chapter 2. In Chapter 3, we will present a detailed study on reverse wormlike micelles of 

lecithin and bile salt.  

 

Reverse worms are very similar to “normal” worms that can be formed in water, 

and the rheological properties of the two types of worms are quite analogous. However, 

our studies indicate a key difference between normal and reverse worms with respect to 

how their rheological properties change upon heating. We believe that the different 

temperature effects gives crucial insight into the different mechanisms for the formation 

of these two structures, and this will be elaborated in Chapter 4. 

 

The phenomenon of strain-stiffening or strain-hardening refers to an increase in 

the elastic modulus (stiffness) of a material with increasing strain amplitude. While this 

response is exhibited by many biological materials, including gels of biopolymers such as 

actin, it is rarely seen in other types of soft matter. In Chapter 5, we report an unusual 

strain-stiffening in the reverse wormlike micelles of lecithin and bile salt. We will 



 

 5

suggest a mechanism to explain the strain-stiffening that is different from the present 

theories for biopolymers. 

 

1.2.2. Reverse Vesicles 

Vesicles are liquid-filled containers formed in water by phospholipids and have 

been studied in great detail.21 However, counterparts to these structures in oil, called 

“reverse vesicles” are still relatively unknown. Currently, there are no systematic rules or 

guidelines for the formation of reverse vesicles. We have discovered that it is possible for 

certain phospholipid mixtures to form reverse vesicles in organic solvents. In this case, 

one lipid must have a long tail while the second needs to be of a much shorter tail length. 

When these lipids are mixed into an organic solvent like cyclohexane, a variety of 

microstructures arise, starting with reverse spheres, then reverse cylinders, and finally 

reverse vesicles (bilayers). Interestingly, we have to add salts, such as sodium chloride, 

into the solution to stabilize the vesicles. This work will be detailed in Chapter 6. 

 

1.2.3. Organogel Networks 

In addition to lecithin-based systems, we have also performed experiments with a 

different type of double-tailed anionic surfactant, viz. AOT. In this case, we have 

discovered that the combination of AOT with a specific bile salt, sodium deoxycholate 

(SDC) results in organogels, i.e., samples that can support their weight in a vial (Figure 

1.1). Interestingly, very low amounts of AOT and SDC are enough to form an organogel, 

e.g., 5 mM of AOT + 1 mM or less of SDC. The structure of the organogel consists of 

rather rigid filaments of AOT-SDC that are entangled into a network. This work is 
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described in Chapter 7. AOT-SDC organogels have many similarities with aqueous gels 

of biopolymers such as actin. We make this connection explicitly in Chapter 7, and this 

further underscores the importance of studying these organogel systems.   

   

1.3. SIGNIFICANCE OF THIS WORK 

The studies described in this dissertation are potentially significant from both 

scientific and practical standpoints. Firstly, from a scientific viewpoint, we provide useful, 

general guidelines for controlling reverse self-assembly processes. It is well known that 

the driving force for the self-assembly in water is the hydrophobic effect, which, however, 

is not a factor in non-polar liquids. Instead, our work suggests that hydrogen bonding and 

electrostatic interactions may be the important interactions in reverse self-assembly. 

Although the driving forces are different, the net geometry of amphiphiles is still the 

dominant factor controlling self-assembly in both aqueous and organic liquids. This 

knowledge could lead to new fundamental interest in this field.  

 

Secondly, regarding the applications of the reverse systems we have discovered, 

the new reverse wormlike micelles based on bile salt could find application as hosts for 

enzymes or biomolecules. This system may offer some advantages for such applications 

because it does not involve the addition of water. As for the reverse vesicles, due to their 

ability to encapsulate hydrophobic solutes and release these in a slow manner, they can 

serve as controlled-release carriers, such as for drug delivery.  
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Thirdly, for the first time, we have studied certain molecules (e.g., bile salts) in 

non-aqueous media, even though these are insoluble in the media. The key to these 

studies has been our sample preparation using a co-precipitation method that pre-mixes 

soluble components (such as lecithin) and insoluble components (such as bile salt). This 

ensures that the insoluble components can be solubilized due to their affinity with the 

soluble components. We expect that others will use our method to explore new molecular 

combinations in nonpolar systems. In particular, nonpolar solvents may provide a 

platform to study certain interactions occurring in biological systems that may be 

disturbed by the presence of water (e.g., between lipids and metal ions).  

 

Lastly, our studies could provide insight into biological materials or processes. 

Our synthetic organogels of AOT/SDC share many properties with biopolymer gels, and 

may prove to be a good model system for fundamental studies. Our investigations may 

also improve our understanding of strain-stiffening, a property hitherto associated with 

biological materials and believed to have physiological utility, such as to prevent the 

rupture of tissues from large deformation. Also, our studies of reverse aggregates based 

on bile salts could provide insight into self-assembly processes occurring in physiological 

fluids involving lecithin, bile salt, and non-polar substances such as fats or fatty acids.  
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Chapter 2 

 

BACKGROUND 

 

This proposal is concerned with “reverse” self-assembly in organic liquids. In this 

chapter, we discuss both “normal” and “reverse” self-assembly and we describe some of 

the structures that can be formed by self-assembly. We then describe the techniques that 

we will use to study these types of structures, such as rheology and small-angle neutron 

scattering (SANS).   

 

2.1. SELF-ASSEMBLY OF AMPHIPHILES: NORMAL AND REVERSE 

Amphiphilic molecules (also referred to as surfactants, detergents, or lipids) are 

molecules with distinct hydrophilic and hydrophobic portions. Figure 2.1 depicts these 

molecules with hydrophilic heads, shown in blue and hydrophobic tails, shown in red.  

Many kinds of amphiphilic molecules when added to water, can spontaneously organize 

into structures called micelles. The process of spontaneous organization is referred to as 

self-assembly and it is governed by thermodynamics, i.e., it occurs because the system 

minimizes its Gibbs free energy in the process. Micelle formation occurs only beyond a 

critical concentration of the amphiphile, referred to as the critical micelle concentration 

or CMC. The driving force for micellization is the gain in entropy of water molecules 

when surfactant hydrophobes are buried in a micelle; this aspect is referred to as the 

hydrophobic effect.   
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Figure 2.1. Schematics showing the connection between the self-assembled structures 
formed by amphiphiles in water and oil with the effective geometry of the amphiphilic
molecules. The amphiphiles are depicted with hydrophilic heads, shown in blue and
hydrophobic tails, shown in red.  
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  Several different shapes are possible for micelles, including spheres, cylinders, 

and prolate or oblate ellipsoids. In the absence of any particular restrictions, spheres 

would always be favored thermodynamically over other shapes. Apart from micelles, a 

variety of other shapes are possible for self-assembled aggregates. Aggregate shape can 

be rationalized based on the net geometry of the amphiphilic molecules using a term 

called the critical packing parameter or CPP, which is defined as follows:22   

 tail

hg

CPP a
a

=    (2.1) 

where ahg is the effective area of the amphiphile headgroup and atail is the average area of 

the amphiphilic tail. The larger the headgroup area compared to the tail area, the more 

curved the aggregate, as shown in Figure 2.1. Thus, a CPP of ⅓, corresponding to a cone 

shape, leads to spherical micelles in water while a CPP of ½ (truncated cone) corresponds 

to cylindrical micelles in water. Finally, molecules shaped like cylinders, i.e., having 

atail ≈ ahg and CPP = 1, tend to assemble into bilayer structures (vesicles) in water.  

 

 Although self-assembly is commonly thought to be a process that occurs in water, 

it can also occur in a variety of other liquids. Generally, for amphiphilic molecules to 

self-assemble, the liquid must be either highly polar or highly non-polar. In highly polar 

liquids, micellar structures similar to those in water are formed. Self-assembly can also 

occur in highly non-polar liquids and this corresponds to CPP values greater than 1. 

Working from the bottom in Figure 2.1, we see that if the molecules have a large tail area 

and a small headgroup area, the CPP will be much greater than 1, and the molecules will 

form reverse spherical micelles. The term reverse refers to the different geometry of these 
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micelles compared to those in water. In a reverse micelle, the hydrophilic heads are 

buried in the interior and thus shielded from the oil phase, whereas the hydrophobic tails 

are extended into the oil. A slight reduction in CPP to values closer to 1 can drive a 

transition from reverse spherical micelles to reverse cylindrical micelles. Both normal 

and reverse cylinders are discussed in the next section. 

 

2.2. WORMLIKE MICELLES: NORMAL AND REVERSE 

Cylindrical micelles can grow to become very long, flexible chains and these are 

then called “wormlike” or “threadlike” or polymer-like micelles. The structure of normal 

wormlike micelles (in water) is shown in Figure 2.2. Such micelles can be formed by a 

variety of surfactants, including cationic, anionic, nonionic, and zwitterionic.23 In the case 

of ionic surfactants, wormlike micelles are typically induced by adding salt to the 

solution. The added salt screens the ionic repulsions between the surfactant headgroups, 

reducing the headgroup area, and increasing the CPP from ⅓ to ½. This reduction in CPP 

promotes the growth of cylinders at the expense of spheres. In the case of cationic 

surfactants, which have been studied the most, the growth of worms can by induced by 

both simple salts (e.g., sodium chloride) as well as salts with aromatic counterions (e.g., 

sodium salicylate, NaSal).23,24 The aromatic salts tend to be especially effective because 

their counterions bind to the surface of the micelles and thereby reduce the surface charge. 

As a result, these salts promote micellar growth at very low concentrations, i.e., at 

salt:surfactant molar ratios much less than one.  
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Figure 2.2. Structure of (a) normal wormlike micelles and (b) reverse wormlike micelles. 
In each case, the structure of an individual micelle as well as the entanglement of micellar 
chains into transient networks are shown. 

 

Analagous to normal wormlike micelles in water, it is also possible to form 

reverse wormlike micelles in oil. Figure 2.2b shows the reverse structure of these 

micelles, with the red tails of the amphiphiles directed outward and the blue heads inward. 

While normal worms can be formed by a variety of surfactants, reverse worms have been 

reported only in a few systems,8,16-19 most of which are based on the phospholipid, 

lecithin. When added to nonpolar solvents like alkanes or cycloalkanes, lecithin alone 

tends to form reverse spherical micelles, but when a small amount of water or a highly 

polar solvent is added, the spheres grow axially to become reverse worms.8 Many studies 

have tried to elucidate the role of water in reverse micellar growth.25,26 Water is believed 

to bridge the lecithin molecules by forming hydrogen bonds with the headgroup of 

lecithin. In other word, hydrogen bonds are the driving force for the formation of reverse 

50Å

(a) Normal Worms  (b) Reverse Worms 

50Å
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worms. From a geometric standpoint, the role of water is to expand the headgroup area of 

lecithin and thereby increase the CPP, which in turn causes the sphere to cylinder 

transition. 

 

Wormlike micelles, both normal and reverse, are similar to polymeric chains and 

tend to become entangled in solution.23 The entanglement leads to a transient network of 

chains (Figure 2.2) and this makes the micellar solution highly viscous and viscoelastic.  

However, unlike polymer chains that are held by strong covalent bonds, wormlike 

micelles are “equilibrium polymers”, i.e., they break and recombine at a rapid rate. The 

competition between micellar breaking and chain reptation dictates the rheology of the 

fluid. If the breaking time τB is much lower than the reptation time τrep, the sample 

rheology becomes very simple and well-defined, with just a single relaxation time whose 

value is the geometric mean of τB and τrep.27 The sample can then be described as a single-

relaxation-time Maxwell fluid.  

 

Another characteristic property of wormlike micellar fluids is their flow 

birefringence. That is, when a wormlike micellar solution placed in a vial is shaken 

lightly and observed under crossed polarizers, one observes bright streaks of light in the 

sample. These streaks emerge because the micellar chains tend to become aligned when 

sheared, thus making the sample anisotropic. Birefringence, which refers to a difference 

in refractive indices along mutually perpendicular directions, is a characteristic property 

of anisotropic materials like liquid crystals. Note that wormlike micelles do not exhibit 

birefringence at rest, but only when subjected to flow or shear.  
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2.3. VESICLES: NORMAL AND REVERSE 

Vesicles are self-assembled capsules formed by amphiphilic molecules in water 

by lipids, surfactants, or block copolymers.21,28 The shell of the vesicle can be considered 

to be the folding of amphiphilic bilayers, as shown in Figure 2.3a. The amphiphiles that 

tend to form bilayers have a CPP ~ 1, i.e. the shape of these molecules resembles that of a 

cylinder (Figure 2.2).  The folding of bilayers into vesicles tends to occur only when the 

bilayers are present at low concentration; at high concentrations, bilayers form a lamellar 

phase.29 The tendency for bilayers to fold is driven by a desire to minimize contact of the 

hydrophobes with water at the bilayer ends. Also, the formation of many vesicles from a 

single extended bilayer sheet increases the entropy of the system. Vesicles with only a 

single bilayer (or lamella) are called unilamellar vesicles (ULVs), while those with 

several concentric bilayers are called multilamellar vesicles (MLVs). The term 

“liposome” is sometimes used to refer to MLVs formed from lipids. 

 

 

 

 

 

 

 

 

 

 

Oil 

(b) 

Reverse vesicle 

Figure 2.3.  The structures of (a) normal vesicles and (b) reverse vesicles. The
vesicles is formed by the folding of an amphiphilic bilayer that is about 2-5 nm in 
thickness. 
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In “normal” vesicles, i.e., vesicles formed in water, the hydrophilic heads of the 

amphiphiles are on both sides of the bilayer and thereby exposed to water, while the 

hydrophobic tails inside the bilayer are shielded from water (Figure 2.3). Analogous to 

the relationship between normal and reverse worms, the counterparts of normal vesicles 

in oil are also possible, and those are called reverse vesicles. Figure 2.3b shows the 

structures of reverse vesicles, with the red tails of the amphiphiles directed outward and 

inward to contact with the oil phase, while the blue (hydrophilic) heads are buried in the 

reverse bilayer. Only a few reverse vesicular systems have been reported, including those 

from polyoxyethylene ethers,30 phospholipids,31 amino acid derivatives,32 sucrose 

esters,33 and metallo-surfactans.34 Most of these reverse vesicles are unstable, 

multilamellar and have a size in the micrometer range. In one study, reverse vesicles 

formed by sucrose esters in silicon oil have been shown to be effective for encapsulating 

p-aminobenzoic acid and cholesterol. However, reverse vesicles do not find wide use at 

the moment, and there is still a lack of a general framework for their formation. 

 

2.4. SELF-ASSEMBLED ORGANOGELS 

 The term “gel” refers to a material with a network of subunits connected to each 

other by either chemical or physical bonds. Gels have the mechanical characteristics of 

solids, even though they are structurally disordered and may contain high volume 

fractions of liquid within their networks (the liquids are entrapped due to surface tension 

and capillary forces). Depending on the nature of the network bonds, one can distinguish 

between chemical gels (covalent bonds) and physical gels (weak, physical bonds). Our 
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interest in the context of this proposal is in physical gels that can be formed in organic 

solvents by the self-assembly of small molecules. Often, the bonds in these gel networks 

can be broken by heating and recovered by cooling, i.e., the gels are thermoreversible. 

The network in organogels often has a fibrillar nature (Figure 2.4), and the term “self-

assembled fibrillar network” or SAFIN has been coined for such systems. Note that these 

networks are “permanent”, meaning that the material will behave as a true solid and not 

relax with time; in contrast, a network of wormlike micelles is a transient one, so that the 

corresponding fluid will be viscoleastic, not elastic, and will relax at long  timescales. 

 

 

 

 

 

 

 

 
Figure 2.4. Electron micrograph of a gel of cholesteryl 4-(2-anthryloxy)butanoate (CAB) 
in 2-octanol. The fibrils in the gel each have a diameter of about 17 nm.35 

 

 

A surprising variety of small, organic molecules can form organogels, including 

steroids, organometallic complexes, alkylamide derivatives, and fatty acids.35 The 

diversity of such “organogelators” suggests that a wide range of physical interaction 
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forces may act as driving forces for gelation. Examples of such interactions are hydrogen 

bonds, metal coordination bonds, electrostatic bonds, van der Waals forces, and 

hydrophobic interactions.35 Among the types of systems that give rise to fibrillar 

organogels are some that involve amphiphilic molecules such as AOT. While AOT alone 

forms reverse spherical micelles in organic liquids, the addition of molecules such as p-

cresol or p-ethylphenol transforms the sample into an organogel.36-38 It is believed that 

hydrogen bonds between the AOT and the additive lead to fibril formation, which in turn 

connect to form a network. 

 

2.5. BIOMOLECULAR AMPHIPHILES: LIPIDS AND BILE SALTS 

As mentioned in the Introduction, the reverse self-assembled systems we are 

studying involve two types of biological amphiphiles, viz. lipids and bile salts. Lipids are 

the constituents of biological membranes, a bilayer at the periphery of cells that regulates 

the passage of polar molecules and ions into the cell. Membrane lipids tend to have a 

CPP close to 1 due to their bulky hydrophobic tails, which is why these molecules self-

organize into bilayer membranes. The most abundant membrane lipids are phospholipids, 

glycolipids and archaebacterial ether lipids. All of these have a glycerol or sphingosine as 

backbones that are attached by one or more long-chain alkyl tails and a hydrophilic 

headgroup. Lecithin, i.e. phosphatidylcholine (Figure 1.1), is a type of glycero-

phospholipid that has a choline group joined to the glycerol backbone through a 

phosphodiester bond. Lecithin is electrically neutral but has a positive charge on the 
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choline group and a negative charge on the phosphate, thus forming a zwitterion. Lecithin 

is usually isolated from either egg yolk or soy beans. 

 

Bile salts are physiological surfactants that are involved in the digestion of fat in 

the intestine and also facilitate the excretion of cholesterol.20,39 The common feature in 

the chemical structure of bile salts is a characteristic steroid structure with a rigid, 

nonplanar, fused-ring and a carboxylic acid group that may be conjugated with amino 

acids such as taurine and glycine. Different bile salts contain different numbers (one to 

three) and positions of hydroxyl groups attached to these rings. Since the hydroxyl groups 

lie on the same side of the ring, bile salts are an unusual class of “facial amphiphiles” 

with hydrophilic and hydrophobic faces (Figure 1.1) that are different from regular 

surfactants with hydrophilic heads and hydrophobic tails.20 Due to this facial structure, 

bile salts alone in aqueous solution form unusual micelles in which molecules are packed 

back-to-back with a small aggregation number (4-10).40  

 

 The average composition of normal human gallbladder bile is about 84% water, 

11.5% bile salts, 3% lecithin, 0.5% cholesterol and 1% of other components.39 Since bile 

salts and lecithin are the main components involved in the physiological function of bile, 

much effort has focused on the mixed micelles of bile salt and lecithin, and their function 

in the digestive process. Evidence from light,41 small-angle neutron scattering,42 and 

HPLC43 techniques have shown that bile salts and lecithin tend to aggregate into rodlike 

micelles in water at certain lecithin/bile salt ratio and concentration. 
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2.6. CHARACTERIZATION TECHNIQUES 

2.6.1. Rheology 

Rheology is formally defined as the study of flow and deformation in materials.44 

Rheological measurements provide important information on soft materials, specifically 

on the relation between microstructure and macroscopic properties. These measurements 

are typically performed under steady or dynamic shear. In steady shear, the sample is 

subjected to a constant shear-rate γ  (e.g. by applying a continuous rotation at a fixed rate 

on a rotational instrument), and the response is measured as a shear-stress σ. The ratio of 

shear-stress σ to shear-rate γ  is the (apparent) viscosity η. A plot of the viscosity vs. 

shear-rate γ  is called the flow curve of the material.  

 

Rheological experiments can also be conducted in dynamic or oscillatory shear, 

where a sinusoidal strain 0 sin( )tγ γ ω=  is applied to the sample. Here γ0 is the 

strain-amplitude (i.e. the maximum applied deformation) and ω is the frequency of the 

oscillations. The sample response will be in the form of a sinusoidal stress 

0 sin( )tσ σ ω δ= +  which will be shifted by a phase angle δ with respect to the strain 

waveform. Using trigonometric identities, the stress waveform can be decomposed into 

two components, one in-phase with the strain and the other out-of-phase by 90°: 

 0 0sin( ) cos( )G t G tσ γ ω γ ω′ ′′= +   (2.2) 

where G′  is the Elastic or Storage Modulus and G″ is the Viscous or Loss Modulus.   
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The physical interpretation of the two moduli are as follows. The elastic modulus 

G′ is the in-phase component of the stress and provides information about the elastic 

nature of the material. Since elastic behavior implies the storage of deformational energy, 

this parameter is also called the storage modulus. The viscous modulus G″, on the other 

hand, is the out-of-phase component of the stress and characterizes the viscous nature of 

the material. Since viscous deformation results in the dissipation of energy, G″ is also 

called the loss modulus. For these properties to be meaningful, the dynamic rheological 

measurements must be made in the “linear viscoelastic” (LVE) regime of the sample. 

This means that the stress must be linearly proportional to the imposed strain (i.e., moduli 

independent of strain amplitude). In that case, the elastic and viscous moduli are only 

functions of the frequency of oscillations ω, and are true material functions. A log-log 

plot of the moduli vs. frequency, i.e. G′(ω) and G″(ω), is called the frequency spectrum 

of the material and represents a signature of the material microstructure.  

 

 The important advantage of dynamic shear measurements is that they allow us to 

characterize microstructures without disrupting them in the process. The net deformation 

imposed on the sample is minimal because the experiments are restricted to small strain 

amplitudes within the LVE regime of the sample. As a result, the linear viscoelastic 

moduli reflect the microstructures present in the sample at rest. This is to be contrasted 

with steady shear, where the material functions are always obtained under flow 

conditions corresponding to relatively drastic deformations. We can therefore correlate 

dynamic rheological parameters to static microstructures, and parameters under steady 

shear to flow-induced changes in microstructure. 
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2.6.2. Small-Angle Neutron Scattering (SANS) 

Scattering techniques are invaluable probes of micro- and nanostructure in soft 

materials.45 The basic principle underlying all scattering techniques is that the intensity of 

scattered radiation is a function of the size, shape, and interactions of the “particles” 

present. Small-angle neutron scattering (SANS) is the technique of choice in this study 

because contrast between the “particles” and the solvent can be easily achieved by 

substituting deuterium for hydrogen in solvent molecules: for example, replacing 

cyclohexane, C6H12 with deuterated cyclohexane, C6D12. Also, the incident radiation in 

SANS is composed of neutrons having a wavelength ~ 7 Å, and as a result, SANS is 

useful in probing size scales on the order of a few nm. SANS experiments require a 

nuclear reactor to generate neutrons and we are fortunate to have one of the premier 

SANS facilities close by at NIST in Gaithersburg, MD.  

 

The basic geometry of a SANS experiment is illustrated in Figure 2.5. Neutrons 

emitted from a nuclear reactor are selected at a particular wavelength and wavelength 

Figure 2.5.  Schematic of a SANS experiment (adapted from www.gkss.de). 
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spread using a velocity selector, collimated by several lenses, and passed through a 

sample chamber. The neutrons scattered by the sample are collected on a 2-D detector. 

These 2-D data are corrected and placed on an absolute scale using calibration standards. 

They are then converted into a plot of scattered intensity I vs. scattering vector q by 

spherical averaging. The scattering vector q is related to the scattering angle and 

wavelength by:45   

 4 sin
2

q π θ
λ

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (2.3) 

Here, λ  is the wavelength of the incident radiation and θ  is the scattering angle. Thus, q 

can be considered an inverse length scale, with high q corresponding to small structures, 

and vice versa.  

 

 The SANS intensity I(q) from a structured fluid containing np particles per unit 

volume can be expressed in the following manner:  

 p( ) ( ) ( )I q n P q S q= ⋅ ⋅  (2.4) 

where P(q) is called the form factor and S(q) the structure factor. P(q) is the scattering 

that arises from intraparticle interference, which is a function of the particle size and 

shape. S(q) arises from interparticle interactions and thereby reflects the spatial 

arrangement of particles in solution.  When the particles are in dilute solution or are 

non-interacting, the structure factor S(q) → 1 and the SANS intensity I(q) can then be 

modeled purely in terms of the form factor P(q). Form factors for different particle 

geometries are known and these can be fitted to the data to obtain structural information 

about the particles.  



 

 23

 

We describe below some form factor models for different micellar shapes: 

ellipsoids, rigid cylinders, and flexible cylinders. In these expressions, (Δρ) is the 

difference in scattering length density between the micelle and the solvent, so that (Δρ)2 

is the scattering contrast.  

 

Spheres. The form factor P(q) for spheres with radius Rs is given by:46,47 

( ) ( ) ( ) ( )( )
( )

2
22 34

33

3 sin cos
( ) s s s

sphere s
s

qR qR qR
P q R

qR
ρ π

⎡ ⎤−
= Δ ⎢ ⎥

⎢ ⎥⎣ ⎦
  (2.5) 

 

Rigid Cylinders. The form factor P(q) for rigid cylindrical rods of radius R and length L 

is given by:46,47 

 ( ) ( ) [ ]
/ 2

22 22

0

( ) ( , ) sinP q R L F q d
π

ρ π α α α= Δ ∫  (2.6) 

where ( )
( )

( )
( )

1 sinsin cos / 2( , )
sin cos / 2

J qR qLF q
qR qL

α αα
α α

= ⋅  (2.7) 

Here α is the angle between the cylinder axis and the scattering vector q and J1(x) is the 

first-order Bessel function of the first kind.  

 

Coexistence of Spheres and Rigid Cylinders. For the coexisting spheres and cylinders, 

the overall intensity of scattering would be the sum of contributions from spheres and 

cylinders. If solutions are sufficiently dilute, the relation can be simply given by: 
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( ) ( ) ( ) ( )1overall s sphere s cylinderI q c P q P qφ φ⎡ ⎤= + −⎣ ⎦   (2.8) 

Here c is overall concentration and φs is the volume fraction of spheres. 

 

Ellipsoids. The form factor P(q) for ellipsoids of revolution with minor and major axes 

Ra and Rb is given by:46,47 

 ( ) ( )
1

2
22 4 2

a b 33

0

(sin cos )( ) 3 z z zP q R R d
z

ρ π μ−⎡ ⎤= Δ ⎢ ⎥⎣ ⎦∫  (2.9) 

where  ( )2 2 2 2
b a 1z q R Rμ μ= + −  (2.10) 

Here μ is the cosine of the angle between the scattering vector q and the symmetry axis of 

the ellipsoid.  

 

Flexible Cylinders. The form factor for semiflexible chains of contour length L, 

persistence length lp and cross-sectional radius R can be represented as the product of a 

cross-sectional form factor PCS and wormlike-chain form factor PWC:47,48 

 CS WC( ) ( , ) ( , , )pP q P q R P q L l= ⋅  (2.11) 

The cross section form factor PCS can be approximated by the following expression, 

which is valid for cylindrical chains: 

 
2

1
CS

2 ( )( , ) J qRP q R
qR

⎡ ⎤
= ⎢ ⎥

⎣ ⎦
  (2.12) 
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The form factor PWC for a wormlike chain with excluded-volume interactions is detailed 

in the paper by Pedersen and Schurtenberger,48 where it was originally derived, and then 

modified by Chen et al.49 

 

Unilamellar Vesicles. The form factor P(q) for unilamellar vesicles of radius R and 

bilayer thickness t is given by the following expression:45,50 

 ( )
2

2 3 31 14 4

3 3

3 ( ) 3 [ ( )]( ) ( )
( )

J qR J q R tP q R R t
qR q R t

ρ π π
⎧ ⎫+

= Δ − +⎨ ⎬+⎩ ⎭
 (2.13) 

where J1(x) is the first-order Bessel function, given by:  

 1 2
sin cos( ) x x xJ x

x
−

=  (2.14) 

For thin bilayers (t << R), or equivalently for large vesicles, P(q) reduces to the following 

expression:     

 ( ) ( ) ( )
2

2 2 2
2( ) 4 sintP q R qR

q
ρ π= Δ ⋅ ⋅  (2.15) 

Eq 2.15 indicates that for large, non-interacting vesicles, I(q) should show a q−2 decay in 

the low q range. If the vesicles are polydisperse, the form factor has to be averaged over 

the vesicle distribution in the following manner: 45,50  

 ( )( ) ( ) ,P q f R P q R dR= ⋅∫  (2.16) 

where P(q, R) is the form factor for a vesicle of radius R (eq 2.13). The polydispersity in 

vesicle radius f(R) can be accounted for by a Schulz distribution equation:  

 
( ) ( )

1

0 0

1( ) exp 1
1

z zp R Rf R z
R z R

+
⎛ ⎞ ⎛ ⎞+

= − +⎜ ⎟ ⎜ ⎟Γ +⎝ ⎠ ⎝ ⎠
 (2.17) 
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In the above expression, R0 is the average vesicle radius and Γ is gamma function. The 

polydispersity pd is given by:  

1
1

p
z

=
+d  (2.18) 

 

Indirect Fourier Transform (IFT) of SANS Data. SANS data were also analyzed by 

IFT method, which yields particle shape and size without the need for any a priori 

assumptions. To use IFT, first the incoherent background is estimated from the 

asymptotic slope of a Porod plot (Iq4 vs. q4) at high q. The scattering intensity I(q) (with 

incoherent background subtracted) is then Fourier-transformed to obtain the pair distance 

distribution function p(r) in real space. For non-interacting scatterers, I(q) and p(r) are 

related by:51 

 I q p r qr
qr

dr( ) ( ) sin( )
=

∞

∫4
0

π  (2.19) 

The p(r) provides information on the shape and size of the scattering entities. In 

particular, the largest dimension of the scatterers can be estimated, corresponding to the 

value of r beyond which p(r) = 0. IFT analysis was implemented using the commercial 

PCG software package.   

 

2.6.3. Dynamic Light Scattering (DLS) 

Static scattering techniques such as SANS provide important information about 

the quiescent structure in complex fluids. Dynamic scattering techniques have a 

complementary role in that they probe structural relaxations and dynamics. In particular, 
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dynamic light scattering (DLS) probes the Brownian motion of particles in the fluid. This 

method can give a reliable estimate of particle size under certain limiting conditions. In a 

DLS experiment, the fluctuating intensity of light scattered from the sample is recorded at 

a certain angle θ. The fluctuations are then correlated to yield the intensity 

autocorrelation function g(2)(q,τ) vs. the correlation time τ:52 

  (2)
2

( , ) ( , )
( , )

( , )
I q t I q t

g q
I q t

τ
τ

+
=  (2.20) 

Note that in light scattering, the definition of the wave vector is slightly modified as: 

 4 sin
2

nq π θ
λ

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (2.21) 

where n is the refractive index of the medium (the wavelength of light through the 

medium is thus λ/n). Thus, in DLS, relaxation is measured at length scales of q–1.  

 

The measured intensity autocorrelation function g(2)(q, τ) can be converted into an 

electric field autocorrelation function g(1)(q, τ) through the Siegert relation: 

  
2(2) (1)( , ) 1 ( , )g q f g qτ τ= +  (2.22) 

Here, f is an adjustable parameter called the coherence factor that depends on the 

instrument geometry. For a dilute solution of monodisperse spherical particles, the 

electric-field autocorrelation function is a single exponential whose time decay is 

determined by the translational diffusion coefficient of the particle D: 

  ( )(1) 2( , ) expg q Dqτ τ= −  (2.23) 

From the measured diffusion coefficient, the particle size can be obtained by the Stokes-

Einstein equation: 
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  B

h6
k TD

Rπη
=  (2.24) 

where kB is the Boltzmann constant, T the absolute temperature and η the viscosity of the 

solvent (assumed to be a Newtonian liquid). The size obtained from DLS is the 

hydrodynamic radius Rh. The hydrodynamic size is the bare particle size along with any 

solvation layer.    
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Chapter 3 

 

REVERSE WORMLIKE MICELLES OF BILE SALTS AND 

LECITHIN 
 

The results presented in this chapter have been published in the following journal article: 

Shih-Huang Tung, Yi-En Huang and Srinivasa R. Raghavan, “A New Reverse Wormlike 

Micellar System: Mixtures of Bile Salt and Lecithin in Organic Liquids.” J. Am. Chem. 

Soc. 128, 5751-5756 (2006). 

 

3.1. INTRODUCTION 

In this chapter, we describe our first study, which puts forward a new route to 

forming reverse wormlike micelles in organic liquids (“oils”). The self-assembly of 

reverse wormlike micelles has been studied for more than two decades, following the 

work of Luisi and co-workers.7-12 The first examples of such micellar systems were 

ternary mixtures of the type lecithin/water/oil.8 Lecithin is a zwitterionic phospholipid 

with two alkyl tails (Figure 1.1), which when added alone to oil gives rise to reverse 

spherical or ellipsoidal micelles. When a small quantity of water is added to these fluids, 

the micelles grow axially into flexible cylinders. Thus, the crucial component is water, 

and the molar ratio of water to lecithin (denoted by w0) is the key parameter in dictating 

reverse micellar growth. The growth of these micellar chains and their subsequent 

entanglement into a transient network transforms the sample into a highly viscous and 

viscoelastic one.10,12 In turn, the viscosity in the limit of low shear rates, i.e., the zero-



 

 30

shear viscosity η0, is enhanced by several orders of magnitude relative to that of neat 

lecithin solutions.  

 

Here, we report that an entirely different class of additives – bile salts – can 

induce lecithin to form reverse worms in organic solvents. Bile salts are facial 

amphiphiles, with a polar and a non-polar face (Figure 1.1).20 We suggest that this 

“facially amphiphilic” structure of bile salts is critical to their ability to induce the growth 

of lecithin reverse worms – indeed, the role of bile salt is potentially quite analogous to 

that of water in this regard. Interestingly also, we find that micellar growth is induced by 

very small concentrations of bile salt – i.e., at molar ratios of bile salt to lecithin much 

less than one. In this regard, the action of bile salts on reverse micelles is similar to the 

action of aromatic “binding” salts like sodium salicylate on cationic micelles in water. 

This similarity implies a strong binding of bile salts with the reverse micelles, and we 

will elaborate on this point later in this chapter.    

 

Apart from their scientific peculiarity, there are other reasons for studying bile 

salt-lecithin reverse micelles. Currently, there is much interest in using reverse micelles 

as hosts for enzymes1-3 and also in drug delivery.4-6 Studies have found that biomolecules 

or drugs encapsulated in reverse micelles can show good biological activity; however, the 

stability of these molecules is often inversely related to the amount of water present in the 

formulation. The reverse micelles described here are formed without any added water and 

could thereby offer some advantages for the encapsulation of biological or organic 

molecules. In addition, the study of these reverse micelles could also provide insights into 
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physiological processes involving lecithin, bile salt, and non-polar substances such as fats 

or fatty acids.  

 

3.2. EXPERIMENTAL SECTION 

Materials. Soybean lecithin (95% purity) was purchased from Avanti Polar Lipids, Inc. 

The bile salts, sodium deoxycholate (SDC, > 97% purity), sodium cholate (SC, > 99%), 

sodium tauro-deoxycholate (STDC, > 97%), and sodium taurocholate (STC, > 97%) were 

purchased from Sigma-Aldrich. Cyclohexane, iso-octane, and isopropyl palmitate were 

purchased from EM Sciences, Fisher and TCI, respectively. N-hexane, 1-hexene, and 

n-decane were purchased from Sigma-Aldrich. Deuterated cyclohexane (99.5% D) was 

obtained from Cambridge Isotopes. 

 

Sample Preparation. Mixed solutions containing bile salt and lecithin were prepared as 

follows. Lecithin and bile salt were dissolved in methanol to form 200 mM and 100 mM 

stock solutions, respectively. Samples of desired composition were prepared by mixing 

the stock solutions. Methanol was removed by drying the samples in a vacuum oven at 

50°C for 48 hours. The final samples with desired concentrations were obtained by 

adding the organic solvent, followed by stirring till the solutions became transparent and 

homogeneous. The above procedure ensured the removal of any residual water from the 

sample, and thereby facilitated reproducible sample preparation.  

 

Residual Water Content. Residual water content in the dried bile salt samples was 

studied using 1H NMR on a Bruker 400 MHz spectrometer. The studies revealed the 
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presence of residual water at a 0.9:1 molar ratio in these samples. This aspect is further 

elaborated in the Discussion section of the paper. 

 

Rheology. Steady and dynamic rheological experiments were performed on a 

Rheometrics RDA-III strain-controlled rheometer. A parallel-plate geometry of 25 mm 

radius was used for all samples. The plates were equipped with Peltier-based temperature 

control and all samples were studied at 25 + 0.1°C. A solvent trap was used to minimize 

cyclohexane evaporation. Frequency spectra were conducted in the linear viscoelastic 

regime of the samples, as determined from dynamic strain sweep measurements. For the 

steady shear experiments, sufficient time was allowed before data collection at each shear 

rate so as to ensure that the viscosity reached its steady-state value.  

 

Small Angle Neutron Scattering (SANS). SANS measurements were made on the NG-7 

(30 m) beamline at NIST in Gaithersburg, MD. Neutrons with a wavelength of 6 Å were 

selected. The distances between sample chamber and detector were 1.2 m and 15 m. The 

range of scattering vector q was 0.004~0.4 Å-1. Samples were prepared with deuterated 

cyclohexane and studied in 1 mm quartz cells at 25°C. The scattering spectra were 

corrected and placed on an absolute scale using calibration standards provided by NIST. 

The data are shown for the radially averaged intensity I versus the scattering vector q = 

(4π/λ) sin(θ/2), where λ is the wavelength of incident neutrons and θ is the scattering 

angle. Modeling of SANS data was done using software modules provided by NIST to be 

used with the IGOR graphing package.53 Details of these models have been discussed 

earlier in Section 2.6.2. 
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3.3. RESULTS 

3.3.1. Lecithin/SDC/Cyclohexane: Phase Behavior and Rheology  

We first focus on mixtures of lecithin and the bile salt, sodium deoxycholate 

(SDC) in cyclohexane. Results with other bile salts and in other nonpolar solvents will be 

discussed later. We chose cyclohexane because our results could be compared with those 

for lecithin/water/cyclohexane mixtures from the literature. In cyclohexane, lecithin 

forms reverse spherical or ellipsoidal micelles and the resulting solutions have a low 

viscosity, essentially identical to that of the solvent.12 Adding SDC to these solutions 

increases the viscosity dramatically. This is evident even by visual observation – for 

example, the sample barely flows when the vial is tilted, and bubbles remain trapped in 

the fluid for long periods of time. To quantify the effect of SDC, we conducted 

rheological experiments at a fixed lecithin concentration of 100 mM and with increasing 

concentrations of SDC. The results are expressed as a function of B0, the molar ratio of 

bile salt to lecithin.  

 

Figure 3.1 shows the zero-shear viscosity η0
 of 100 mM lecithin solutions as a 

function of B0. The values of η0 were obtained from steady-shear rheological experiments 

in the limit of low shear rates, where the viscosity asymptotically approached a plateau. 

We note that η0 increases by five orders of magnitude as B0 increases from 0.2 to 0.45. 

All these solutions are transparent and isotropic at rest, with the more viscous samples 

showing a weak birefringence under flow (e.g., on shaking a vial). Photographs of sample   
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vials for B0 = 0.2 and 0.4 are also shown in Figure 3.1. The B0 = 0.4 sample is shown in 

an inverted vial to highlight how slowly the sample flows under gravity because of its 

high viscosity. Note that, because this sample does flow, albeit slowly, it cannot be 

termed a “gel” – the dynamic rheological data (Figure 3.2) confirm this point. A further 

interesting observation is that, above a B0 of 0.45, lecithin-SDC samples in cyclohexane 

phase-separate into two isotropic liquid phases, one nonviscous and the other viscous (see 

photograph of typical sample on the top right in Figure 3.1). The lower phase, which is 
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Figure 3.1. Zero shear viscosity η0 of lecithin + bile salt (SDC) in cyclohexane at 25°C
as a function of B0, the molar ratio of bile salt to lecithin, with the lecithin concentration 
held constant at 100 mM. Photographs of three samples corresponding to different B0
values are also shown. At low B0, the sample is a solution of low viscosity. At a B0
around 0.4, the sample viscosity is a factor of 105 higher and the sample flows very 
slowly in the overturned vial. Finally, when B0 exceeds ca. 0.5, the sample phase-
separates into two co-existing liquid phases. 
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similar in viscosity to the one-phase samples at lower B0, contains most of the lecithin 

and SDC. The upper, nonviscous phase is a very dilute reverse micellar solution. A 

similar phase separation occurs for the lecithin-water-cyclohexane system at higher 

water:lecithin molar ratios.12    

 

 

 

 

 

 

 

 

 

 

 

To characterize the viscoelasticity of lecithin-SDC reverse worms, we turned to 

dynamic rheology. Figure 3.2 shows representative dynamic rheological data (elastic 

modulus G′ and the viscous modulus G″ as functions of frequency ω) for two samples 

containing 100 mM lecithin with B0 = 0.35 and 0.45. The data clearly reveal the 

viscoelastic response of these samples. That is, at high ω or short timescales, the samples 

show elastic behavior, with G′ tending to a plateau and dominating over G″. On the other 

hand, at low ω or long timescales, the samples show viscous behavior, with G″ exceeding 

G′ and the slopes of G′ and G″ being close to 2 and 1 respectively on the log-log plot. 
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Figure 3.2. Dynamic rheology at 25°C of two lecithin-SDC mixtures in cyclohexane. 
The samples contain 100 mM lecithin and the SDC:lecithin molar ratios are B0 = 0.35 
and 0.45. The plot shows the elastic modulus G′ (filled circles) and the viscous modulus 
G″ (unfilled triangles) as functions of frequency ω. Fits to a single-relaxation-time 
Maxwell model are shown as solid lines for the B0 = 0.35 sample.  
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The dominant relaxation time tR of these viscoelastic samples can be estimated as 1/ωc, 

where ωc is the frequency at which G′ and G″ cross. In Figure 3.2, we also show fits to 

G′(ω) and G″(ω) for the 0.35 sample using a Maxwell model with a single relaxation 

time. The predictions of this model are:27  
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G t
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+
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Here, Gp is the plateau modulus, i.e., the value of G′ in the high-frequency limit. We note 

that the Maxwell model fits the data reasonably well, especially at low and intermediate 

frequencies, while there is a slight discrepancy at high frequencies. This confirms that a 

single relaxation time (or a narrow spectrum of relaxation times) dominates the 

rheological response of this sample. Maxwell fluid-like behavior is indicative of 

entangled wormlike micelles, both normal and reversed.27 

 

Figure 3.3 shows the variation of dynamic rheological parameters with bile salt 

concentration. Here, the plateau modulus Gp and the relaxation time tR (= 1/ωc) are 

plotted as a function of B0 for a fixed lecithin concentration of 100 mM. Both Gp and tR 

are seen to increase steeply with B0. The increase of relaxation time tR with B0 is related 

to the growth of reverse micellar chains upon addition of bile salt. A similar increase in tR 

is seen for cationic worms in water as they grow upon addition of aromatic salts.23,24 

However, the sharp increase in plateau modulus Gp is unexpected. For comparison, the 

Gp of cationic worms is generally independent of salt for a fixed surfactant content.24 An 

increase in Gp generally implies an increase in the volume fraction of entangled 
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micelles.27 One can thereby consider the bile salt to have a dual rule: not only does it 

induce the growth of lecithin reverse micelles, but also it induces a greater number of 

such micelles to form. A mechanism where bile salt molecules are incorporated into the 

body of the reverse micelle can explain these results, and is discussed later in this paper. 

 

 

 

 

 

 

 

 

 

 
 

 

We now describe the variation of rheological parameters with lecithin volume 

fraction φ at fixed values of the bile salt-to-lecithin molar ratio B0. The scaling of the 

plateau modulus Gp vs. φ is shown in Figure 3.4a for two different B0 (0.35 and 0.45), 

and similar data for the zero-shear viscosity η0 vs. φ  are shown in Figure 3.4b. As 

expected, both Gp and η0 increase steeply with φ, with the data following power laws. 

However, the power law exponents are unexpectedly large. Taking the case of Gp first, 

the reptation theory of De Gennes predicts Gp ~ φ2.25 for semidilute entangled polymers.54 

The same exponent of 2.25 is predicted in the semidilute regime for entangled linear 
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Figure 3.3. Plateau modulus Gp and relaxation time tR for lecithin-SDC mixtures in 
cyclohexane as a function of the SDC:lecithin molar ratio B0. The lecithin concentration 
in these samples is 100 mM. The parameters were extracted from dynamic rheological
spectra such as those shown in Figure 3.2.  
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worms as well, and this has been verified experimentally for many aqueous and reverse 

wormlike micellar systems.23,24,27 Here, on the other hand, the power-law exponents from 

Figure 3.4a for Gp are 3.4 ± 0.2 for B0 = 0.35 and 3.0 ± 0.1 for B0 = 0.45. These values 

are considerably larger than the theoretical exponent of 2.25, and the discrepancy arises 

possibly because the bile salt induces an increase in the volume fraction of reverse 

wormlike micelles. A similar scenario occurs with the η0 vs. φ data in Figure 3.4b, where 

the power-law exponents are 4.4 ± 0.2 and 4.0 ± 0.2 for B0 = 0.35 and B0 = 0.45, 

respectively. These exponents are larger than those typically reported for nonionic or 

charge-screened wormlike micelles in water.23,24,27  

 

 

 

 

 

 

 

 

 

3.3.2. Lecithin/SDC/Cyclohexane: Small-Angle Neutron Scattering (SANS) 

Having characterized the rheology, we now turn to SANS to elucidate the 

underlying microstructure in lecithin-bile salt samples. For these experiments, samples 

Figure 3.4. Rheological parameters for lecithin-SDC mixtures as a function of the 
lecithin volume fraction φ. Data are provided for two values of the SDC:lecithin molar
ratio B0. Figure 3.4a shows the plateau modulus Gp and Figure 3.4b the zero-shear 
viscosity η0. 
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were made in deuterated cyclohexane (these samples were rheologically identical to those 

made in cyclohexane). We fixed the lecithin concentration at a relatively low value of 

20 mM for the SANS experiments so as to keep the micellar volume fraction low and 

thereby minimize intermicellar interactions (structure factor contributions). SANS spectra 

(I vs. q) for 20 mM lecithin solutions containing varying amounts of bile salt (B0 ranging 

from 0 to 0.4) are shown in Figure 3.5. Clearly, the addition of bile salt causes a dramatic 

increase in the low-q scattering while the intensity at higher q remains practically 

unchanged. The increase in low-q scattering is consistent with the growth of elongated 

structures.47 Thus, the SANS data immediately provide a qualitative confirmation of 

reverse micellar growth induced by the bile salt.  
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Figure 3.5. SANS data from samples in deuterated cyclohexane containing 20 mM
lecithin and different SDC:lecithin molar ratios B0. The solid curves through the data are 
fits to appropriate models (see text for details). 
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To obtain a more quantitative picture of micellar sizes, we model these SANS 

data using appropriate form factors. The fits are shown as solid curves through the data in 

Figure 3.5. First, for the case of lecithin in cyclohexane (B0 = 0), the micelles are 

modeled as ellipsoids of revolution (eq 2.9 and 2.10) with radii of 22 Å and 33 Å, 

respectively, for their minor and major axes. From the parameters, these micelles are 

found to be slightly oblate ellipsoids (incidentally, a model for polydisperse spheres does 

not fit the data as well). Upon the addition of bile salt, the micelles grow axially. For B0 = 

0.1 and 0.2, the micelles can be modeled as rigid cylinders (eq 2.6 and 2.7). The cylinder 

radius in each case is about 22 Å, while the contour length increases from ca. 96 Å for B0 

= 0.1 to ca. 289 Å for B0 = 0.2. With further increase in bile salt content, the micelles 

become even longer and their flexibility must be taken into account in modeling the 

SANS data. Thus, for B0 = 0.3 and 0.4, the micelles are modeled as semiflexible 

cylindrical chains (eq 2.11 and 2.12).48 For these cases, the cylinder radius is around 22 Å, 

the persistence length is ca. 190 Å, and the contour length of the chains increases from ca. 

700 Å for B0 = 0.3 to ca. 1440 Å for B0 = 0.4. In sum, the SANS data confirm that adding 

bile salt causes the rapid growth of reverse wormlike micelles. Our analysis also shows 

that the cross-sectional radius of the mixed lecithin-bile salt micelles is nearly the same as 

that of pure lecithin micelles. Thus, bile salts induce longitudinal micellar growth without 

expanding the micellar cross-section. 

        

3.3.3. Lecithin/SDC Micelles: Growth in Different Organic Solvents  

We have studied the bile salt-induced growth of reverse wormlike micelles in a 

range of organic solvents. In terms of reverse micelle growing ability, bile salts are very 



 

 41

similar to water, and Figure 3.6 presents a comparison between the two in terms of their 

worm-inducing abilities in different solvents. As stated in the Introduction, water is …….. 

 

 

 

 

 

 

 

 

 

well-known for its ability to induce growth of lecithin reverse worms. Interestingly, when 

water is added to a lecithin organosol, the viscosity increases to a maximum at a certain 

water:lecithin molar ratio w0
max, while further addition of water typically causes a 

decrease in viscosity, followed by phase separation.10,12 The behavior with bile salts is 

qualitatively different (Figure 3.1) – the viscosity increases with bile salt content 

monotonically until the phase boundary (the highest viscosities attained with bile salt and 

water are quite similar). For comparison, we focus on the molar ratio of bile salt:lecithin 

at which the viscosity is the highest, i.e., just prior to phase separation, and we denote this 

value by B0
max. Figure 3.6 thereby compares B0

max (for the bile salt, SDC) and w0
max for 
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Figure 3.6. Comparison of bile salt (SDC) and water in terms of their ability to induce
viscoelastic reverse micelles of lecithin in six different solvents. The lecithin 
concentration is fixed at 100 mM. The parameters plotted are the molar ratios of bile
salt:lecithin (B0

max) and water:lecithin (w0
max) at which the zero-shear viscosities of the 

respective mixtures reaches a maximum.  
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six different organic solvents, with the lecithin concentration fixed at 100 mM. While the 

differences from solvent to solvent presumably lie in their interactions with the lecithin 

head group,12 the important point from Figure 3.6 is that B0
max and w0

max generally track 

each other. For example, w0
max is ca. 10 for cyclohexane and ca. 4 for hexane, while 

B0
max  is 0.45 for cyclohexane and 0.2 for hexane. Note that the B0

max values are much 

lower than the w0
max values – indeed, very small (less than equimolar) amounts of bile 

salt are sufficient to substantially increase viscosity. The low values of B0
max imply a 

strong binding of the bile salt to the lecithin reverse micelle, and this is elaborated further 

in the Discussion section.  

 

3.3.4. Lecithin Micelles in Cyclohexane: Induced by Different Bile Salts  

In addition to SDC, we have studied other bile salts, and a number of these are 

capable of inducing lecithin to form reverse worms in organic liquids. Figure 3.7 shows 

the structures of four such bile salts and a comparison of their worm-inducing abilities 

based on their B0
max values in cyclohexane (i.e., the bile salt:lecithin molar ratio at which 

the viscosity of 100 mM lecithin solutions reaches a maximum). All four bile salts 

induced highly viscoelastic reverse micellar solutions at less than equimolar ratios 

relative to the lecithin (the viscosities at the maximum point were comparable). From 

Figure 3.7, we note that the B0
max values are quite similar (~ 0.4) for SDC and sodium 

cholate (SC), both of which have a carboxylate functionality. The corresponding values 

for the bile salts with a taurine functionality, i.e., sodium taurodeoxycholate (STDC) and 

sodium taurocholate (STC), are about twice as high (~ 0.8), although these values are still 

lower than equimolar. Based on these results, it appears that the ability to induce growth 



 

 43

of reverse micelles is mainly related to the unusual “facially amphiphilic” structure of the 

bile salt amphiphile. The presence or absence of an extra hydroxyl group, or the nature of 

the headgroup itself, are relatively minor factors in terms of the ability of bile salts to 

induce growth of reverse worms.    

  

 

 

 

 

 

 

 

 

 

 

3.4. DISCUSSION 

In the preceding section, we have shown that bile salts can induce a dramatic 

growth of lecithin reverse micelles in organic solvents. The presence of long wormlike 

reverse micelles, in turn, imparts a strong viscoelastic character to the samples. Why are 

bile salts effective at inducing reverse micellar growth? This is the question that we will 

address in the current section.  
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Figure 3.7. Comparison of four different bile salts in terms of their ability to induce
viscoelastic reverse micelles of lecithin in cyclohexane. The lecithin concentration is
fixed at 100 mM and B0

max is the molar ratio of the respective bile salt:lecithin mixture at 
which the zero-shear viscosity reaches a maximum.  
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First, it is important to state that the micellar growth is indeed caused by the bile 

salt and is not an artifact due to residual water in the sample. To underscore this point, we 

have exhaustively dried both the lecithin and bile salt prior to use, as described in the 

Experimental section. Still, it is well-known that both soybean lecithin as well as the bile 

salts have a residual layer of bound water (ca. equimolar), which cannot be removed by 

drying.11 We have confirmed the presence of residual water at a 0.9:1 molar ratio by 1H 

NMR studies on dried bile salt samples. However, this residual water content is too small 

to explain our results. Consider our data for cyclohexane (Figure 3.6), where w0
max, i.e., 

the water:lecithin molar ratio at the viscosity maximum, is about 10. This means that we 

must add a significant amount of water to induce a high viscosity. For comparison, the 

value of B0
max, i.e., the bile salt (SDC):lecithin molar ratio at the viscosity maximum, is 

0.45. Clearly, we require a much lower amount of bile salt to induce a similar viscosity, 

and the difference is too large to attribute to residual water. Also, as indicated earlier, the 

progression in viscosity upon adding water and bile salt are quite different – with water, 

the viscosity goes through a peak, whereas with bile salt, the viscosity rises 

monotonically. Thus, our results clearly show that bile salts have a distinct influence on 

reverse micellar growth, and we offer below a mechanism to explain their effect. 

    

The type of self-assembled structure formed by amphiphiles is known to be 

governed by molecular geometry, and this relationship is usually expressed in terms of 

the critical packing parameter p = atail/ahg where atail and ahg are the cross-sectional areas 

of the tail and headgroup respectively.55 In water, ionic surfactants in the absence of salt 

have a p around 1/3 (i.e., a “cone” shape), which implies the formation of spherical 
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micelles. When salt is added, the effective headgroup area is reduced due to a reduction 

in the electrostatic screening length.27 In turn, the packing parameter p increases to 

around 1/2 (the molecule adopts a “truncated cone” shape) and the micelles consequently 

transform from spheres to rods.  

 

In the case of organic solvents, the formation of reverse micelles requires a 

packing parameter p well in excess of 1, and spherical reverse micelles evidently 

correspond to an inverse cone shape (Figure 3.8). For these spheres to grow into rods or 

worms, the packing parameter p must decrease. We believe that such a decrease is caused 

in the present lecithin-bile salt system by the binding of bile salt to the lecithin 

headgroups.42,43,56 In other words, the bile salt increases the headgroup area ahg while 

maintaining about the same tail area. The net effect is to decrease p and transform the 

effective geometry into a truncated cone (Figure 3.8), thereby driving a transition to long, 

cylindrical micelles. Note that in the proposed scenario, the bile salt orients its 

hydrophobic face outward into the organic solvent while its hydrophilic face is directed 

towards the interior of the micelle (the –OH groups of the bile salt possibly form 

hydrogen bonds with the lecithin headgroup).42 Thus, we believe the facially-amphiphilic 

structure of the bile salt is the key to its ability to induce lecithin reverse worms.  

 

 The above mechanism is supported by previous work on lecithin-bile salt 

mixtures in water.42,43,56-58 While lecithin alone tends to form vesicles in water, the 

addition of bile salt transforms these vesicles into cylindrical micelles.57,58 Such a 

transition implies a reduction in packing parameter from ca. 1 to ca. 1/2. This, in turn, has 
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been attributed to an increase in headgroup area due to the binding of bile salt with 

lecithin head groups. We hypothesize a similar binding of bile salt to lecithin in the 

context of our reverse micellar system.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Finally, we should point out that bile salts appear to have an analogous effect as 

water in inducing the formation of lecithin reverse worms. A number of studies have 

suggested that water is distributed in the headgroup region of lecithin reverse micelles, 

and that water molecules form hydrogen bonds with the phosphate groups of neighboring 

lecithin moieties.11,25,26 (Such a scenario can also explain why other hydrogen-bonding 
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Figure 3.8.  Schematic of the reverse micellar structures formed by lecithin with and 
without bile salt. Lecithin is shown as a molecule with a blue head and two red tails, 
while the bile salt is schematically represented following Figure 1.1. Lecithin alone tends 
to form approximately spherical reverse micelles in a nonpolar solvent (oil). When bile 
salt is added, its hydrophilic moieties bind to the lecithin headgroups, thus expanding the 
headgroup area. This alters the net geometry from a cone to a truncated cone, and thereby 
induces the spherical micelles to grow into flexible cylinders (worms). Note the 
orientation of bile salt molecules in the cylindrical micelles – their hydrophilic faces are 
turned inward while the hydrophobic faces are exposed to the external oil phase. 
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solvents have a similar effect as water on reverse micellar growth.25)  We believe that bile 

salt molecules, due to their planar structure, are distributed in a similar fashion between 

the lecithin headgroups. This explains why water and bile salts have similar effects on 

micellar growth. Note that the volume of a bile salt molecule is much larger than that of 

water, and therefore, a few molecules of bile salt can have the same effect on headgroup 

size as a much larger number of water molecules.  This aspect can help explain why a 

larger molar ratio of water compared to bile salt is necessary to reach the viscosity 

maximum, i.e., why w0
max is always larger than B0

max in Figure 3.6.   

 

3.5. CONCLUSIONS 

We have shown that the addition of bile salt to lecithin organosols induces a 

transition from discrete spherical reverse micelles to entangled networks of wormlike 

reverse micelles. In turn, the zero-shear viscosity rises by more than five orders of 

magnitude and the fluid shows a viscoelastic response with a single dominant relaxation 

time (Maxwell-fluid-like behavior). SANS measurements further confirm the presence of 

flexible wormlike cylinders in these samples. Micellar growth has been demonstrated 

with four different bile salts, and in each case, the molar ratio of bile salt to lecithin is the 

controlling parameter. We attribute the micellar growth to a change in molecular 

geometry caused by the binding of bile salt molecules to lecithin headgroups (and the 

resulting expansion of the headgroup area). The unique “facially amphiphilic” structure 

of bile salts allows them to get sequestered between lecithin headgroups in a manner 

similar to water, which explains why bile salts and water have analogous effects on 

reverse micellar growth.        
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Chapter 4 

TEMPERATURE EFFECTS ON REVERSE AND NORMAL 

WORMLIKE MICELLES 
 

The results presented in this chapter have been published in the following journal article: 

Shih-Huang Tung, Yi-En Huang and Srinivasa R. Raghavan, “Contrasting Effects of 

Temperature on the Rheology of Normal and Reverse Wormlike Micelles.” Langmuir, 23, 

372-376 (2007). 

 

4.1. INTRODUCTION 

In this chapter, we describe the different rheological responses to temperature of 

normal and reverse wormlike micelles. The self-assembly of amphiphilic molecules 

results in a variety of remarkable structures of diverse shapes and sizes.29 Among the 

most intriguing of these are the “wormlike micelles,” which are flexible cylindrical 

chains with radii of a few nanometers and contour lengths up to several microns.23,27,59 

These structures have fascinated scientists because they are similar to polymer chains in 

their ability to entangle into viscoelastic networks.27 At the same time, the micellar chains 

are held by weak, physical bonds unlike the covalent bonds in polymers – consequently, 

the chains can break and recombine, and their contour length is not fixed by chemical 

synthesis but by solution thermodynamics. From a rheological standpoint, wormlike 

micellar samples are interesting because they can behave as Maxwell fluids, i.e., as 

model viscoelastic fluids having just a single relaxation time.23,59  



 

 49

Wormlike micelles can be formed both in water as well as in nonpolar organic 

solvents (“oils”).59 In water, a variety of surfactants (cationic, anionic, zwitterionic) can 

give rise to these structures, although academic studies have largely focused on cationic 

surfactants combined with salt.23 The salt is necessary to screen the ionic repulsions 

between the surfactant heads and thereby induce a molecular geometry that is optimal for 

packing into cylinders. Note that in these “normal” worms, the polar surfactant heads are 

in contact with the solvent water, while the nonpolar tails are buried in the interior of the 

micelle. “Reverse” or “inverted” worms formed in oils have the opposite structure, with 

the nonpolar tails extending into the oil and the polar heads sequestered in the interior of 

the micelle. A typical recipe for reverse worms requires adding the phospholipid, lecithin 

into an organic solvent together with a small amount of water.10,12 The added water is 

believed to serve a similar purpose as the salts do in the aqueous system, in that it alters 

the geometry of the amphiphile to favor the formation of cylinders.               

  

Normal and reverse worms are generally considered to be analogous.59 Indeed, 

many theoretical considerations originally formulated to describe charge-screened worms 

in water have been shown to apply to reverse worms in oil as well.10,12 Furthermore, 

experimental studies have also confirmed the similar rheological behavior of normal and 

reverse worms – for example, the characteristic Maxwellian response can be observed 

with both kinds of structures.12,59 Also, key rheological parameters such as the zero-shear 

viscosity η0 or the relaxation time tR often exhibit a maximum as a function of a 

compositional variable in both types of systems.10,12,23,59 Such viscosity maxima have 

been attributed to the branching of worms in both cases.  
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In this Chapter, we report a key difference between normal and reverse worms 

with respect to how their rheological properties change upon heating. While both types of 

micelles show an exponential decrease in their viscosity with temperature, the decrease is 

more pronounced for reverse worms. We show that the rapid viscosity decrease of 

reverse worms is associated with an exponential reduction in their plateau modulus with 

temperature. This result is established for two different types of reverse worms, one being 

a lecithin/water mixture in oil10,12 and the other a newer system based on mixtures of 

lecithin and bile salt in oil.60 In contrast, the plateau modulus of normal worms remains 

constant with temperature, as shown here for a typical aqueous sample based on the 

cationic surfactant, cetylpyridinium chloride (CPyCl) in combination with the aromatic 

salt, sodium salicylate (NaSal). This distinction in rheological behavior has not been 

highlighted so far to our knowledge. We believe that the drop in plateau modulus with 

temperature for reverse worms gives crucial insights into the mechanism for their 

formation – specifically, it underscores the importance of hydrogen-bonding as the 

driving force for the uniaxial growth of these micelles.  

 

4.2. EXPERIMENTAL SECTION 

Materials. The cationic surfactant, CPyCl (99% purity), the aromatic salt, NaSal (99%), 

the bile salt, sodium deoxycholate (SDC) (97%) and n-decane (99%) were purchased 

from Sigma-Aldrich. The zwitterionic lipid, soybean lecithin (95%) was purchased from 

Avanti Polar Lipids, Inc. All chemicals were used as received. 
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Sample Preparation. Normal worms of CPyCl/NaSal were prepared by adding ultra-

pure deionized water from a Millipore water-purification system into weighed quantities 

of CPyCl and NaSal. The samples were heated to ~ 65°C under continuous stirring for 

approximately an hour till the solutions became homogeneous.  

 

Lecithin/water reverse worms were prepared in n-decane by adding the organic 

solvent into dry lecithin (dried in a vacuum oven at room temperature for 48 hours), 

followed by stirring till the lecithin was completely dissolved. Water was then added to 

the lecithin solutions, followed by heating and stirring till the sample became 

homogeneous.  

 

Lecithin/bile salt (SDC) reverse worms in n-decane were prepared by a procedure 

similar to that described in Chapter 3. First, lecithin and SDC were dissolved separately 

in methanol to form 200 mM and 100 mM stock solutions, respectively. Samples of 

desired composition were prepared by mixing the stock solutions. Methanol was removed 

by drying the samples in a vacuum oven at room temperature for 48 hours. The final 

samples with desired concentrations were obtained by adding n-decane, followed by 

stirring till the solutions became transparent and homogeneous. The above procedure 

ensured the removal of any residual water from the sample, and thereby facilitated 

reproducibile sample preparation. All samples were equilibrated at room temperature at 

least three days prior to conducting experiments. 
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Rheology. Steady and dynamic rheological experiments were performed on a AR2000 

stress-controlled rheometer (TA Instruments) using either parallel-plate or couette 

geometries, which were equipped with Peltier-based temperature control. A solvent trap 

was used to minimize sample evaporation. The samples were equilibrated for at least 10 

min at each temperature prior to conducing experiments. Frequency spectra were 

conducted in the linear viscoelastic regime of the samples, as determined from dynamic 

strain sweep measurements. For the steady shear experiments, sufficient time was 

allowed before data collection at each shear rate so as to ensure that the viscosity reached 

its steady-state value. 

 

4.3. RESULTS AND DISCUSSION 

4.3.1 Rheological Data as f(T) for Normal Worms  

We now describe the rheology of normal worms in water as a function of 

temperature, and we will subsequently contrast this behavior with that of reverse worms. 

Temperature effects on normal worms have been studied by a number of authors.24,61,62 

To illustrate the typical response, we show data for a cationic wormlike micellar fluid in 

Figure 4.1. The recipe we have used is a classic one involving the C16-tailed cationic 

surfactant, CPyCl combined with the aromatic salt, NaSal.23 Figure 4.1a shows dynamic 

rheological data (elastic modulus G′ and viscous modulus G″ as functions of frequency ω) 

for a sample of 235 mM CPyCl and 125 mM NaSal in water at 22°C, 28°C, 34°C, and 

40°C. The data are typical of viscoelastic wormlike micelles, with a plateau in G′ at high 

frequencies, and terminal behavior of G′ and G″ (slopes of 2 and 1 respectively) at low 
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Figure 4.1. (a) Dynamic rheology of a normal worm sample (235 mM CPyCl + 125 mM 
NaSal in water) at different temperatures. Data are shown for the elastic modulus G′
(circles) and the viscous modulus G″ (diamonds) as functions of frequency ω. The solid 
lines are fits to a single-relaxation-time Maxwell model. (b) The same data in a Cole-
Cole plot. (c) Arrhenius (semilog) plot of the plateau modulus Gp, relaxation time tR and 
zero-shear viscosity η0 as functions of 1/T.  
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frequencies. Moreover, the sample is nearly a Maxwell fluid over the range of 

temperatures – fits are shown at 22°C to a single-relaxation-time Maxwell model, given 

by the equations below:59   

 
2 2

p R
2 2

R

( )
1
G t

G
t

ω
ω

ω
′ =

+
; p R

2 2
R

( )
1
G t

G
t

ω
ω

ω
′′ =

+
 (4.1) 

Here Gp is the plateau modulus and tR is the relaxation time corresponding to 1/ωc, where 

ωc is the crossover frequency at which G′ and G″ intersect. We note that the Maxwell 

model fits the data well, especially at low and intermediate frequencies, as has been 

shown for normal worms.23,59  

 

Turning to the effect of temperature on the rheological data, we can note several 

trends from Figure 4.1a. As temperature increases, the entire frequency spectrum moves 

to the right (i.e., to higher frequencies or shorter timescales), but the plateau modulus Gp 

remains constant.24,61,62 Gp values can be estimated equivalently from Cole-Cole plots 

(Figure 4.1b). The Cole-Cole equation is expressed by: 

 ( ) ( )2 22' "/ 2 / 2p pG G G G− + =  (4.2) 

At the midpoint of the semicircle, G′ = G″= Gp/2. Note that the semicircle radius in the 

Cole-Cole plot is independent of temperature, which implies that the value of Gp is also 

independent of temperature. The shift in crossover frequency ωc to higher values means 

that the relaxation time tR decreases with temperature. The variation of Gp and tR with 

temperature are shown in Figure 4.1c on an Arrhenius plot, i.e., a semilog plot of the 

quantities vs. 1/T. We find that the tR values fall on a straight line, indicating an 

exponential decrease that can be represented by the following equation:24,27 
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 ( )R aexp /t A E RT=  (4.3) 

where Ea is the flow activation energy, R the gas constant, T the absolute temperature and 

A the pre-exponential factor. Figure 4.1c also plots the zero-shear viscosity η0 as a 

function of 1/T. The η0 values are the viscosities in the Newtonian plateau at low shear-

rates from steady-shear rheological experiments. We obtain nearly the same values of η0 

from the dynamic data using the Maxwell fluid relation η0 = GptR. Significantly, the η0 

data in Figure 4.1c also fall on a straight line with approximately the same slope as the tR 

line.  This result can be understood by combining the above Maxwell relation with eq 

4.3:24  

 ( )0 p aexp /G A E RTη =  (4.4) 

Eq 4.4 shows that, when Gp is constant with temperature, η0 will decrease exponentially 

with the same flow activation energy Ea. In other words, for a sample of normal worms, 

we can obtain Ea from the temperature dependence of either η0 or tR. For the present 

sample, we obtain Ea to be ca. 147 kJ/mol, which is comparable to reported values.24,61,62 

 

The above trends for Gp,η0 and tR as functions of temperature have been observed 

for numerous kinds of normal worms.24,27,61,62 It is worth reviewing the mechanistic 

underpinnings for these results. As mentioned earlier, the average worm length L  is a 

thermodynamic quantity and it is predicted to decrease exponentially with temperature 

according to the equation:27 

 [ ]1/ 2
c Bexp / 2L E k Tφ  (4.5) 
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Here, φ is the volume fraction of worms, Ec is the end-cap energy (i.e., the excess energy 

associated with the hemispherical caps compared to the cylindrical body of the worm), 

and kB is Boltzmann’s constant. A decrease in L  will affect the dynamics of micellar 

stress relaxation. The relaxation time tR is determined by a competition between micellar 

breaking and chain reptation, and Maxwellian behavior is generally observed when the 

breaking time τB is much lower than the reptation time τrep.27 In this fast-breaking regime, 

the relaxation time tR = (τrepτB)½. Because τrep ~ 3L , a decrease in L  will cause a drastic 

reduction in τrep, and this is the dominant effect on tR.27 Thus, as the worms grow 

exponentially shorter, they will relax exponentially faster, and this is indeed what is 

found empirically. The decrease in worm length will have no effect on the plateau 

modulus Gp, however. This is because Gp is primarily related to the mesh size ξ of the 

entangled network, and in the semidilute regime, ξ is a function only of the volume 

fraction φ of entangled worms:27 

 0.75B
p 3   ;   ~k TG ξ φ

ξ
−=  (4.6) 

Thus, with increasing temperature, as long as the volume fraction φ remains the same, the 

network mesh size will be independent of worm length and Gp will remain constant.    

 

4.3.2. Rheological Data as f(T) for Reverse Worms  

We now describe the temperature dependence of the rheology of reverse worms. 

Again, we have chosen a classic recipe for forming these worms, involving 125 mM soy-

bean lecithin and 250 mM deionized water added to the nonpolar solvent, n-decane.10,12 
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Figure 4.2. (a) Dynamic rheology at different temperatures of a water-induced reverse 
worm sample (125 mM lecithin + 250 mM water in n-decane ). The elastic modulus G′
(circles) and the viscous modulus G″ (diamonds) are shown as functions of frequency ω. 
The solid lines are fits to a single-relaxation-time Maxwell model. (b) The same data in a 
Cole-Cole plot. (c) Arrhenius (semilog) plot of the plateau modulus Gp, relaxation time tR

and zero-shear viscosity η0 as functions of 1/T.  
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Figure 4.2a shows the dynamic rheological data for this sample at 22°C, 28°C, 34°C, and 

40°C. Here again, we observe the viscoelastic behavior typical of entangled networks. 

Maxwell model fits (eq 4.1) are shown at 22°C, and the fit is again reasonable at low to 

moderate frequencies (deviations at high frequencies can be attributed to alternate 

“breathing” modes of stress relaxation).12 As temperature is raised, the entire frequency 

spectrum moves both downwards and to the right (i.e., towards decreasing moduli and 

increasing frequency). Specifically, note the behavior of the plateau modulus Gp. In 

contrast to the constant Gp observed for normal worms (Figure 4.1a), Gp for the reverse 

worms is seen to decrease upon heating (Figure 4.2a and 4.2b). Figure 4.2c plots the 

variation of Gp, η0 and tR vs. 1/T and we find that all three quantities decrease 

exponentially with temperature. Note that the Gp values have been estimated from 

Maxwell model fits or from Cole-Cole plots (Figure 4.2b).12 Figure 4.2c also shows the 

slope of the Arrhenius plot for η0 to be greater than that for tR, indicating that the 

viscosity decreases more rapidly with temperature than the relaxation time.   

 

Figure 4.2 thus indicates a qualitatively different rheological variation with 

temperature for reverse worms compared to normal worms. We have observed similar 

results for all reverse worm samples in the lecithin/water/n-decane system as well as with 

other non-polar solvents. One might wonder if the same pattern occurs for reverse worms 

that do not involve water as an additive. Recently, we have reported that bile salts, which 

are naturally-occurring “facial” amphiphiles, act just like water and induce reverse worms 

of lecithin in organic solvents.60 It is therefore useful to examine temperature effects for 

these bile salt-based reverse worms. We show results in Figure 4.3 for a reverse worm 
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Figure 4.3. (a) Dynamic rheology at different temperatures of a bile salt-induced reverse 
worm sample (125 mM lecithin + 18.75 mM SDC in n-decane ). The elastic modulus G′
(circles) and the viscous modulus G″ (diamonds) are shown as functions of frequency ω. 
The solid lines are fits to a single-relaxation-time Maxwell model. (b) The same data in a 
Cole-Cole plot. (c) Arrhenius (semilog) plot of the plateau modulus Gp, relaxation time tR

and zero-shear viscosity η0 as functions of 1/T.  
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sample obtained by combining 125 mM lecithin and 18.75 mM of the bile salt, sodium 

deoxycholate (SDC) in n-decane. This sample also shows a viscoelastic response 

characteristic of entangled micelles (Figure 4.3a), and once again, the entire frequency 

spectrum moves to lower moduli and higher frequencies as temperature is increased. 

Thus, for bile salt-induced reverse worms also, the plateau modulus Gp decreases upon 

heating (Figure 4.3b). Figure 4.3c confirms the exponential drop in Gp, η0 and tR with 

temperature, as was seen in Figure 4.2c. Note that, here again, the zero-shear viscosity 

decreases more rapidly with temperature than does the relaxation time.    

 

A notable feature exists in regard to the variation of Gp, η0 and tR for the two 

reverse worm samples (Figures 4.2c and 4.3c). Both these samples are sufficiently close 

to being Maxwell fluids such that the relation η0 = GptR holds to a good approximation 

(the η0 from steady-shear rheology and the η0 calculated by the above relation match to 

within 6%). As a result, the slopes of the straight lines in Figures 4.2c and 4.3c obey the 

rule of exponents, i.e., Ea[η0] = Ea[Gp] + Ea[tR], where we have assigned activation 

energies for each rheological parameter. In particular, for lecithin/water/n-decane reverse 

worms (Figure 4.2c), we find Ea[Gp] = 53 kJ/mol, Ea[tR] = 215 kJ/mol, and the sum of 

these quantities is close to the empirical value of Ea[η0], which is 261 kJ/mol. Similarly, 

for lecithin/SDC/n-decane reverse worms (Figure 4.3c), we find Ea[Gp] = 52 kJ/mol, 

Ea[tR] = 157 kJ/mol, and their sum matches almost exactly with the empirical Ea[η0] of 

208 kJ/mol. Note that the quality of Arrhenius fits in Figures 4.1-4.3 is uniformly very 

good, so that the error in Ea is low (< 1%). It is interesting that the activation energies for 

Gp are nearly identical for the two reverse worm samples. Also, note that the activation 
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energies for η0 are higher for the reverse worms than for the normal worms in Figure 4.1 

(implying a more rapid decrease in viscosity with temperature for the reverse worms). 

 

4.3.3. Mechanistic Differences Between Normal and Reverse Worms  

We now put forward a plausible explanation for the observed contrast in behavior 

between normal and reverse worms. For normal worms, the derivation of eq. 4.5 for their 

contour length assumes that they have a constant end-cap energy Ec.27 In other words, the 

driving force for forming worms is assumed to be independent of temperature. The 

dominant driving force for micellization in general arises from the hydrophobic effect.29 

For CPyCl/NaSal micelles to grow from spheres to worms in water, a strong electrostatic 

binding of the salicylate anions to the cationic pyridinium headgroups is also necessary.23 

But neither the hydrophobic interaction nor the electrostatic binding is expected to be 

strongly temperature dependent,29 which is why it is indeed reasonable to assume a 

constant Ec as a function of temperature for normal worms (indeed, this conclusion has 

been validated by both theoretical27 and experimental24 studies). The predominant effect 

of temperature on the micelles is thus to simply accelerate the dynamics of surfactant 

exchange between them.27 This rapid exchange of surfactant unimers weakens the impact 

of having unfavorable end-caps (i.e., individual surfactant molecules spend less time in 

their end-caps at a higher temperature). As a result, more end-caps can be formed, and 

this implies shorter worms. Although the worms get shorter upon heating, they are 

presumably still long enough to entangle so that the volume fraction of entangled worms 

remains constant, and this in turn explains why Gp is constant with temperature for 

normal worms.       
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In the case of reverse micelles, for spheres to grow into worms, the area per 

headgroup has to increase. In both the lecithin/water12 and lecithin/bile salt60 systems, the 

binding of water or bile salt to the lecithin headgroups is postulated to cause this increase. 

The binding in each case is believed to occur by hydrogen bonding between pairs of 

hydroxyl moieties on the headgroups and the additives.12,60 In contrast to electrostatic or 

hydrophobic interactions, hydrogen bonds are expected to be temperature sensitive. 

Indeed, both theoretical and experimental studies show that hydrogen-bonding 

interactions decay exponentially with temperature.63,64 A weakening of hydrogen bonds 

would, in turn, reduce the driving force for growth of long reverse worms. Thus, there are 

two factors at play for reverse worms as temperature is increased: first, the accelerated 

dynamics of surfactant exchange (same as in normal worms), and second, a reduced 

driving force for micellar growth (unique to reverse worms, since they are dependent on 

hydrogen-bonding interactions). In other words, while the end-cap energy Ec is 

approximately constant for normal worms, it may be a decreasing function of temperature 

for reverse worms (and this decrease could be related to Ea[Gp]). The net result would be 

to cause a rapid decrease in contour length for reverse worms upon heating (Figure 4.4). 

Moreover, since a population of worms is always highly polydisperse,27 we believe that 

the worms at the tail of the distribution quickly fall below a length that is sufficient for 

entanglement, as shown in Figure 4.4. If this is true, the volume fraction of entangled 

reverse worms would drop, which (by eq 4.6) can explain the drop in plateau modulus Gp 

with temperature for these samples.  
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4.4. CONCLUSIONS 

In conclusion, we have presented rheological data to show that normal and 

reverse worms respond differently to temperature. For normal worms, the plateau 

modulus Gp remains constant with temperature, while the relaxation time tR and zero-

shear viscosity η0 drop exponentially. For reverse worms, in addition to tR and η0, Gp also 

Figure 4.4. Schematic depiction of structural changes in lecithin-based reverse worms as 
a function of temperature. At low temperatures, the worms are very long and entangled.
At higher temperatures, the worms are much shorter, and some of them are so short that
they are not entangled with the rest (i.e., the volume fraction of entangled worms drops
with temperature). A contributing factor to the decrease in worm length is the weakening
of H-bonding interactions between lecithin and the polar additive (water or bile salt). In
turn, the effective geometry of the amphiphile is altered in such a way as to disfavor the
growth of reverse worms.     
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decreases exponentially with temperature. This result has been confirmed for two 

different reverse worm samples (lecithin/water/n-decane and lecithin/bile-salt/n-decane). 

We suggest that the decrease in Gp for reverse worms is due to a weakening of the 

hydrogen-bonding interactions that control the effective amphiphile geometry in these 

systems. The results presented here emphasize the importance of hydrogen-bonding as 

the key factor that dictates the self-assembly and growth of reverse micelles.    
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Chapter 5 

STRAIN-STIFFENING BEHAVIOR OF REVERSE 

WORMLIKE MICELLES 
 

5.1. INTRODUCTION 

In this chapter, we describe an unusual strain-stiffening behavior in transient 

networks formed by reverse wormlike micelles. Strain-stiffening is a nonlinear 

rheological response closely associated with biological materials such as blood clots, 

cornea, and cytoskeletal networks.65 The phenomenon refers to an increase in modulus 

(stiffness) when the material is strained above its linear regime of deformations. Such 

behavior is unusual because most classes of soft matter (polymeric or colloidal) tend to 

soften monotonically when deformed under non-linear conditions. Although there are a 

few examples of strain-stiffening in synthetic materials such as in colloidal gels or 

associating polymer solutions, the effects in these cases tend to be quite weak.66-71 

Currently, model studies on strain-stiffening are almost always conducted with 

biopolymer gels, such as those of actin, keratin, or fibrin.65,72-74 Indeed, the ubiquity of 

strain-stiffening in biology has led researchers to speculate if this property may have 

physiological relevance since it prevents biological materials from experiencing high 

deformations.    

 

Two different theories have recently been offered for strain-stiffening. The first is 

based on the non-linear stretching of semiflexible filaments.65 A filament is considered 
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semiflexible when its persistence length lp and contour length Lc are comparable. For 

such filaments, the force required to stretch out the thermal bending fluctuations diverges 

dramatically at large deformations, which is believed to cause the stiffening behavior. An 

alternative explanation has also been suggested, which attributes strain-stiffening to a 

transition from a bending-dominated response to a stretch-dominated response as strain is 

increased.72 Both these theories, however, apply only to networks with permanent 

crosslinks – the bending or stretching is associated with chain segments between adjacent 

crosslink points.   

 

In this study, we report the occurrence of strain-stiffening for viscoelastic 

solutions containing reverse wormlike micelles. The term “reverse” refers to the fact that 

the micelles are formed in nonpolar solvents, unlike “normal” micelles in water. Reverse 

worms are long, cylindrical filaments and their entanglement leads to a transient 

network.60 That is, unlike the model biopolymer networks in which strain-stiffening is 

generally studied, the crosslink points in reverse worm networks are not permanent. 

Moreover, we will show that the reverse worms studied here probably have a low 

persistence length, i.e., they are quite flexible compared to the rigid or semiflexible 

biopolymer filaments. In other words, neither a permanent network nor the presence of 

rigid filaments may be necessary conditions for strain-stiffening to occur. An alternate 

model to explain this phenomenon will be proposed later in this paper. 

 

The reverse worm samples in which we find strain-stiffening are mixtures of the 

phospholipid, lecithin with a small amount of the bile salt, sodium deoxycholate (SDC) in 
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a nonpolar organic solvent such as cyclohexane or n-decane.60 The lecithin/SDC system 

represents a new class of reverse worms, and we have recently characterized these 

samples using rheology and small-angle neutron scattering (SANS). For comparison, the 

original and widely studied recipe for making reverse worms is to combine lecithin with a 

small amount of water in organic solvents.8 Both water and SDC are believed to induce 

growth of reverse spherical micelles into reverse worms by a similar mechanism, which 

involves the formation of hydrogen bonds with the headgroups of lecithin.75 However, a 

significant finding from the present study is that lecithin/water reverse worm samples do 

not exhibit strain-stiffening, while lecithin/SDC ones do.     

 

5.2. EXPERIMENTAL SECTION 

Materials and Sample Preparation. Materials and sample preparation were similar to 

those described in Chapter 3. 

 

Rheology. Steady and dynamic rheological experiments were performed on a 

Rheometrics RDA-III strain-controlled rheometer. A couette geometry was used for all 

samples, which was equipped with water bath temperature control and all samples were 

studied at 25 + 0.1°C. A solvent trap was used to minimize cyclohexane evaporation. For 

the steady shear experiments, sufficient time was allowed before data collection at each 

shear rate so as to ensure that the viscosity reached its steady-state value. 

 

Small Angle Neutron Scattering (SANS). SANS measurements were made on the NG-7 

(30 m) beamline at NIST in Gaithersburg, MD. Neutrons with a wavelength of 6 Å were 
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selected. Three distances of 1m, 4m and 13.25m between sample and detector were used, 

so as to yield a range of scattering vector q from 0.003 to 0.5 Å-1. Samples for SANS 

studies were prepared with deuterated cyclohexane and were measured in 1 mm quartz 

cells at 25°C. The scattering spectra were corrected and placed on an absolute scale using 

calibration standards provided by NIST. The data presented here are for the radially 

averaged intensity I versus the scattering vector q = (4π/λ) sin(θ/2), where λ is the 

wavelength of incident neutrons and θ is the scattering angle. Modeling of SANS data 

was done using software modules provided by NIST to be used with the IGOR graphing 

package.53 Details of these models have been discussed earlier in Section 2.6.2. 

 

5.3. RESULTS AND DISCUSSION 

5.3.1. Non-Linear Rheology of Reverse Wormlike Micelles 

Figure 5.1 depicts the contrast in non-linear rheological behavior between 

lecithin/water and lecithin/SDC based reverse worms. The data are for the elastic (G′) and 

viscous (G″) moduli as functions of the strain-amplitude γ (in %). All lecithin/water 

samples show a strain-softening response at high strains, as typified by Figure 5.1a. Here, 

both G′ and viscous G″ decrease at high γ relative to their values in the linear regime at 

low γ (below 30%). The data in Figure 5.1a correspond to a frequency ω = 10 rad/s where 

the reverse worm sample shows elastic behavior due to its transient network (note that G′ 

>> G″ in the linear regime). Similar strain-softening behavior was observed at all 

frequencies, however. 
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Figure 5.1. Strain sweeps at 25°C for samples of (a) 40 mM lecithin + 360 mM water in
cyclohexane, and (b) 35 mM lecithin + 15 mM SDC in cyclohexane.  
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 Figure 5.1b shows typical strain sweeps for a lecithin/SDC reverse worm sample 

at 10 rad/s and 0.56 rad/s. This sample again exhibits a viscoelastic linear response with a 

crossover of G′ and G″ at 6.6 rad/s (see Figure 5.4 for the frequency spectrum). Thus, at 

10 rad/s the behavior is elastic (G′ >> G″) due to the reverse worm network, whereas at 

0.56 rad/s the reverse worms have relaxed and the behavior is viscous (G″ >> G′). As 

seen in Figure 5.1b, the sample shows strain-stiffening at both these frequencies, i.e., the 

moduli increase over a range of strains. The increase is more pronounced at 10 rad/s: here, 

G′ and G″ are constant until γ ≈ 20% whereupon they show a sharp increase up to a 

maximum. The highest value reached by G′, i.e., Gmax is about 50% higher than its linear 

value G0. Strain-stiffening is also observed at the lower frequency of 0.56 rad/s: in this 

case, the onset occurs at a higher γ (~ 300%). Note again that strain-stiffening occurs 

despite the viscous nature of the sample at this frequency (i.e., G″ being greater than G′ 

in the linear regime).  

 

Based on our studies, strain-stiffening is ubiquitous for lecithin/SDC reverse 

worms regardless of the experimental conditions. To verify that the stiffening is real and 

not an artifact, we have reproduced the same behavior on different rheometer geometries 

as well as on a stress-controlled rheometer (TA Instruments AR 2000). A few systematic 

trends are evident from our data. As suggested by Figure 5.1b, the critical strain at the 

onset of stiffening γcrit is a monotonically decreasing function of frequency. The extent of 

stiffening, i.e. the ratio Gmax/G0, weakly increases with increasing frequency. We have 

also studied variations in the stiffening response as a function of the total amphiphile 

(lecithin + SDC) concentration. Results for G′ vs. strain (at ω = 10 rad/s) are shown in 
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Figure 5.2 for samples at different lecithin concentrations and a constant molar ratio of 

SDC:lecithin of 0.4. All samples show strain-stiffening, and the data clearly show three 

regimes: first G′ is constant at low γ; next, it increases to a maximum over a range of γ; 

and finally, it decreases. The onset strain γcrit and the strain γmax at which G′ shows a 

maximum both shift to lower values with increasing concentration. Also, the stiffening 

ratio Gmax/G0 slightly decreases with increasing concentration.  

 

 

 

 

 

 

 

 

 

 

5.3.2. Strain-Stiffening and the Rigidity of Reverse Worms 

Why does strain-stiffening occur for lecithin/SDC reverse worms and not for 

lecithin/water reverse worms? If this phenomenon is indeed associated with stiff 

filaments as suggested by theory, one might expect the SDC-based worms to be stiffer 

(i.e., have higher persistence lengths lp) than the water-based ones. To test this hypothesis, 

we have used SANS to extract lp for the two types of reverse worms. Figure 5.3 shows 

typical SANS data (intensity I vs. wave vector q) for reverse worms based on 10 mM 

Figure 5.2. Strain sweeps at 25°C for lecithin/SDC cyclohexane samples over a range of
lecithin concentrations.  
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lecithin in deuterated cyclohexane with 90 mM water and 4 mM SDC, respectively. We 

used a modified flexible cylinder model (eq 2.11 and 2.12), detailed in Section 2.6.2 and 

reference [49], to analyze the SANS data, and the corresponding fits are shown as solid 

lines through the data. From the fits, we obtain a shorter lp of 91 Å for SDC-induced 

worms compared with 378 Å for water-induced worms. This suggests that the SDC-based 

worms are the more flexible structures. To corroborate this result, we also replot the I(q) 

data in a plot of qI(q) vs. q (called a Holtzer or bending rod plot)76 that is shown as the 

inset of Figure 5.3. Here, each curve goes through a maximum at low q and then 

transitions to a flat region (indicating the I ~ q–1 scaling that is typical of cylinders). This 

transition to the flat portion is expected to occur at qlp ~ 1.9 for semiflexible chains.77 

Clearly, the transition is broader and shifted to higher q for the SDC-based worms, 

indicating that they have a lower value of lp.      

 

 

 

 

 

 

 

 

 

 Figure 5.3. SANS data at 25°C for lecithin/water and lecithin/SDC reverse worms in
deuterated cyclohexane, based on 10 mM lecithin with 90 mM water and 4 mM SDC,
respectively. The solid lines are fits to a flexible cylinder model. The inset shows the
same data in a plot of (I·q) vs. q. 
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The above results and analysis imply that neither a permanent network nor rigid 

filaments are necessary for strain-stiffening. How then can we account for this unusual 

phenomenon? One suggestive point is shown by a comparison of the dynamic frequency 

spectra of lecithin/SDC and lecithin/water samples at the same lecithin concentration 35 

mM (Figure 5.4a), for which the molar ratio of SDC:lecithin = 0.425 and water:lecithin = 

9, giving the highest viscosity respectively. Note that the plateau modulus Gp (i.e.,the 

high-frequency value of G′) is significantly higher for the SDC-based worms. This 

difference is seen over the entire range of lecithin concentrations, as shown also by 

Figure 5.4b which plots Gp vs. overall volume fraction φ for water- and SDC-based 

worms. Both the Gp values as well as the power-law slopes are higher for the 

lecithin/SDC system. Generally, a higher Gp implies that the filaments in the network are 

more rigid: for example, actin solutions have much higher Gp values than polystyrene 

Figure 5.4. (a) Dynamic frequency spectra of lecithin/SDC and lecithin/water samples at
the same lecithin concentration 35 mM, with 15 mM SDC and 315 mM water, 
corresponding to the highest viscosity respectively. Data is shown for the elastic modulus
G′ (circles) and the viscous modulus G″ (diamonds). (b) Plateau modulus vs. overall 
volume fraction φ for water- and SDC-based worms. The molar ratio of SDC:lecithin = 
0.425 and water:lecithin = 9. 
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solutions at the same concentration.78 However, a higher rigidity of lecithin/SDC 

filaments would be inconsistent with our SANS data. While this aspect needs resolution, 

the fact remains that, based on their Gp values, lecithin/SDC networks are stiffer than 

those of lecithin/water. It is therefore plausible that the previous theories for strain-

stiffening might still apply to the transient, but stiff, networks of lecithin/SDC worms.   

 

5.3.3. Alternate Mechanism for Strain-Stiffening 

An alternate mechanism for strain-stiffening is also worth considering, and in this 

scenario, filament stiffness does not play a central role. Instead, strain-stiffening is 

attributed to a strain-induced aggregation of worms, or equivalently an increase in the 

volume fraction of entangled worms. Similar ideas have been proposed previously to 

explain shear-thickening (i.e., an increase in viscosity η at high shear-rates) in aqueous 

solutions of wormlike micelles79 or associating polymers.80 In this context, it is 

significant that lecithin/SDC samples also exhibit shear-thickening, as shown by Figure 

5.5. Shear-thickening is very unusual for entangled networks of wormlike micelles – 

typically, this phenomenon occurs only for unentangled worms.79 Also, importantly, 

entangled reverse worms of lecithin/water do not show shear-thickening (data not shown).  

 

The occurrence of both strain-stiffening and shear-thickening for lecithin/SDC 

networks suggests a common origin based on shear/strain-induced aggregation. It is 

known that a population of worms is always highly polydisperse, with an exponential 

distribution of filament lengths.27 Thus, some worms will be too short to fully entangle 

with the rest of the chains in the transient network. We speculate that at high 



 

 75

deformations, these “free” worms become incorporated into the network, leading to an 

increase in moduli (strain-stiffening). The free worms may connect either with other free 

worms and thus increase their overall length, or they might connect with worms that are 

already part of the entangled network. In either case, the entanglements in the network 

will be enhanced at high strains.  

 

 

 

 

 

 

 

 

 

 

 

How can this second mechanism explain the differences between lecithin/SDC 

and lecithin/water samples. Note that high strains can, not only connect free worms, but 

also break up existing entanglements between worms. If the dominant effect is to break 

up connections, the result is strain-softening – as is the case for lecithin/water worms. On 

the other hand, if the balance is tilted in favor of aggregating free worms, the result is 

strain-stiffening (and likewise, shear-thickening). It is possible that a greater fraction of 

free worms exists in lecithin/SDC samples, thus favoring their aggregation. Alternately, 

Figure 5.5. Strain sweeps at 25°C for lecithin/SDC cyclohexane samples over a range of
lecithin concentrations.  
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the higher stiffness of the lecithin/SDC network may help to ensure that existing 

connections are maintained, and thereby to tilt the balance towards strain-stiffening.        

 

5.4. CONCLUSIONS 

In conclusion, we have described the unusual nonlinear rheology exhibited by 

viscoelastic solutions of lecithin/SDC reverse worms. The samples show strain-stiffening 

in dynamic rheology (increase in G′ and G″ with strain) as well as shear-thickening 

(increase in η with shear-rate) in steady-shear rheology. We suggest that these 

phenomena are caused by increases in connectivity of the micelles at high strain 

amplitudes or shear-rates. Since lecithin/SDC samples can be easily prepared from 

widely available and inexpensive precursors, they may serve as a convenient model 

system for future studies into these unusual phenomena.       
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Chapter 6 

REVERSE VESICLES IN MIXTURES OF LIPIDS 
 

6.1. INTRODUCTION 

In this chapter, we present a new route for forming stable unilamellar reverse 

vesicles by mixing short- and long-chain lipids (lecithins) in nonpolar organic liquids. 

Vesicles are spherical containers formed in aqueous solution by the self-assembly of 

amphiphilic molecules. While the core of the vesicle contains water, its outer shell is 

composed of a bilayer of the amphiphiles, with these molecules oriented in such a way 

that their hydrophobic portions are inside the bilayer and thereby shielded from water 

(Figure 2.3). The amphiphiles that form vesicles roughly have the shapes of cylinders, i.e., 

their “packing parameter” is close to 1.81 Such a shape can generally be achieved by two-

tailed surfactant (lipids)21 or by mixtures of cationic and anionic single-tailed 

surfactants.28 Vesicles have long held a fascination for scientists because of their 

structural resemblance to primitive biological cells. More importantly, vesicles are of 

technological interest for applications ranging from drug delivery and controlled release 

to bioseparations and sensing.21 In particular, vesicles can encapsulate a variety of water-

soluble solutes such as drugs, cosmetic ingredients or agrochemicals in their aqueous 

core. These solutes could subsequently be released slowly and in a controlled manner 

through the vesicle bilayer. 
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Much like the above “normal” vesicles in water, one can also find their 

counterparts in organic non-polar solvents (“oils”), and these are termed “reverse” 

vesicles. These reverse vesicles will have a “reverse” bilayer shell, where the 

hydrophobic portions of the precursor amphiphiles are exposed to the oily medium both 

in the core and outside (Figure 2.3b). Reverse vesicles are more rare than normal vesicles, 

but one might imagine that they too could find numerous applications much like the 

normal vesicles, e.g., for encapsulation and controlled delivery of hydrophobic solutes. A 

few attempts to assemble reverse vesicles have been reported, based on polyoxyethylene 

ethers,30 phospholipids,31 amino acid derivatives,32 sucrose esters,33 and 

metallosurfactants34. However, questions remain about the stability, robustness and ease 

of preparation of reverse vesicles by these methods, and as a result, these structures are 

not being widely exploited at the moment for applications. From a scientific standpoint, 

no clear rules or guidelines have been laid out for the systematic tuning of reverse 

aggregate geometry, in contrast to the extensive knowledge of normal aggregates. 

 

In this chapter, we report a new route for forming stable unilamellar reverse 

vesicles in nonpolar organic liquids such as cyclohexane. Our method also offers a 

general framework for tuning reverse aggregate geometry from reverse spherical micelles 

to reverse cylindrical micelles and finally to reverse vesicles. The key ingredients in our 

samples are a combination of long- and short-chain phospholipids. The long-chain lipid is 

L-α-phosphatidylcholine (lecithin), a natural two-tailed lipid with an average tail length 

of 17 carbons and an unsaturation in one of the tails (Figure 1.1). The short-chain lipid 
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we have used is 1,2-dibutyroyl-sn-glycero-3-phosphocholine (C4-lecithin) with two four-

carbon saturated tails (Figure 1.1).  

 

Let us consider what is known regarding the behavior of each of the above lipids, 

both in water and in oil. When added to water, lecithin alone forms large unstable 

mutilamellar vesicles while C4-lecithin alone tends to form micelles.21 Mixtures of short 

and long-chain lecithins have also been studied in water, and they assemble into disk-like 

micelles (bicelles)82 or unilamellar vesicles.83 In oil, C4-lecithin is insoluble, presumably 

because its tails are too short to compensate for the hydrophilic head. The longer-tailed 

lecithin, however, does dissolve in oil and assembles into reverse spherical micelles. Also, 

lecithin reverse spheres can be made to grow into reverse cylinders by adding trace 

quantities of water or bile salts to the sample. The growth of long, flexible cylinders 

(reverse worms) imparts a strong viscoelastic character to these samples.   

   

Now, let us consider a mixture of lecithin and C4-lecithin in an oil such as 

cyclohexane. In the presence of the longer-tailed lecithin, the C4-lecithin does dissolve.  

To obtain vesicles, it is critical that we also include a small amount of a salt, such as 

sodium chloride (NaCl), in the formulation. As we will show, in the above mixtures, the 

type of aggregate can be tuned by varying the ratio of C4-lecithin to lecithin. When this 

ratio is high, the solutions develop a bluish tinge, and we find that they contain reverse 

unilamellar vesicles. The vesicles are very stable and robust, retaining their size and 

structure over a period of many months. We use dynamic light scattering (DLS), small-
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angle neutron scattering (SANS) and transmission electron microscopy (TEM) to study 

the vesicles in these samples.  

 

6.2. EXPERIMENTAL SECTION 

Materials. Lecithin) (95%) and C4-lecithin (> 99%) were purchased from Avanti Polar 

Lipids. The C4-lecithin was supplied as a solution in chloroform. Cyclohexane and NaCl 

were purchased from J. T. Baker. Deuterated cyclohexane (99.5%D) was purchased from 

Cambridge Isotopes. All chemicals were used as received 

 

Sample Preparation. Mixed solutions containing short- and long-chain lecithin were 

prepared as follows. Lecithin and NaCl were dissolved in methanol to form 100 mM and 

85 mM stock solutions, respectively. The desired amount of C4-lecithin was dried by 

evaporation in a vacuum oven for at least 12 h. Samples of desired compositions were 

prepared by mixing the lecithin and NaCl stock solutions with the dried C4-lecithin. 

Methanol was removed by evaporation in a vacuum oven for 48 h. The final samples with 

desired concentrations were obtained by adding cyclohexane or deuterated cyclohexane, 

followed by stirring at 60°C till the solutions became homogeneous. The samples were 

then sonicated by a water-bath type sonicator (Branson 1510) for 30 min.  

 

Dynamic Light Scattering (DLS). A Photocor-FC light scattering instrument with a 

5 mW laser light source at 633  nm was used at 25°C, with the scattering angle being 90°. 

A logarithmic correlator was used to obtain the autocorrelation function, which was 

analyzed by the method of cumulants to yield a diffusion coefficient. The apparent 
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hydrodynamic size was obtained from the diffusion coefficient through the Stokes-

Einstein relationship. 

 

Small-Angle Neutron Scattering (SANS). SANS measurements were made on the NG-

3 (30 m) beamline at NIST in Gaithersburg, MD. Neutrons with a wavelength of 6 Å 

were selected. The distances between sample chamber and detector were 1.35 m and 

13.18 m. The range of scattering vector q was 0.004~0.4 Å-1. Samples were prepared 

with deuterated cyclohexane and measured in 1 mm quartz cells at 25°C. The scattering 

spectra were corrected and placed on an absolute scale using calibration standards 

provided by NIST. The data are shown for the radially averaged intensity I versus the 

scattering vector q = (4π/λ) sin(θ/2), where λ is the wavelength of incident neutrons and θ 

is the scattering angle. Modeling of SANS data was done using software modules 

provided by NIST to be used with the IGOR graphing package.53 Details of these models 

have been discussed earlier in Section 2.6.2.  

  

Transmission Electron Microscope (TEM). TEM was conducted on a Jeol JEM 2100 

microscope at 80 KeV. The positive staining agent, ammonium molybdate (from Sigma-

Aldrich), was dissolved in methanol to form a 13 mM stock solution. Desired amounts of 

this compound were combined with the stock solutions during sample preparation, as 

described above. The final reverse vesicle samples were diluted to 1 mM and a 1 μL drop 

was applied on a carbon-coated copper grid, which was then air-dried before imaging was 

conducted. 
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6.3. RESULTS 

6.3.1. Phase Behavior 

In cyclohexane, lecithin forms reverse spherical or ellipsoidal micelles and the 

resulting solutions are transparent and have a low viscosity essentially identical to that of 

the solvent.60 To study the effect of adding C4-lecithin, we conducted DLS at an overall 

lipid concentration of 20 mM in d-cyclohexane and as a function of the molar ratio R0 of 

C4-lecithin to lecithin. In addition to the two lipids, all the samples also contained 3.5 

mM of NaCl, the role of which is discussed below. Figure 6.1 shows the scattering 

intensity measured at 90° as a function of R0. We note that the intensity increases 

dramatically at R0 ~ 0.7 and then reaches a plateau. The corresponding samples had a 

clear, bluish tinge, as shown by the photograph of the R0 = 2.6 sample in Figure 6.1. The 

bluish color is a manifestation of the Tyndall effect, indicating the presence of large 

scatterers in solution, and it is generally seen for vesicle solutions.29 Note that the bluish 

samples still had a low viscosity, comparable to the solvent. The average hydrodynamic 

radius Rh from DLS of the vesicles increases from 300 to 1300 Å with increasing R0 

(Table 6.1). The above data provide preliminary evidence for a phase transition from 

reverse micelles to vesicles with increasing R0. With further increase in R0, the mixtures 

phase-separate into a turbid liquid phase and a solid precipitate.  

  

Table 6.1. Hydrodynamic radii (Rh) from DLS for C4-lecithin + lecithin in d-cyclohexane 
 

Clipids = 20 mM, CNaCl = 3.5 mM, Temp = 25°C 
R0 0.7 1.0 1.6 2.6 

Rh (Å) 294.2 ± 3.8 394.8 ± 3.6 687.8 ± 4.1 1301.7 ± 12.9 
R0: Molar ratio of C4-lecithin to lecithin 
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We have found that the addition of an appropriate amount of salt, NaCl, is 

necessary to stabilize the vesicles. Otherwise, the vesicle samples are bluish and 

homogeneous initially, but within a few hours they tend to phase-separate into co-

existing liquid phases. Note that NaCl itself is insoluble in cyclohexane and can be 

solubilized only when the lipids are present, and that too only at low concentrations. Thus, 

the amount of NaCl to be added has to be chosen carefully. For example, at a lipid molar 

ratio R0 = 2.6 and an overall lipid content of 20 mM, if less than 3 mM of NaCl is present, 

Figure 6.1. Light scattering intensity for C4-lecithin + lecithin in d-cyclohexane as a 
function of R0, the molar ratio of bile salt to lecithin, with the total lipid concentration
held constant at 20 mM and 3.5 mM NaCl.  The detector angle is 90° and the temperature
is 25°C. Photographs of two samples corresponding to different R0 values are also shown. 
At low R0, the sample is transparent and colorless while at an R0 of 2.6, the sample is 
bluish and scatters strongly. Finally, when R0 exceeds ca. 4.5, the sample phase-separates.
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the vesicles are not stable, but if the salt concentration exceeds 8 mM, not all the salt can 

be dissolved within the amphiphilic aggregates (i.e., excess NaCl will precipitate from 

solution). However, with the right amount of salt, the reverse vesicles remain indefinitely 

stable and their size also remains unchanged with time.  

 

6.3.2. Small-Angle Neutron Scattering (SANS) 

To further elucidate the microstructures in these samples, we resorted to SANS. 

For these experiments, samples were made in deuterated cyclohexane to achieve the 

needed contrast between scatterers and solvent. SANS spectra (I vs. q) for 20 mM lipid 

solutions containing 3.5 mM NaCl are shown in Figure 6.2 at varying R0. The data for 

R0 = 0 asymptotes to a plateau at low q and essentially corresponds to micelles. In 

contrast, there is no plateau at the higher R0, with the R0 = 0.7 and 2.6 samples showing a 

q–2 decay of the intensity at low q. Such a decay is a signature of scattering from vesicle 

bilayers (eq 2.15). Importantly, the q–2 decay occurs only for samples within the vesicle 

region in Figure 6.1 (i.e., the region of bluish, low-viscosity samples). Thus, the SANS 

data support our hypothesis of a phase transition from micelles to vesicles with increasing 

R0.  

  

To obtain a more quantitative picture of micellar and vesicular sizes, we model 

the SANS data using appropriate form factors. The fits are shown as solid curves through 

the data in Figure 6.2. First, for the case of lecithin in cyclohexane (R0 = 0), the micelles 

are modeled as ellipsoids of revolution (eq 2.9 and 2.10), and we obtain radii of 21.5 ± 

0.1 Å and 29.8 ± 0.1 Å, respectively, for the minor and major axes. Upon the addition of 
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low amounts of C4-lecithin, the micelles grow axially, and for R0 = 0.5, they can be 

modeled as rigid cylinders (eq 2.6 and 2.7). The cylinder radius is found to be 22.6 ± 0.1 

Å, while the contour length is about 197.6 ± 0.6 Å. At higher R0, the data are fit to the 

polydisperse unilamellar vesicle model (eq 2.13-2.18). For R0 = 2.6, an average vesicle 

radius of 1172.2 ± 10.1 Å is obtained, along with a bilayer thickness of ca. 37 ± 0.1 Å, 

and a polydispersity of 0.22. This value of the average vesicle radius is consistent with 

the hydrodynamic radius obtained from DLS (Table 6.1). In sum, the SANS data 

confirms the evolution of self-assembled reverse structures from spherical micelles to 

cylindrical micelles to vesicles, in mixtures of C4-lecithin and lecithin.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. SANS data from samples in deuterated cyclohexane containing 20 mM total 
lipids and 3.5 mM NaCl with different C4-lecithin:lecithin molar ratios R0 at 25°C. The 
solid curves through the data are fits to appropriate models (see text for details). 
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6.3.3. Transmission Electron Microscope (TEM) 

Figure 6.3 shows micrographs of the sample with R0 = 2.6, which has been shown 

to contain vesicles by DLS, SANS, and visual observations. Here, 0.8 mM of ammonium 

molybdate was added as a positive stain that would bind with the headgroups of lipids 

and thus clearly reveal the bilayers. The TEM images reveal a number of spherical 

structures with distinct shells, much like conventional micrographs of unilamellar 

vesicles. The diameters of these structures range from less than 100 nm to 1 μm. Note 

that these sizes are larger than those obtained from SANS and DLS. We believe this 

disagreement is due to the collapse of vesicles as the solvent, cyclohexane, is evaporated 

from the TEM grid. Also, during the evaporation process, vesicles may come into contact 

Figure 6.3. TEM image of C4-lecithin + lecithin in cyclohexane at R0 = 2.6. The image was 
taken after cyclohexane has been air-dried. 
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by diffusion, and possibly fuse. Generally conventional TEM (with or without staining) is 

not as reliable as the technique of cryo-TEM in deducing the structures present in 

solutions. However, the sample preparation steps in cryo-TEM are optimized only for 

aqueous solutions, and we have therefore not been able to successfully use this technique 

for our samples. Despite the limitations of conventional TEM, we stress out that our 

results using this technique are quite consistent and reproducible. Importantly, the 

spherical shell-like structures indicated in Figure 6.3 are only seen in the vesicle samples, 

i.e., they were not observed in the control (micellar) samples.  

   

6.4. DISCUSSION 

We will now address the mechanism by which C4-lecithin transforms lecithin 

reverse micelles to reverse vesicles. Additionally, we will also address the role of NaCl in 

this process. It is known that the shape of self-assembled structures formed by 

amphiphiles is governed by their geometry. This connection is usually expressed in terms 

of the critical packing parameter p = atail/ahg where atail and ahg are the cross-sectional 

areas of the amphiphile’s tail and headgroup respectively.81 In water, ionic surfactants in 

the absence of salt have a p around 1/3 (i.e., a “cone” shape), and thus form spherical 

micelles. When salt is added, the effective headgroup area is reduced due to a decrease in 

the electrostatic screening length.27 The packing parameter p then increases to around 1/2 

(“truncated cone” shape) and the micelles, in turn, transform from spheres to cylinders. A 

further increase of p to around 1 (“cylinder” shape) leads to the formation of bilayers and 
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Figure 6.4. (a) Schematic of the reverse self-assembled structures formed by lecithin 
with increasing C4-lecithin. Lecithin is shown as a molecule with a blue head and two
long red tails, while the C4-lecithin with two short tails. Lecithin alone tends to form
approximately spherical reverse micelles in a nonpolar solvent (oil). When C4-lecithin is 
added, the zwitterionic headgroups of C4-lecithin and lecithin bind each other through 
electrostatic interactions with NaCl (b), thus expanding the headgroup area. This alters
the net geometry from a cone to a truncated cone to cylinder, and thereby induces the
spherical micelles to grow into cylinders and then to vesicles. 
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vesicles. Lipids form vesicles in water because their two hydrophobic tails give them a 

packing parameter close to 1.  

 

In the case of organic solvents, the shapes of self-assembled structures are still 

regulated by p but in an opposite way.60 The formation of reverse micelles requires a 

packing parameter p much larger than 1, and spherical reverse micelles evidently 

correspond to an inverse cone shape (Figure 6.4a). For these spheres to transform into 

cylinders or vesicles, the packing parameter p should decrease. Such a decrease can be 

caused, for instance, by the binding of C4-lecithin to the lecithin headgroups. In other 

words, since C4-lecithin has the same headgroup as lecithin but much shorter tails, it 

increases the headgroup area ahg while maintaining about the same tail area. The net 

effect is to decrease p, and at low R0, the effective geometry resembles an inverse 

truncated cone (Figure 6.4a), inducing a growth of reverse spheres into cylinders. As R0 

further increases, p keeps decreasing to around 1, thereby driving a second transition to 

vesicles. Note that in the proposed scenario, the C4-lecithin orients its hydrophobic tails 

outward into the organic solvent while its hydrophilic head is directed towards the 

interior of the cylindrical micelles or vesicle bilayers. 

 

An important aspect in the context of reverse aggregates is the driving force for 

reverse self-assembly. In water, the dominant driving forces for micellization are 

hydrophobic interactions.29 For some cases, such as in mixtures of cationic and anionic 

surfactants, a strong electrostatic interaction between the headgroups is also necessary.23 

In organic solvents, hydrogen bonding has been suggested to be the driving force for the 
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growth of reverse spheres to cylinders in lecithin/water and lecithin/bile-salt systems.60 

However, C4-lecithin and lecithin have the same zwitterionic headgroups, and thus it is 

unlikely that hydrogen bonding plays a role in the co-assembly of these headgroups. In 

this regard, it is interesting that solutions containing only C4-lecithin and lecithin become 

unstable and phase-separate. Presumably, the interactions between the two lipids are 

quite weak and are insufficient to stabilize the aggregates. The role of NaCl in imparting 

stability suggests that it might mediate the interactions between the lipids. Specifically, 

we hypothesize that the Na+ and Cl– ions bind with the negative and positive charges on 

the lipid headgroups through short-range electrostatic interactions, and thereby serve as a 

bridge between the C4-lecithin and lecithin (Figure 6.4b). Note that, while salt-lipid 

interactions (especially for metal salts) have been widely studied in aqueous solution,84 

such interactions in oils have not been investigated due to the low solubility of the salt in 

nonpolar media. Further studies are required to clarify the nature of these interactions and 

their connection with reverse vesicle stability.   

 

6.5. CONCLUSIONS 

In conclusion, we have shown that mixing short- and long-chain lecithins in 

cyclohexane along with a small amount of NaCl gives rise to reverse vesicles. The 

presence of reverse vesicles has been verified by DLS, SANS, and TEM and the 

structures have been shown to be unilamellar, with diameters ranging from 60 to 300 nm. 

Moreover, our preparation technique provides a general framework for systematically 

tuning reverse aggregate morphology from reverse spheres to cylinders to vesicles, 

simply by controlling the molar ratio of the two lipids. We suggest that electrostatic 
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interactions may be important in reverse vesicle formation and stabilization; in particular, 

NaCl is believed to act like a “glue” in binding lipid headgroups together and in 

stabilizing the vesicles in solution. 
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Chapter 7 

ORGANOGELS OF BILE SALT AND AOT 
 

7.1. INTRODUCTION 

In this chapter, we report that trace amounts of the dihydroxy bile salt (< 1mM) 

can transform dilute micellar solutions into self-supporting, transparent organogels. 

Molecular gels are spontaneous assemblies of small molecules into three-dimensional 

networks that can entrap the solvent via surface tension and capillary forces.35,85 In recent 

years, the importance of molecular gels in the chemical and biological sciences has 

become widely recognized. Numerous kinds of gelator molecules have been reported, 

some that are capable of gelling organic solvents,35 and others that can gel water.85 The 

gelling ability of these molecules is often associated with their ability to form filamentous 

structures (chains, tubes, tapes, or fibers).35,85 Individual filaments, in turn, tend to get 

connected into a network at junction points through physical bonds. A wide range of 

physical interaction forces have been implicated in gel formation, including hydrogen 

bonds, metal coordination bonds, electrostatic bonds, van der Waals forces, and 

hydrophobic interactions.35 

 

An important motivation for the study of synthetic molecular gels has been their 

structural resemblance to gels found in nature. Indeed, the gel state characterizes much of 

biology; in particular, the cytoplasm in eukaryotic cells is a gel formed from filaments of 

cytoskeletal proteins such as actin and tubulin.86 Numerous biophysical studies have been 
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conducted on the aqueous assembly of small, globular proteins such as G-actin into 

filaments (F-actin) and thereby into gel networks.73,87-89 Synthetic hydrogel mimics of 

actin have recently been reported from de novo-synthesized peptides.90 However, most of 

the literature on gels has focused on those formed by organic molecules in non-polar 

solvents, i.e., “organogels”.35 While such organogels are broadly analogous to actin 

hydrogels, it is generally believed that their structures are fundamentally different. For 

example, the junctions in many organogels consist of pseudo-crystalline microdomains, 

which is not the case for actin gels.35 The latter do not have specific links or bonds 

between their filaments; rather, the filaments are so long (~ 20 μm) that they become 

tightly entangled and interpenetrated, leading to gel-like behavior.87      

 

In this chapter, we report a new two-component organogel system formed by the 

synergistic assembly of two amphiphilic molecules. We will highlight some of the 

unusual features of these gels, including their formation at very low precursor 

concentrations. More importantly, we will show that these organogels are structurally and 

rheologically similar to actin hydrogels. In particular, both types of gels show the 

property of strain-stiffening, i.e., an increase in stiffness (gel modulus) with the amplitude 

of the deformation. This property has been closely associated with biological gels and 

tissues, and its origin is very much in debate.65,72 We believe that the biomimetic 

properties of our organogels may make them attractive models system for future studies.   

 

The amphiphilic constituents of our organogel are each well-known molecules 

that have been studied in detail. The major component is the twin-tailed anionic 
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surfactant, sodium bis(2-ethylhexyl) sulfo-succinate (AOT) (Figure 1.1). It is widely 

known that AOT forms spherical reverse micelles in a range of organic solvents and over 

a range of concentrations.91 The second component of our organogel system is the bile 

salt, sodium deoxycholate (SDC) (Figure 1.1). Bile salts are physiological surfactants that 

have been studied extensively in water.92 In organic solvents, on the other hand, most bile 

salts, including SDC, are insoluble. Thus, neither the AOT nor the SDC alone can act as 

an organogelator. However, when a dilute (e.g., 5 mM or 0.2 wt%) reverse micellar 

solution of AOT in n-decane is combined with trace amounts (e.g., 1 mM or 0.04 wt%) of 

SDC, the result is a transparent organogel that can hold its weight in the inverted vial 

(Figure 1.1). Note that these samples are gels in the strict rheological sense, i.e., in that 

they have a finite (non-zero) value of the elastic modulus G′ at low frequencies. The less 

rigorous “tube inversion” test for gelation can be satisfied by AOT/SDC samples at even 

lower total concentrations.   

  

It is useful to place our investigation in the context of some previous studies with 

AOT that have dealt with reverse micellization and gelation. John and co-workers have 

shown that certain phenol and naphthalene derivatives can also transform AOT reverse 

micelles into organogels.37,38 Thus, AOT organogels can apparently be induced by a 

variety of molecules, although the gel structure seems to differ from one gelator to the 

other. For instance, many of the earlier AOT gels were opaque, indicating that they were 

composed of larger-scale, hierarchical structures rather than nanoscale filaments.93 

Significantly, our studies with SDC show that it is by far the most efficient gelator for 

AOT, i.e., it induces AOT organogels at much lower concentrations than the earlier 



 

 95

gelators. Further comparison between the AOT-SDC and earlier organogel systems is 

provided in subsequent sections of this paper.  

 

Finally, we should clarify our motivation for studying bile salts, which might 

seem an unusual choice for a gelator, especially in organic solvents. Our interest in bile 

salts arose out of our earlier study on mixtures of these molecules with the phospholipid, 

lecithin in organic solvents – these mixtures formed viscoelastic solutions that were 

shown to contain reverse wormlike micelles.60 We should reiterate that lecithin-bile salt 

mixtures were viscoelastic organosols, not gels, i.e., their elastic moduli G′ fell to zero at 

low frequencies. Moreover, a variety of bile salts (not just SDC) could induce lecithin to 

form viscoelastic organosols. Here, on the other hand, we find that only SDC can induce 

AOT to form organogels, and furthermore, AOT/SDC gels are formed at much lower 

concentrations compared to lecithin/SDC solutions. Further discussion on the unique 

nature of SDC as a gel inducer will be provided later in this paper.         

 

7.2. EXPERIMENTAL SECTION 

Materials. The bile salts, SDC (> 97% purity) and AOT (> 98%) were purchased from 

Sigma-Aldrich. Cyclohexane, deuterated cyclohexane (99.5% D) and n-decane were 

purchased from J. T. Baker, Cambridge Isotopes and Sigma-Aldrich, respectively. All 

chemicals and solvents were used as received. 

 

Sample Preparation. Mixed solutions containing AOT and bile salts were prepared as 

follows. First, 100 mM stock solutions of AOT in ethanol and bile salts in methanol were 
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prepared. Samples of desired composition were prepared by mixing the stock solutions. 

The ethanol and methanol were then removed by evaporation in a fume hood for 24 h, 

and the resulting AOT-bile salt film was further dried in a vacuum oven at room 

temperature for 72 h. The organic solvent (cyclohexane, deuterated cyclohexane or 

n-decane) was then added to this dried film and the sample was stirred until it became 

transparent and homogeneous. The above procedure ensured the removal of any residual 

water from the sample, and thereby facilitated reproducibile sample preparation. The 

samples were equilibrated for at least 3 days at room temperature prior to conducting 

experiments. 

 

Rheology. Dynamic rheological experiments were performed on an AR2000 stress-

controlled rheometer (TA Instruments) using either parallel-plate or couette geometries, 

which were equipped with Peltier-based temperature control. A solvent trap was used to 

minimize sample evaporation. Frequency spectra were conducted in the linear regime of 

the samples, as determined from dynamic strain sweep measurements. To prevent the 

absorption of moisture by the samples during rheological experimentation, it was found 

to be advantageous to work under conditions when the relative humidity in the laboratory 

was low (below 20%). 

 

Small Angle Neutron Scattering (SANS). SANS measurements were made on the NG-7 

(30 m) beamline at NIST in Gaithersburg, MD. Neutrons with a wavelength of 6 Å were 

selected. Two distances of 1.2 m and 15 m between sample and detector were used, so as 

to yield a range of scattering vector q from 0.004 to 0.4 Å-1. Samples for SANS studies 
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were prepared with deuterated cyclohexane and were measured in 1 mm quartz cells at 

20°C. The scattering spectra were corrected and placed on an absolute scale using 

calibration standards provided by NIST. The data presented here are for the radially 

averaged intensity I versus the scattering vector q = (4π/λ) sin(θ/2), where λ is the 

wavelength of incident neutrons and θ is the scattering angle. Modeling of SANS data 

was done using software modules provided by NIST to be used with the IGOR graphing 

package.53 Details of these models have been discussed earlier in Section 2.6.2. 

 

7.3. RESULTS 

7.3.1. Visual Observations, Birefringence 

Photographs of AOT/SDC organogels in cyclohexane are shown in Figure 1.1. 

The gels contain 10 mM of AOT and 2 mM of SDC. The gels are shown in inverted vials 

to indicate that they are rigid enough to support their own weight. Note that the gels are 

transparent, indicating that their internal structures are in the nanoscale size range. This is 

in contrast to many organogel systems that tend to be cloudy or opaque – in those cases, 

the inherent structures are either thick (microscale) fibrils93 or spherulitic crystallites.94 

The gels do become cloudy as the SDC:AOT molar ratio (XSDC) is increased above 0.25 – 

however, these samples tend to become unstable with time and are not the focus of our 

investigation. All gels at low XSDC, however, remain transparent and stable for more than 

one year when stored in sealed containers.  
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From a structural standpoint, it is also useful to examine the gels under crossed 

polarized light. Such a photograph is shown in Figure 7.1 for a series of AOT/SDC 

samples (20 mM AOT, varying SDC). The figure shows that samples above a SDC 

concentration of 3 mM (XSDC = 0.15) exhibit pronounced birefringence (all these samples 

are gels). Note that the samples are being examined at rest, i.e., in the absence of any 

shear. Birefringence at rest in organogels is usually indicative of spherulites;94 however, 

no such structures could be observed by optical microscopy. An alternate source of static 

birefringence can arise from the alignment of filamentous structures in solution. In 

particular, it is known that a dispersion of rodlike particles can undergo a transition from 

isotropic to nematic (1-dimensional order) as the size and/or volume fraction of the 

particles is increased. Such a transition is driven by entropy and is referred to as an 

Onsager transition.95 Thus the birefringence in Figure 7.1 could be indicating that AOT 

and SDC self-assemble together into rather rigid filaments, and that these filaments 

spontaneously align to produce nematic gels. 

 

 

 

 

 

 

 

 

 
Figure 7.1. Photographs under crossed polarizers of AOT/SDC gels in cyclohexane. The
AOT concentration is 20 mM, and the SDC concentrations (in mM) are indicated below
each vial. The gels at higher SDC concentrations show birefringence. 
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We believe that AOT/SDC gels do indeed contain filaments, and we will 

corroborate this aspect using SANS later in the paper. However, these gels are not true 

nematics, i.e., there is no Onsager transition in these systems. In this context, the thermal 

behavior of these gels is revealing. As the birefringent gels are heated to about 80°C, the 

gels undergo “melting”, i.e., they are transformed from self-supporting solids to thin 

liquids (see below). This melting transition is thermoreversible, i.e., the gel reforms when 

the sample is cooled. However, the cooled gels no longer exhibit birefringence. If the gel 

is now shaken vigorously, the birefringence reappears and it does not go away (samples 

are still strongly birefringent after more than a year). The interpretation here is that the 

filaments in AOT/SDC gels become aligned by shear, but this alignment is locked in by 

the volume-filling network. Interestingly, gels of F-actin also have similar properties: 

they show a persistent birefringence that was initially believed to be indicative of an 

Onsager transition, but more recently has been correlated with the shear-alignment of 

F-actin filaments.96 The similarities with actin gels will be a recurring theme in this paper.           

 

7.3.2. Effects of Temperature, Humidity 

As mentioned above, gels of AOT/SDC melt when heated above a characteristic 

melting temperature Tm. This melting is abrupt, i.e., the sample remains a self-supporting 

gel up to Tm, but then it rapidly melts at Tm. Such abrupt melting is characteristic of 

organogels, whereas viscoelastic organosols show a steady, exponential drop in viscosity 

with temperature. We have studied the variation of Tm with gel composition – these 

experiments were done for AOT/SDC gels in n-decane. Tm was determined by a 

combination of visual and rheological methods. We found that Tm occurred at ca. 80°C 
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independent of the SDC:AOT ratio and increased only slightly with AOT concentration 

(from ca. 79°C to 83°C over an AOT concentration range from 25 to 100 mM). Another 

point to be addressed is the thermoreversibility – as mentioned, melted gels could be re-

solidified upon cooling back to room temperature. However, if a gel were heated well 

beyond Tm (e.g., to about 90°C), then a precipitate formed in the sample and the gel did 

not reform upon cooling. This irreversibile precipitation could be due to the thermal 

degradation or hydrolysis of the precursor molecules (AOT or SDC) at these high 

temperatures.     

 

Another interesting property of AOT/SDC organogels is that they are very 

sensitive to water, and thereby to humidity. The addition of trace quantities of water is 

enough to liquefy the gel. Similarly, if a sample vial is left open and thereby exposed to 

atmospheric humidity for a few hours, the gel will often melt. Such sensitivity to 

moisture has been noted before by John and co-workers for their AOT organogels 

induced by phenolic compounds.97 This behavior strongly implies that hydrogen-bonding 

is the driving force for self-assembly and gel formation – the action of water in disrupting 

the gel can then be attributed to the disruption of hydrogen bonds by water molecules.    

 

7.3.3. Linear Rheology 

We use dynamic rheological techniques to study the onset and evolution of 

AOT/SDC gels as a function of composition. Our main focus is on the linear sample 

response at low strain amplitudes and as a function of frequency. First, we consider 

trends as a function of SDC content at fixed AOT – typical data are shown in Figure 7.2 
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for 10 mM AOT samples in cyclohexane at 20°C. Note that a 10 mM solution of AOT in 

cyclohexane contains spherical reverse micelles and its viscosity is close to that of the 

solvent. Figure 7.2a shows that adding just 0.5 mM of SDC (XSDC = 0.05) converts the 

AOT micellar solution into a viscoelastic fluid. In this case, the elastic modulus G′ 

exceeds the viscous modulus G″at high frequencies, indicating elastic behavior, whereas 

G″ exceeds G′ at low frequencies, indicating viscous behavior. The crossover of G′ and 

G″ occurs at a frequency ω = 0.01 rad/s and the inverse of this frequency gives a 

characteristic relaxation time of 100 s for this sample. Note that this kind of dynamic 

spectrum is typical of transient entangled networks (e.g., of polymer chains or wormlike 

micelles in solution). Increasing the SDC content to 0.75 mM does not change the nature 

of the response, but the entire frequency spectrum shifts upward to higher moduli. Also, 

Figure 7.2. Dynamic rheology at 20°C of three AOT-SDC mixtures in cyclohexane, each 
containing 10 mM AOT and with varying SDC concentrations (as indicated on the plots). 
Each plot shows the elastic modulus G′ (circles) and the viscous modulus G″ (triangles) 
as functions of frequency ω.  
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at low frequencies below the crossover point, the slopes of G′ and G″ become closer to 

each other, which indicates the onset of gel formation. As the SDC concentration is 

increased to 1 mM (XSDC = 0.1), the dynamic rheological response becomes characteristic 

of an organogel (Figure 7.2c). Here G′ is nearly independent of frequency and exceeds 

G″ over the entire range of frequencies, indicating that the gel is an elastic material with 

an infinite relaxation time (and thereby an infinite viscosity). The level of G′ 

characterizes the strength and stiffness of the gel, and can be termed the gel modulus.     

 

 

 

 

 

 

 

 

 

 

 

 

Next, we consider trends in rheology as a function of the overall (AOT + SDC) 

concentration. These experiments were done at a constant SDC:AOT ratio, XSDC = 0.2. 

Data at 20°C for a series of these samples in cyclohexane are shown in Figure 7.3. We 

observe that combining just 2.5 mM AOT with 0.5 mM SDC gives rise to a strongly 

10-3 10-2 10-1 100 101

G
', 

G
'' (

P
a)

10-2

10-1

100

G′

G″

(a)

AOT = 2.5 mM
SDC = 0.5 mM

Frequency, ω (rad/s)
10-3 10-2 10-1 100 101

(b)

G′

G″

AOT = 5 mM
SDC = 1 mM

10-3 10-2 10-1 100 101

(c) G′

G″

AOT = 7.5 mM
SDC = 1.5 mM

10-3 10-2 10-1 100 101

G
', 

G
'' (

P
a)

10-2

10-1

100

G′

G″

(a)

AOT = 2.5 mM
SDC = 0.5 mM

10-3 10-2 10-1 100 101

G
', 

G
'' (

P
a)

10-2

10-1

100

G′

G″

(a)

AOT = 2.5 mM
SDC = 0.5 mM

Frequency, ω (rad/s)
10-3 10-2 10-1 100 101

(b)

G′

G″

AOT = 5 mM
SDC = 1 mM

Frequency, ω (rad/s)
10-3 10-2 10-1 100 101

(b)

G′

G″

AOT = 5 mM
SDC = 1 mM

10-3 10-2 10-1 100 101

(c) G′

G″

AOT = 7.5 mM
SDC = 1.5 mM

10-3 10-2 10-1 100 101

(c) G′

G″

AOT = 7.5 mM
SDC = 1.5 mM

Figure 7.3. Dynamic rheology at 20°C of three AOT-SDC mixtures in cyclohexane with 
a constant molar ratio of SDC:AOT = 0.2 and with varying overall concentration. The
composition of each sample is indicated on the corresponding plot. Each plot shows the 
elastic modulus G′ (circles) and the viscous modulus G″ (triangles) as functions of 
frequency ω.  
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viscoelastic solution (Figure 7.3a). Here, G′ and G″ cross at a frequency ω = 0.004 rad/s, 

indicating a relaxation time of 250 s for the sample. As the concentration is increased to 

5 mM AOT and 1 mM SDC (Figure 7.3b), we find the onset of a gel-like response. Note 

again that G′ is frequency-independent and exceeds G″ over the frequency range, i.e., the 

sample satisfies the strict rheological definition of a gel. Increasing the concentration to 

7.5 mM AOT and 2.5 mM SDC makes the gel stronger, i.e., the value of G′ becomes 

higher (Figure 7.3c). The above rheological data thus show that very low concentrations 

of AOT and SDC are enough to produce organogels. Figure 7.4 shows the scaling of gel 

modulus G′ with overall volume fraction φ of the amphiphiles (AOT + SDC) for a molar 

ratio XSDC = 0.15. G′ increases with φ according to a power law with an exponent of 2.1. 

This exponent is close to that found for gels of semiflexible biopolymers such as actin, 

where the values range from 2.0 to 2.2.78,98 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4. Elastic modulus at 20°C of AOT-SDC mixtures in cyclohexane as a function 
of the total amphiphile volume fraction φ. The SDC:AOT molar ratio is 0.15 in all these 
samples. The solid line through the data corresponds to a scaling of G′ ~ φ 

2.1.  
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7.3.4. Non-Linear Rheology (Strain-Stiffening) 

We now briefly discuss the non-linear rheology of AOT/SDC organogels, i.e., 

their response at high deformations exceeding the linear viscoelastic regime. Figure 7.5 

shows the dependence of elastic modulus G′ on strain-amplitude γ at a constant frequency 

of 10 rad/s. Data are shown for gels with different (AOT+SDC) concentrations and a 

constant XSDC = 0.15. In the low-strain regime (γ < 0.3), G′ is a constant (= G0), 

representing the linear response. As the strain-amplitude of the deformation is increased, 

there is an increase in G′ to a maximum value (= Gmax) followed by an abrupt decrease. 

This increase in G′ vs. γ is termed strain-stiffening or strain-hardening or strain-

thickening by different researchers. Note that an increase with strain-amplitude is also 

seen for G″, but the focus is usually on G′ since it is the parameter that most correlates 

with the network structure. Similar behavior is also seen at other frequencies as well. 

Figure 7.5 also shows that the strain γmax at which G′ shows a maximum and the 

magnitude of the strain-stiffening effect (i.e., the ratio Gmax/G0) are higher at lower 

amphiphile concentrations. As the AOT/SDC network becomes more dense (e.g., at 

overall concentrations exceeding 25 mM), strain-stiffening becomes negligible.   

 

To put strain-stiffening in perspective, it is worth noting that most polymeric or 

colloidal networks generally show strain-thinning, where G′ decreases with γ beyond the 

linear regime. Strain-thinning can be understood to occur due to the deformation-induced 

rupture of the physical bonds in the network. Strain-stiffening, on the other hand, is 

unusual because it implies that the network becomes stiffer when it is deformed 

compared to its stiffness at rest. In effect, the tendency to stiffen makes the network 



 

 105

becomes more resistant to rupture. Interestingly, strain-stiffening has been seen in a range 

of soft biological materials (e.g., blood clots, cornea, blood vessels) and biopolymer 

networks, leading some researchers to speculate that the added resistance at large 

deformations is a material property that has useful biological relevance.65 A model 

system for laboratory studies on strain-stiffening has been gels of F-actin.65,72 

Significantly, actin gels show the same trends as a function of concentration as seen in 

Figure 7.5, i.e., γmax in these gels drops with increasing actin concentration.73 

 

 

 

 

 

 

 

 

 

 

 

 

7.3.5. Small-Angle Neutron Scattering (SANS) 

Finally, we turn to SANS to elucidate the microstructure of AOT/SDC gels. For 

these experiments, samples were made in deuterated cyclohexane (these samples were 

identical to those in cyclohexane). The AOT concentration was fixed at a relatively low 

Figure 7.5. Strain-stiffening response at 20°C of AOT-SDC samples in cyclohexane 
(SDC:AOT molar ratio = 0.15 in all cases). All samples show an increase in their elastic
modulus G′ over a range of strain amplitudes, i.e., they exhibit strain-stiffening.  
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value of 20 mM so as to minimize interactions (structure factor effects) between the 

assemblies. SANS spectra (I vs. q) for 20 mM AOT solutions containing varying 

amounts of SDC (from 0 to 5 mM) are shown in Figure 7.6. It is clear that the addition of 

SDC causes a dramatic increase in the low-q scattering, while there are slight (but 

important) changes at higher q as well. The increase in low-q scattering is consistent with 

a transformation of spherical AOT micelles into elongated structures (note also the 

asymptotic slope of –1 at low q, which is indicative of cylinders).47 Thus, SANS confirms 

the growth of filamentous structures upon addition of SDC to AOT solutions.  

 

 

 

 

 

 

 

 

 

 

 

 

Further insight can be obtained by modeling the SANS data using appropriate 

form factors (eq 2.5-2.8). Model fits are shown as solid lines through the data in Figure 

7.6, and we focus on the data at q > 0.01. First, for the case of AOT alone in cyclohexane, 

Figure 7.6. SANS data from samples in deuterated cyclohexane containing 20 mM AOT
and different SDC concentrations. The solid curves through the data are fits to
appropriate models (see text for details). 
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we can adequately model the micelles as spheres (eq 2.5) with radii of 16.1 ± 0.1 Å, in 

agreement with other studies.36,91 As SDC is added, we expect the spheres to grow into 

cylinders; however, we cannot fit the SANS data for AOT/SDC samples assuming 

cylinders alone to be present (eq 2.6 and 2.7) (in particular, the fits break down at high q, 

where SANS mainly probes the cross-section of the micelles). We therefore hypothesize 

that the AOT/SDC samples contain co-existing populations of spherical micelles and 

cylindrical filaments. This can be rationalized if we assume that at these low molar ratios 

of SDC:AOT, the SDC collects in only some of the AOT spherical micelles, which in 

turn grow while the rest remain intact. Accordingly, we use eq 2.8 to model the data, and 

this yields excellent fits. From the fit parameters (Table 7.1), we infer that all samples 

contain co-existing spheres with radii of 16 Å (consistent with pure AOT micelles) and 

cylinders of radii 22 Å. With increasing SDC, the key parameter that changes is the 

fraction of cylinders, which increases from 0 (no SDC) to 60% (at SDC = 5 mM). In turn, 

an increasing fraction of cylindrical filaments correlates with the onset of gel-like 

behavior in the sample.  

 

Table 7.1. Parameters of SANS modeling for AOT + SDC in d-cyclohexane 
 

Concentration of AOT = 20 mM 
[SDC] (mM) Rs (Å) Rc (Å) φs* φc 

0 16 - 1 0 
1 16 22 0.97 0.03 
2 16 22 0.81 0.19 
4 16 22 0.57 0.43 
5 16 22 0.40 0.60 

Rs: radius of sphere  φs: volume fraction of sphere 
Rc: radius of cylinder  φc: volume fraction of cylinder 
*The errors for volume fractions are within ± 1% 
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7.3.6. Indirect Fourier Transform (IFT) 

The notion of co-existing spherical micelles and cylindrical filaments might 

appear unusual, although a similar idea has been proposed earlier for other AOT-based 

organogels.99 To further substantiate this claim, we have resorted to modeling the SANS 

data in a different way, using the IFT technique. This method allows SANS data to be 

analyzed without assuming a priori if spheres or cylinders are present. Pair distance 

distribution functions p(r) from IFT are shown in Figure 7.7 for the I(q) data from Figure 

7.6. For the pure AOT solution, p(r) is symmetrical, and this is typical of spherical 

micelles. The point where p(r) meets the x-axis gives the micelle diameter, which is 33 Å 

in this case, in good agreement with the value obtained above. Next, we examine how p(r) 

changes upon addition of SDC. Note that if only cylinders are present, p(r) should show 

an inflection point followed by a linear decrease to zero at a value of r equal to the 

cylinder length.100 However, the p(r) curves for AOT/SDC mixtures are not consistent 

with either spherical or cylindrical structures alone. For example, the p(r) for 1 mM SDC 

initially tracks the symmetrical curve of pure AOT, but then it has a further tail that 

extends up to 270 Å. The p(r) curves for 2 and 4 mM SDC have inflection points at 36 

and 45Å, respectively, followed by shoulders at higher values of r and eventual drops to 

zero above 400 Å. These complicated p(r) curves imply a co-existence of spheres and 

cylinders, although it is difficult to deconvolute their individual sizes. Nevertheless, IFT 

does offer model-independent confirmation for the presence of two distinct types of 

structures in AOT/SDC samples, in agreement with our direct SANS modeling. Why do 

only some AOT spherical micelles grow into cylindrical filaments? The answer is 
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discussed in the next section, where we also explain why the value of cylinder radius of 

22 Å is significant.         

 

 

 

 

 

 

 

 

 

7.4. DISCUSSION 

We have shown using SANS that the bile salt, SDC transforms spherical AOT 

micelles into cylindrical filaments. As the SDC:AOT ratio is increased, the number 

density of these filaments increases and so does their length. When the filaments are 

sufficiently numerous and long, we believe they form a highly interpenetrated and 

entangled network, leading to gel-like behavior of the sample. Note that there is no 

evidence for any other types of physical or chemical crosslinks in AOT/SDC networks.  

Such gel formation simply by entanglement of long, semi-flexible filaments is directly 

analogous to that occurring with biopolymers such as actin.87 One might argue that the 

filaments in both AOT/SDC and actin networks will indeed relax by reptation at 

Figure 7.7. Pair distance distribution functions p(r) obtained by IFT analysis of the 
SANS data shown in Figure 7.6 for 20 mM AOT + SDC samples in deuterated
cyclohexane.   
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extremely long times since they are not constrained by crosslinks. However, for all 

practical purposes the samples behave as gels, i.e., as permanent networks, and they also 

satisfy the rheological definition of a gel (Figures 7.2, 7.3).  

 

7.4.1. Structure of AOT/SDC Filaments 

Given that AOT/SDC samples behave as gels due to the presence of filaments, we 

still need to explain why SDC induces these filaments to form. Also, why do filaments 

co-exist with spherical micelles, as suggested by SANS? To answer these questions, we 

need to know how SDC molecules are distributed within the filaments. Being insoluble in 

non-polar solvents, SDC can either orient next to the AOT molecules at the interface, or 

it could arrange in the core of the filament. If the SDC were oriented at the interface, the 

radius of the filament would be identical to that of AOT spherical micelles (i.e., 16 Å). 

However, from SANS, we estimated a larger filament radius of 22 Å (i.e., diameter of 44 

Å). We suggest that this larger radius can be explained only by assuming that the SDC 

molecules are stacked in the filament core and surrounded by AOT molecules (as 

depicted in Figure 7.8).  

 

 The above model for AOT/SDC filaments can explain several aspects. First, we 

mentioned earlier that among all the bile salts we have studied, SDC is the only one that 

induces AOT to form organogels.101,102 Significantly, SDC is also the only bile salt that 

can directly form a hydrogel in water – this gel has been shown to consist of helical SDC 

fibrils with a radius of 9 Å, as determined by X-ray diffraction.103 If we combine the 

above fibril radius with the length of a fully extended AOT molecule (13 Å),91 we obtain 



 

 111

a net figure of 22 Å, which nicely matches with the filament radius from SANS modeling. 

Also, our model suggests that the binding of SDC to AOT must be a highly co-operative 

process, i.e., for a filament to form, there has to be a sufficient number of SDC molecules 

in the core. This readily explains why filaments must co-exist with native AOT micelles; 

in other words, only a few spherical micelles can grow into filaments when only a few 

SDC molecules are present (i.e., at low SDC:AOT molar ratios). In summary, we believe 

the unique ability of SDC to stack and form fibrils also explains its action as an 

organogel-inducer. The core of AOT micelles provides a hydrophilic environment in 

which SDC can stack, and this must be facilitated by strong hydrogen-bonding between 

the AOT headgroups and the hydroxyl groups on the outer face of SDC.         

 

 

 

 

 

 

 

 

 

 

 

   

 

Figure 7.8.  Schematic of the structures formed when AOT and SDC are added to
nonpolar liquids (oils). AOT is represented as a molecule with a blue head and two red
tails, while SDC is represented as a facial amphiphile, following Figure 1.1. AOT alone 
tends to form spherical reverse micelles in oil. When small amounts of SDC are added,
the SDC preferentially segregates in some of these spheres, causing their transformation
into long cylinders. The remaining AOT spheres remain intact and coexist with the 
cylinders. Based on their radii from SANS, the cylinders are expected to comprise stacks
of SDC surrounded by AOT molecules. 
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44 Å 

SDC AOT

 

AOT-SDC 
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7.4.2. Similarities with Actin Gels 

Finally, it is worth summarizing all the features that are shared between 

AOT/SDC organogels and actin hydrogels. Structurally, both materials are gels simply 

due to the entanglement of long, semiflexible filaments. No other crosslinking agents are 

necessary to yield a gel, although in the case of actin, the addition of crosslinking 

proteins can further strengthen the gel. Both gels are formed at very low concentrations 

of precursor molecules (less than 1 wt% or 0.1 mg/mL). In both cases, the initial 

structures present are spheres (AOT micelles and G-actin monomers) that transform into 

filaments upon appropriate conditions. Interestingly, in the case of actin also, a co-

existence of filaments and spheres is known to occur, quite similar to that shown in 

Figure 7.8.104,105 Actin filaments are also known to be semiflexible, i.e., their persistence 

length lp is comparable to their contour length.106 Although, we have not measured lp for 

AOT/SDC filaments, our hypothesis for their structure (with the planar and rigid steroidal 

rings of SDC in the core, Figure 7.8), suggests that these filaments should also be quite 

rigid.  

 

 Actin and AOT/SDC gels have similar properties as well. Both gels show a 

persistent birefringence, reminiscent of a nematic fluid, although it is more likely to 

reflect the shear-induced creation of aligned domains that are trapped within the network. 

Both actin and AOT/SDC gels also exhibit similar rheological response in the linear 

regime, and their gel moduli scale with concentration in similar ways. Lastly, both types 

of gels exhibit strain-stiffening, i.e., their gel moduli increase with strain amplitude. Even 

the variation in γmax with concentration (Figure 7.5) is similar for the two classes of gels. 
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Currently, the origin of strain-stiffening is a matter of debate. One mechanism attributes 

strain-stiffening to the intrinsic rigidity of network filaments.65 If this is correct, it 

reiterates that AOT/SDC filaments are quite rigid, much like actin filaments. Indeed, the 

rigidity imparted by steroidal bile salt to AOT filaments is analogous to the rigidification 

of lipid bilayers by addition of steroidal cholesterol.107      

    

7.5. CONCLUSIONS 

We have shown that the addition of the bile salt, sodium deoxycholate (SDC), to 

AOT reverse micellar solutions induces a transition from a low-viscosity liquid to a solid-

like organogels. Remarkably, organogels can be induced by very small (submillimolar) 

amounts of SDC. SANS measurements show that the spherical AOT micelles are 

progressively transformed into long, semiflexible filaments by addition of SDC. The gel 

is believed to form by the entanglement and interpenetration of these filaments into a 

volume-filling network. Based on SANS data, we suggest that the filaments consist of an 

AOT shell surrounding a core of planar and rigid SDC molecules, with the AOT and 

SDC connected by hydrogen bonds. AOT/SDC gels share many properties with gels of 

biopolymers such as actin, including their birefringence, gel-like linear rheology, and 

strain-stiffening in non-linear rheology.   
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Chapter 8 

CONCLUSIONS AND RECOMMENDATIONS 
 

8.1. CONCLUSIONS  

Unlike conventional studies on the self-assembly of amphiphiles in aqueous 

solution, we have focused on the reverse self-assembly of lecithin and AOT in nonpolar 

solvents in conjunction with other additives. Previous studies that dealt with reverse 

aggregates have only used water as an additive to tune aggregate morphology. However, 

other additives such as salts or short lipids that are generally insoluble in nonpolar 

solvents have not been considered. In this dissertation, we have reported three new 

classes of reverse aggregates: reverse wormlike micelles, reverse vesicles and organogels. 

We have made connections between these new reverse systems with existing reverse 

systems and even with existing aqueous self-assembled systems. These connections can 

be described by simple rules that are summarized below. 

 

Firstly, we have shown that, apart from water, the addition of bile salt, a 

biological amphiphile, to lecithin organosols also induces a transition from discrete 

spherical reverse micelles to entangled networks of wormlike reverse micelles (Chapter 

3). Bile salts and water are very different in chemical structure; however, both of them 

are capable of hydrogen-bonding with lecithin. In turn, both can alter the effective 

geometry of lecithin to that of a truncated cone, thus favoring cylinders. This explains the 

analogous effects of bile salt and water on reverse micellar growth.  
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In addition to reverse wormlike micelles, we have extended our studies to a 

different and rare form of reverse aggregate, i.e., reverse vesicles (Chapter 6). Based on 

the geometric theory of self-assembly, if the effective molecular geometry is reduced to a 

cylindrical shape, reverse vesicles may be formed. We accomplished this by combining a 

short-chain C4-lecithin with conventional lecithin (C17) in cyclohexane. C4-lecithin has 

the same hydrophilic headgroup as lecithin but much shorter tails. When the two lipids 

pack together, the headgroup area expands while the tail area remains about the same, 

thus bringing the critical packing parameter close to 1 (i.e., a cylinder shape). 

Coincidentally, mixing short- and long-chain lipids in aqueous solution has been shown 

to produce stable unilamellar normal vesicles.83 Also, we showed that to stabilize the 

reverse vesicles, we need to add a trace of sodium chloride to help the lipids to bind 

together via electrostatic interactions. 

 

The third reverse structure we have discovered is a self-assembled organogel 

(Chapter 7). The addition of bile salt, SDC into AOT reverse micellar solution induces a 

solid-like organogel. Unlike wormlike micellar solutions that flow very slowly, the 

organogel can support its own weight when the sample is inverted. This is because a 

network that comprises long and rigid filaments can hold the solvent through capillarity. 

We believe the cores of the filaments are filled with stacks of SDC molecules with the 

AOT molecules surrounding them. Interestingly, SDC is a “dual” gelator that can both 

gel water and nonpolar liquids. In water, SDC is the only bile salt that can form a gel at 

neutral pH. We believe that the hydrophilic cores of AOT micelles can provide an 
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environment where SDC can self-assemble into fibrillar structures in a manner very 

similar to that in water.  

 

From the above instances, we see that, although water and nonpolar liquids are on 

opposite sides in terms of polarity, there are many analogous effects in these two systems. 

For example, the interactions in water between bile salt-lecithin and metal ion-lecithin 

also take place in nonpolar liquids. Moreover, certain self-assembly phenomena can 

occur in both water and nonpolar liquids, such as the self-assembly of SDC into fibrils. 

More generally, the regulation of amphiphile geometry through the critical packing 

parameter can not only guide self-assembly in water but also in nonpolar liquids. In 

underscoring the fact that only a thin line separates water and nonpolar liquids, it is worth 

noting the phenomenon of enzymatic catalysis in organic solvents. It has been shown that 

enzymes that are normally active in water can also act as catalysts in organic solvents and 

they can even have a higher stability.108  

 

Apart from the studies of the self-assembled structures, we have also presented 

interesting and unusual rheological properties of reverse wormlike micelles. First, we 

have shown that normal and reverse worms respond differently to temperature. For 

normal worms, the plateau modulus remains constant with temperature, while for reverse 

worms, it decreases exponentially with temperature. The results emphasize the different 

driving forces for the formation of normal and reverse worms. Specifically, it confirms 

hydrogen-bonding as the key factor that drives the self-assembly and growth of reverse 

worms. Also, we have reported a strain-stiffening behavior in reverse worms formed by 
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mixing bile salt and lecithin. Unlike the response of conventional gels or viscoelastic 

solutions, the elastic modulus of this system increases with strain amplitude in the non-

linear regime. Our study highlights the importance of the polydisperse population and the 

“living” character of the worms in dictating the stiffening behavior. More importantly, 

this system provides a simple and inexpensive model to further investigate the 

phenomenon of strain-stiffening, which until now has been mainly studied by 

biophysicists in complicated model biopolymer systems.  

 

8.2. RECOMMENDATIONS FOR FUTURE WORK  

Based on the systems we have reported, it is highly possible to explore new 

reverse systems following the hypotheses and ideas we have provided. Moreover, 

although this dissertation focuses on the fundamental aspects of reverse self-assembly, 

certain promising applications exist for some of the new systems we have discovered. We 

suggest three feasible projects for future work, and these are briefly described below. 

 

8.2.1. Reverse Aggregates Induced by Multivalent Ions 

The hypothesis of formation of reverse worms in Chapter 3 was that the addition 

of bile salts alters the net geometry of lecithin from one that favors spheres to one 

favoring cylinders. Based on this hypothesis, we have sought to identify other molecules 

that can also induce the formation of cylinders when added to lecithin. These kinds of 

molecules must have the ability to bind with lecithin so that they can alter the effective 

geometry. We have presented in Chapter 7 that NaCl plays an important role in 
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stabilizing reverse vesicles. In fact, studies have shown that monovalent ions have weaker 

binding strength with phosphocholine headgroups than di- and trivalent ions.84,109 Thus, 

multivalent ions, such as Ca2+ and La3+ may be good candidates for inducing reverse 

aggregates. Nobody has studied the effects of these ions in organic media because salts 

are known to be insoluble in nonpolar liquids. Our experiments, however, have shown 

that if lecithin is present in the organosol, salts can indeed be dissolved in the sample. 

What is more, salts of multivalent ions, such as CaCl2, do increase the viscosity of the 

solution and ultimately lead to a strong organogel (Figure 8.1), whereas NaCl does not. 

More importantly, this organogel can be formed in biocompatible solvents, such as ethyl 

myristate and butyl laurate, thus offering a potential candidate for drug delivery 

applications. We again conjecture that this effect is due to the binding of Ca2+ to lecithin 

headgroups and the resulting alteration of the molecular geometry. As part of future work, 

the effects of salt type and concentration on reverse self-assembly can be systematically 

studied.  

 

 

 

 

 

 

 

 

 

Figure 8.1. (a)  Photograph of a sample containing 40 mM lecithin and 13 mM CaCl2 in 
n-decane. The sample supports its own weight in the overturned vial. (b) Dynamic 
rheology at 25°C of this sample, showing a response typical of gels.  
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8.2.2. Encapsulation of Model Compounds by Reverse Vesicles 

Since vesicles are containers that have an interior liquid core, they can 

encapsulate a variety of solutes such as drugs, cosmetic ingredients or agrochemicals. 

These solutes could then be released slowly and in a controlled manner through the 

vesicle bilayer. Since many drugs and other commercially relevant molecules are 

hydrophobic, it is quite possible that reverse vesicles could prove to be a useful structure 

and could form the basis for new applications. But first we need to measure the 

encapsulation ability of reverse vesicles for different hydrophobic solutes. Oil-soluble 

dyes such as nile red, or oil-soluble biological molecules such as cholesterol, can be ideal 

model compounds for encapsulation experiments. The encapsulation efficiency of 

vesicles for a given solute is usually determined by passing the vesicle-solute mixtures 

through a chromatography column.110 Here, since the density difference between lipids 

and organic solvents is relatively large, an even simpler way is to use a centrifuge to 

separate the vesicles with encapsulated solute from free, unencapsulated solute. 

Preliminary experiments show that reverse vesicles can indeed be separated from 

solutions by centrifugation, and they remain stable during this process.  

 

8.2.3. Drug Delivery Using Lecithin/Bile Salt Reverse Worms  

Wormlike micelles offer several advantages for drug delivery. Take normal 

worms as an example: hydrophilic drugs can be suspended in these viscoelastic solutions, 

while hydrophobic drugs can be intercalated into hydrophobic core of worms. Moreover, 

the flexibility of worms allows them to penetrate through nanoporous membranes, 
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whereas vesicles may be blocked. In fact, wormlike micelles have been shown to be 

capable of tissue permeation and controlled release.111 

 

Interestingly, reverse worms of lecithin/water/oil have been used as a vehicle for 

dermal and transdermal drug delivery.6 These worms are biocompatible and have been 

proven to be safe for dermal treatment. The micelles can enhance skin penetration and are 

effective for the treatment of muscle spasm as well as in the management of peripheral or 

neuropathic pain. Much like the lecithin/water/oil system, the new reverse worms of 

lecithin/bile salts that we have reported are also biocompatible. The bile-salt-based 

worms also have a higher elastic modulus at the same concentration, i.e., the samples are 

stiffer. Also, they are more stable, as they are able to maintain a high viscosity for several 

months while lecithin/water worms tend to soften gradually with time. More importantly, 

this system is water-free, which may be advantageous to retain the stability and activity 

of some drugs. From these standpoints, we believe that lecithin/bile salt reverse worms 

may be promising for drug delivery applications. 
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