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Chapter I 

Surfactant Aggregation in Solution: 
An Overview 

1.1. Surfactant (Amphiphilic) molecules 

Surfactants, a common contraction of the term surface-active ~ents, are versatile 

chemical subs tances that modify the surfaces or interfaces of the systems in which 

they are contained. Surfactants have the ability to adsorb (or locate) at interfaces, 

thereby altering significantly the physical properties of those interfaces [1]. 

Surfactants possess these characterstics because their molecular structure is 

amphiphilic (from the Greek am phi meaning 'on both sides' and phileein meaning 

' to love') having polar as well as apolar parts within the same molecular unit. The 

polar part is called "head" and the apolar part usually a long chain hydrocarbon is 

called " tail" (figure 1.1). These compounds are most comfortable in a situation 

when each part is located in an appropriate environment, which is only possible at 

the interface between two media [2]. 

Hydrophi lic head Hydrophobic tail 

Figure 1.1. Common schematic representation of a surfactant molecule. 

The hydrophobe is usually the equivalent of an 8 to 18 hydrocarbon, and can be 

aliphatic, aromatic, or a mixture of both. The source of hydrophobes are normally 

natural fats and oils, petroleum fractions, relatively short synthetic polymers, or 

relatively high molecular weight synthetic alcohols. The hydrophilic group gives 

the primary classification to surfactan ts, and are anionic, cationic and nonionic in 

nature. The anionic hydrophiles are the carboxylates (soaps), sulphates, 
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sulphonates and phosphates. The cationic hydrophiles are some form of an amine 

product. The nonionic hydrophiles associate with water at the ether oxygens of 

a polyethylene glycol chain. There are some surface-active amphiphilic molecules 

that contain both anionic and cationic centers at the head group. These are called 

zwitterionic surfactants. Surfactants can also have two hydrocarbon chains 

attached to a polar head and are called double chain surfactants. On the other 

hand, surfactants containing two hydrophobic and two hydrophilic groups are 

called "gemini" surfactants. Amphiphilic molecules can also have two head 

groups (both anionic, both cationic or one anionic and the other cationic) joined by 

hydrophobic spacer [3]. These types of molecules are termed "bola-amphiphiles" 

commonly known as "bolaforms". Surface activity of these molecules depends on 

both the hydrocarbon chain length and the nature of head group(s). 

1.2. Self-Assembly of Amphiphilic Molecules 

Amphiphilic molecules have been the realm of interest in chemistry for over a 

hundred years with attention not only in pure science but also in their wide 

applications to industry. Self-assembly is a spontaneous organization of molecules 

driven by noncovalent interactions into stable aggregates. Self-assembly 

phenomenon is also well recognized in biological systems, e.g., lipid bilayers, the 

DNA duplex, and tertiary and quaternary structure of proteins. The process of 

spontaneous aggregation of simple molecules in solution into larger structures 

with a certain order is also an important phenomenon in every-day-life as well as 

an interesting subject for scientific investigation. The best-known example of 

aggregation in every-day-life is the formation of micelles by surfactant or 

detergent molecules. However, the most important type of aggregation, which is 

essential to life, is the formation of the lipid bilayer membrane by phospholipids. It 

has inspired chemists and physicists to study these and other similar types of 

aggregates because they mimic biological systems [1]. Aggregation of molecules 

often occurs at the borderline of solubility. An important molecular property in 

this respect is polarity, for which solubility follows the rule 'like dissolves like'. 

Polar (hydrophilic) compounds are well soluble in polar solvents, e.g. salt in water, 
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and the same is true for apolar (hydrophobic) compounds and solvents, e.g. 

vitamin E and oil. Furthermore, polar compounds are insoluble in apolar solvents 

and vice versa. 

Amphiphiles with longer hydrocarbon chains are found to be more surface-active 

compared to those having shorter hydrocarbon tail [4]. It is observed that 

amphiphiles with fluorocarbon chain are more surface-active than those with 

hydrocarbon chain [5]. When surfactants are added to water, they are adsorbed at 

the water-air interface, which actually arises from their dualistic character (polar 

and apolar character together in the same molecule). In aqueous solution the 

hydrophobic chain interacts weakly with the water molecules, whereas the 

hydrophilic head interacts strongly via dipole or ion-dipole interactions. It is this 

strong interaction that renders the surfactant soluble in water. However, the 

cooperative action of dispersion and hydrogen bonding between the water 

molecules tends to squeeze the surfactant chain out of the water (hence, these 

chains are referred to as hydrophobic). Therefore, surfactants tend to accumulate 

at the surface, which allows lowering the free energy of the phase boundary, i.e. 

the surface tension. 

1.3. Structure and Shape of Aggregates: The Packing Parameter 

The concept of molecular packing parameter has been widely cited in chemistry, 

physics, and biology literature because it allows a simple and intuitive insight into 

the self-assembly phenomenon [6]. The packing parameter approach permits 

indeed to relate the shape of the surfactant monomer to the aggregate morphology 

[7-9]. The molecular packing parameter P is defined as the ratio v / ao lc, where v 

and lc are the volume and the extended length of the surfactant tail, respectively 

and ao is the equilibrium area per molecule at the aggregate interface (or mean 

cross-sectional (effective) head-group surface area), as illustrated in figure 1.2. H 

we consider a spherical micelle with a core radius R, made up of Nagg molecules, 

then the volume of the core is V = Naggx v = 47tR3 /3, the surface area of the core A 

= NaggX ao = 47tR2
• Hence, it can be deduced that R = 3 v/ao, from simple 

geometrical relations. H the micelle core is packed with surfactant tails without any 
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empty space, then the radius R cannot exceed the extended length lc of the tail. 

Introducing this constraint in the expression for R, one obtains 0 v I a0 lc 1/3, 

for spherical micelles. These geometrical relations, together with the constraint that 

at least one dimension of the aggregate (the radius of the sphere or the cylinder, or 

the half-bilayer thickness, all denoted by R) cannot exceed lc, lead to the following 

well-known connection between the molecular packing parameter and the 

aggregate shape [7], i.e., 0 v I ao lc 113 for sphere, 113 vI ao lc 112 for 

cylinder, and 112 vlao lc 1 for bilayer. Inverted structures are formed when 

P>1. 

/ 
/ 
i 
' I 
\ 

I 

Figure 1.2. The critical packing parameter P (or surfactant number) relates the head 
group area, the extended length and the volume of the hydrophobic part of a 
surfactant molecule into a dimensionless number P=V I aolc 

Therefore, if the molecular packing parameter is known, the shape and size of the 

equilibrium aggregate can be readily identified. Nagarajan showed that the tail 

length influences the head group area (considering the tail packing constraints) 

and thereby the micellar shape [6]. It is important to note that a0 is often referred to 

as the "headgroup area" in the literature. This has led to the erroneous 

identification of ao as a simple geometrical area based on the chemical structure of 

the headgroup in many papers, although a0 is actually an equilibrium parameter 

derived from thermodynamic considerations [6]. Needless to say, that for the same 

surfactant molecule, the area ao can assume widely different values depending on 

the solution conditions such as temperature, salt concentration, additives present, 

etc.; hence, it is meaningless to associate one specific area with a given head group. 
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For example, sodium dodecylbenzene sulfonate forms micelles in aqueous solution 

whereas bilayer structures are formed when alkali m etal chlorides are added [10] 

resulting in different experimental ao values in these two cases. Moreover, the role 

of the surfactant tail has been virtually neglected. This is in part because the ratio 

v / lc appearing in the molecular packing parameter is independent of the chain 

length for common surfactants (0.21 nm2 for single tail surfactants) and the area a0 

depends only on the head group interaction parameter. The predicted aggregation 

characteristics of surfactants are presented in Table 1.1. 

Table 1.1. Schematic representation of surfactant structures and shapes derived from 
various packing parameters. 

Possible 
surfactant type 

Single-tail ~ ~ ~ ~~ 
surfactants with ~ ~ ~ \....__/ 
large headgroups 

Single-chain 
surfactants with 

< 1 /3 

small headgroups ~ 1 /3< P < 1 /2 

Double-chain 
surfactants with 
large headgroups ~ 1 / 2 < P < 1 

and flexible 
chains 

Double-chain 
surfactants with 

small headgroups ~ p ~1 
or rigid, 

immobile chains 

double-chain 

> surfactants with 
small P > 1 

headgroups, and 
bulky chains 

Shape 
Structures 

formed 

cone spherical micelles 

v,~·~~ 
truncated cone cyl.indcical micelles 

~ 0 :_· ·tf}~·~fi{~tm~wf{ 
.... 

tru.nc.ated cone flexible 

tJ 
bilayers, 

vesicles 

cylinder planar bilayers 

u . 

inverted tmncat1 inverted micelles 

cone oc wedge 

LJ 
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1.4. Self-Assembled Structures of Amphiphilic Molecules in Water 

1.4.1. Micelles 

The most intensely studied and debated type of molecular self-assembly and 

perhaps the simplest in terms of the structure of the aggregate is the micelle. 

Micelles formed by ionic amphiphilic molecules in aqueous solution are dynamic 

associations of surfactant molecules that achieve segregation of their hydrophobic 

portions from the solvent via self-assembly. They are loose, mostly spherical 

aggregates above their critical micellization concentration (erne) in water or 

organic solvents [1]. 

Figure 1.3. Schematic representation of a spherical micelle in aqueous solution. 

Micellar aggregates are short-lived dynamic species, which rapidly disassemble 

and reassemble [11]. Hence, only average shape and aggregation numbers of 

micelles can be determined. Commonly, micellization of surfactants is an example 

of the hydrophobic effect. In micellization there are two opposing forces at work. 

The first is the hydrophobicity of the hydrocarbon tail, favouring the formation of 

micelles and the second is the repulsion between the surfactant head groups. The 

mere fact that micelles are formed from ionic surfactants is an indication of the fact 

that the hydrophobic driving force is large enough to overcome the electrostatic 

repulsion arising from the surfactant head groups. Figure 1.3 represents a 

spherical micelle formed in aqueous solution, where the hydrophobic chains are 

directed towards the interior of the aggregate and the polar head-groups point 
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towards water, hence allowing the solubility/stability of the aggregate (no phase 

separation). Micelles are also known to be disorganized assemblies whose interiors 

consist of mobile, non-stretched hydrophobic chains [12]. In addition, it may be 

noted that in addition that water molecules can penetrate partially into the micelle 

core to interact with surfactant hydrophobic tails [13]. There are a large number of 

publications related to the micelles, micelle structures, and the thermodynamics of 

micelle formation. A huge amount of experimental and theoretical work devoted 

to the understanding of the aggregation of surface-active molecules has been 

carried out [14-16]. 

Micelles are generally formed by cationic, anionic, zwitterionic as well as 

nonionic surfactants having short alkyl chains. The environment of a micelle varies 

in a regular manner as a function of distance from the center of the micelle, going 

from a relatively dense aliphatic medium near the center to a relatively diffuse 

region known as either Stern layer in ionic micelles, or as Palisade layer in neutral 

micelles [17-19], where the head groups, bound counterions, and solvent 

molecules coexist. The remaining counterions are contained in the Gouy-Chapman 

portion of the double layer that extends further into the aqueous phase. 

Fluorescence probe studies have indicated that micellar core is nonpolar, but less 

fluid than hydrocarbon solvents of equivalent chain length [20]. On the other 

hand, the Stern layer has polarity approximately equal to that of alcohols [21] . 

• 

Figure 1.4. Water molecules at the liquid-air interface 

- Covalent bond 

- Hydrogen bond 

• • • •• Hydrogen bond 
not achieved 

Water is a very cohesive liquid due to the formation of a 3-dimensional hydrogen 

bond network (figure 1.4) in addition to attractive van der Waals interactions. This 

induces that the amount of work required to expand the interface air-water, 
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characterized by the surface tension, is relatively high (~72.6 mNm-1, for pure 

water at 20°C). When a nonpolar unit is introduced into an aqueous solution, the 

hydrogen bonding network formed by the existing water molecules is disrupted 

and the water molecules order themselves around the nonpolar entity to satisfy 

hydrogen bonds (figure 1.5 A). This results in an unfavourable decrease in en tropy 

in the bulk water phase. As additional nonpolar units are added to the solu tion, 

they self-associate thus reducing the total water-accessible surface of the complex 

relative to the monod isperse state (figure 1.5 B). Now, fewer water molecules are 

required to rearrange around the collection of nonpolar groups. Therefore, the 

entropy associated with the complex is less unfavorable than for the monodisperse 

detergents. In short, hydrophobic association and the formation of micelles is 

driven by the favorable thermod ynamic effect on the bulk water phase. 

A 
B 

Figure 1.5. Water molecules ordered around surfactant monomers (A). Loss of total 
water-accessible surface as a result of micellisation (B). 

A grea t deal of work has been done on elucida ting the various factors that 

determine the erne at which micelle formation becomes significant, especially in 

aqueous media. An extensive compilation of the erne's of surfactants in aqueous 

med ia has been published [22]. Among the factors that are known to affect the erne 

in aqueous solution are (i) the structure of the surfactant, (ii) the presence of added 
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electrolyte (in the case of ionic surfactants) in the solution, (iii) the presence of 

various organic compounds in solution, and (iv) temperature of the solution. 

Surfactant structure. In general, the ionic surfactants have higher erne values 

compared to nonionic surfactants. The erne in aqueous media generally decreases 

as the hydrophobic character of the surfactant increases. It has been observed that 

the erne is halved by the addition of one methylene group to a straight-chain 

hydrocarbon tail. For nonionics and zwitterionics, the erne value is decreased to 

one fifth of its previous value on the addition of one methylene group to the 

hydrocarbon tail. The branching of the hydrocarbon chain appears to have about 

one-half the effect of carbon atoms of a straight chain. When C-C double bond is 

present in the hydrocarbon chain the erne value is higher than that of the 

corresponding saturated compound. An introduction of a polar group such as -0 

or -OH into the hydrophobic chain generally causes a significant increase in the 

erne value in aqueous medium at room temperature. However, replacement of 

hydrocarbon chain by a fluorocarbon chain of same length causes a decrease in 

erne value as has been already mentioned. For n-alkyl ionic surfactants, the erne 

decreases in the order arninium salts > carboxylates > sulfonates > sulfates. It has 

been found that in quaternary cationics, pyridinium compounds have smaller 

erne's than the corresponding trimethylammonium compounds. 

Counterion. The degree of counterion binding, p (=1-a), has also an effect on the 

erne value of ionic surfactants. The larger the hydrated radius of the counterion 

+ + + + --- -
(ionic size follows the order NH

4 
> K > Na > Li and F >I >Br > Cl ), the weaker 

the degree of binding, and hence larger the erne. Thus in aqueous medium, for 

anionic lauryl sulfates, the erne increases in the order Ca
2
+ < N(C

2
H

5
)
4
+ < N(CH)

4
+ 

+ + + + .+ • • 
< NH < Cs < K < Na < LI . On the other hand, for catiomc 

4 

dodecyltrimethylammonium and dodecylpyridinium salts, the order in aqueous 

medium is i < Br- < C( <F-. 

Electrolyte. In aqueous solution the presence of electrolyte causes a decrease in the 

erne, the effect being more pronounced for anionic and cationic than for 

zwitterionic surfactants and more pronounced for zwitterionic than for nonionics. 
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Charge screening of the surfactant head groups by the ions of the added 

electrolytes is mainly responsible for such decrease in erne. The change in erne of 

nonionics and zwitterionics upon addition of electrolyte is mainly due to the 

"salting out" or" salting in" of the hydrophobic group in aqueous solvent. 

Organic additives. Water-soluble polar organic compounds such as alcohols and 

amides reduce the erne at much lower concentrations. Shorter-chain alcohols are 

mainly adsorbed in the water-micelle interfacial region. The longer-chain 

compounds are adsorbed in the outer portion of the micelle core, between the 

surfactant molecules. Additives that have more than one group capable of forming 

hydrogen bonds with water appear to produce greater depression of erne. On the 

other hand, additives like urea, formamide, N-methylacetamide, guanidinium 

salts, short-chain alcohols, ethylene glycol, and other polyhydric alcohols, such as 

fructose and xylose increase erne at relatively higher concentrations by modifying 

the interaction of water with surfactant molecules. 

Temperature. The effect of temperature on the erne of surfactants in aqueous 

medium is complex, the value appearing first to decrease with temperature to 

some minimum and then to increase with further increase in temperature. Increase 

of temperature causes decrease of hydration of the hydrophilic group, which 

favors micellization and also causes disruption of the structured water 

surrounding the hydrophobic group, which disfavors micellization. The relative 

magnitude of these two opposing effects, therefore, determines increase or 

decrease of erne. Temperature effects are more dramatic in the case of double chain 

surfactants. For example, turbid, liposomal dispersions of didecyldimethyl

ammonium bromide at room temperature become a clear solution when heated to 

60"c due to formation of small micellar aggregates [23,24]. 

1.4.2. Worm-like micelles 

Worm-like micelles are long, flexible, cylindrical chains with contour lengths of the 

order of a few micrometers. These structures are formed at very high surfactant 

concentrations or in presence of organic or inorganic salts via alteration of micellar 
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surface curvature. The entanglement of these wormlike chains into a transient 

network imparts viscoelatic properties to the solution [25,26]. A schematic 

representation of the microstructure of a typical worm like micelles is shown in 

figure 1.6. The dynamics of these systems differs from those of conventional 

polymers in that the wormlike micelles are continuously breaking apart and 

recombining. The rheological behavior of these surfactant solutions is known to 

follow "reaction-reptation model" which is an extension of the reptation model of 

polymer relaxation to cylindrical micelles of surfactant molecules undergoing 

reversible sciss ion and recombination processes [27]. The linear and nonlinear 

viscoelastic properties of surfactant solutions have been extensively studied over 

past few years, both theoretically [28,29] and experimentally [30-40]. 

Wormlike Micelles 

Figure 1.6. Microstructure of a typical wormlike micelle. 

In general, it is observed tha t there is a critical shear rate above which the viscosity 

dramatically increases for dilute concentration of surfactan t solution. The cause of 

this shear thickening phenomenon is believed to be the flow-induced structure 

formation of surfactant aggrega tes under shear flow [30,36]. With increasing flow 

intensity, the m icelles undergo coalescence or tend to be stretched toward the flow 

direction, and as shear flow is going with time, the shear-induced structure of 

wormlike micelles continuously breaks down and re-forms at high shear rate [41]. 

This shear-induced structure (SIS) behaves like a gel and shows strong flow 

birefringence in solution state [33]. The classic example of such an 'abnormal' 
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system is a solution containing cationic surfactant cetyl pyridinium chloride (CPC) 

with sodium salicylate (NaSal) as the additive. For semidilute surfactant solutions, 

zero shear viscosity initially increased with concentration, reached a maximum, 

and then decreased [2,34,42]. Also, the shear viscosity of semi-dilute CPC/NaSal 

solutions showed almost a constant value until the critical shear rate and then 

shear thinning began, followed by shear thickening at higher shear rate. 

The average micellar length is a thermodynamic quantity, and it responds to 

changes in solution composition and temperature. Normally when a wormlike 

micellar solution is heated, the micellar length decays exponentially with 

temperature [1,43]. The reduction in micellar length leads to an exponential 

decrease in viscosity of the solution. The reduction in micellar length, in turn, leads 

to an exponential decrease in rheological properties such as the zero-shear 

viscosity T\o and the relaxation time tR. Accordingly, an Arrhenius plot of ln T\o 

versus 1/T (where T is the absolute temperature) falls on a straight line, the slope 

of which yields the flow activation energy E •. Values of Ea ranging from 70 to 300 

kJ/mol have been reported for various micellar solutions [43-45]. Inorganic and 

organic salts have been widely used as additives to facilitate the structural 

transition of micelles in ionic surfactant solutions [46-49]. Inorganic counterions 

promote gradual micellar growth by reducing the head group repulsions in the 

ionic micelles. On the other hand, organic salts in aqueous micellar systems, 

dissociate to produce ionic species with a hydrophobic moiety, which affects the 

packing of the surfactant tails and leads to changes in the effective packing 

parameter. The growth of cationic surfactant such as CTAB micelles has been 

extensively studied in the presence of salts such as KBr [50], sodium salicylate 

[51,52] chlorobenzoates [53], and benzyl sulfonates [54]. Single chain ionic 

surfactants, e.g., cetyltrimethylammonium bromide (CTAB), favor convex-up 

surface geometry of the micelles due to strong headgroup repulsion and form 

spherical or near spherical micelles at the erne, while either at much higher 

surfactant concentrations (-1.0 M) or in the presence of high inorganic salt 

concentrations (>0.1 M), morphological changes occur to rod-like micelles and 

vesicles [2, 55-57]. Hydrotropic salts like sodium salicylate (NaSal) also promote 

sphere to worm-like micellar transition at considerably lower concentration (e.g., 
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-1.0 mM in CTAB) by increasing the packing parameter above the critical value of 

1/3 via efficient charge screening of the surfactant head groups [7]. These worm

like micellar solutions at low concentrations show complex and unusual 

rheological phenomena. The increased salt concentrations cause the microstructure 

to change from globular to wormlike micelles. Addition of anionic surfactant, for 

instance, sodium dodecyl benzenesulfonate (SDBS) to solutions of cationic 

surfactants has also been found to generate wormlike micelles [58]. The effect of 

nonionic additives on micellar shape has also been investigated by many research 

groups. Hedin and co-workers have reported the elongation of CTAB micelles 

upon the solubilization of benzene [59]. Zhang and coworkers investigated the 

effect of benzyl alcohol on CTAB/KBr micellar systems by a combination of 

rheology and NMR studies and have suggested elongation of micelles upon 

alcohol solubilisation [60]. The addition of alcohols has also been shown to 

promote growth of worm-like micelles in such transitions [ 61-63]. 

Although, studies related to the microstructural transitions of micelles to 

worm-like micelles and vesicles have been going on for quite some time, a 

common element in most of the works summarised above is the presence of an 

anion salt like NaSal. A number of studies on micellar shape transition in cationic, 

anionic, and catanionic surfactant systems induced by polar and nonpolar organic 

species have been reported in the literature. However, these systems trigger the 

shape transition only at very high concentrations and make themselves unsuitable 

for certain applications. Recent studies show that the above mentioned transitions 

takes place even in presence of neutral aromatichydroxy dopants like 1- and 2-

naphthols. Studies on the microstructural modifications of charged amphiphiles by 

neutral aromatichydroxy compounds are rather recent and will be discussed later 

in more detail. 

1.4.3. Vesicles 

Vesicles are closed bilayered structures similar to those of the lamellar phase 

characterized by two distinct water compartments, one forming the core and other 

the external medium [64,65] (figure 1.7). Like micelles, the formation of vesicles is 
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a result of energetically favorable hydrophobic association of the hydrocarbon 

tail(s) of an amphiphilic molecule. However, unlike micelles, vesicles have two 

distinct domains: the lipophilic membrane and the interior aqueous cavity. 

Specifically, the surface of micelles is a lipid monolayer, while the surface of 

liposomes is a lipid bilayer and the inner core of micelles is composed of 

hydrocarbon chains, while the inner core of vesicles is an aqueous phase (figure 

1.7). 

Figure 1.7. Figure showing bilayer and the individual unit of the surfactant forming 
the bilayer. The folding of the bilayer due to hydrophobic interaction forms the vesicle. 

Vesicles have been found useful as agent in many practical applications and also a 

basis for several theoretical investiga tions. Micelles can solubilize amphiphiles and 

organic compounds, while vesicles can solubilize (or encapsulate) organic 

compounds and amphiphiles in the lipid bilayer, and inorganic compoun ds and 

amphiphiles in the aqueous core. Vesicles can be prepared as small unilammellar 

vesicles (SUV), large unilamellar vesicles (LUV) or large multilamellar vesicles 

(liposomes). Multilamellar vesicles can be large having diameter of several J.lmS 

and they are also termed as onions [66,67]. Vesicles are classified in terms of 

number of lamellae and size. Multimembrane vesicles are divided into three 

groups: multilamellar vesicles (MLVs) also called as onion-shaped vesicles, 

oligolamellar vesicles (OLVs), and multivesicular vesicles (MVVs). OLVs are 

composed of several lamellae. Unilamellar vesicles consist of a lipid bilayer 

separating an aqueous solution from the bulk phase, forming roughly spherical 

structures with an inner aqueous core [15, 68]. These vesicles (ULVs) are usually 

divided into three groups in terms of size: small unilamellar vesicles (SUVs), large 
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Figure 1.8. Morphology of different vesicle structures 

unilamellar vesicles (LUVs), and giant unilamellar vesicles (GUVs). Figure 1.8 

presents a schematic view of the major liposome types. Vesicles with diameter 

under 100 nm are normally considered as SUVs, whereas those greater than 100 

nm are LUVs. GUVs are those, which have sizes greater than 10 Jllil· The 

disadvantage of MLVs is their heterogeneous size distribution. The advantage of 

SUVs is the homogeneous size distribution and their disadvantage is low 

encapsulation efficiency. For LUVs, encapsulation efficiency is relatively high and 

even macromolecules can be encapsulated. Vesicles have been found to form from 

synthetic surfactants that contain one, two, or three alkyl hydrocarbon chains and 

quaternary ammonium, carboxylate, sulfate, sulfonate, hydroxide, or phosphate, 

zwitterionic or functionalized head groups. Vesicles are also generated by 

polymeric surfactants and block copolymers. 

Vesicles formed by double-tailed surfactants. Vesicles are normally formed by 

double-tailed surfactants having cylindrical shape, i.e., a packing parameter close 

to 1. The most common membrane lipids are double-chained phospholipids or 

glycolipids, with 16-18 carbons per chain. Double-chain amphiphiles with anionic 
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head groups, such as sulfonate, phosphate and carboxylate also form stable bilayer 

membrane when the alkyl chain contains more than ten carbon atoms [69]. 

Mortara et. a!. reported vesicle formation from dihexadecyl phosphate [70]. 

Hoffmann and coworkers have shown the formation of vesicles m 

diethylarnrnoniurn perfluorooctanoate solution by small angle neutron scattering 

studies [71]. In 1977, Kunitake et. a!. demonstrated that tetraalkylarnrnonium salts 

with two long alkyl residues form vesicles similar to those of phospholipids [72]. 

They have shown that the synthetic surfactant, dioctadecyldimethylarnrnoniurn 

bromide (DDOAB), can also form vesicles in large excess of water [73]. In fact, this 

is the first example of a totally synthetic bilayer membrane. 

Dioctadecyldimethylarnrnoniurn chloride and bromide (DODAC and DODAB), 

and most probably the other halide-based homologues, self-assemble 

spontaneously to large unilamellar vesicles above their gel-to-liquid crystalline 

phase transition temperature, Tm (-48 and 45°C, respectively) at low 

concentrations (e.g., 1.0 rnM). When cooled to room temperature, these vesicle 

structures remain (meta) stable, and most of their physical properties have been 

reported [74-77]. Recently, Bhattacharya and coworkers have synthesized double

chain cationic surfactants that form vesicles in water [78,79]. 

Vesicles from catanionic mixtures. Vesicles are formed by amphiphiles that 

roughly have the shape of a cylinder, having packing parameter value close to 1. 

Another common way to achieve the packing parameter value close to 1 is by 

using two single-tailed amphiphiles, one cationic and the other anionic [80]. In this 

case, each individual surfactant molecule resembles a cone because of the 

electrostatic repulsion from its headgroup. Thus, when present alone, each 

surfactant would form micelles. When mixed together, however, the cationic and 

anionic headgroups cancel out their electrostatic effects, causing a significant 

reduction in their headgroup areas. The combination thus resembles a cylinder 

and thereby forms vesicles. Interestingly, formation of these vesicles occurs 

spontaneously when the two surfactants are added into water. Moreover, the 

vesicles are indefinitely stable, which suggests that they may actually be 

equilibrium structures [80]. Recently, spontaneously formed vesicles have attracted 

attention of researchers for simplicity of their preparation and good dispersibility 
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m water [81-85]. The discovery of the spontaneous formation of vesicles in 

mixtures of cationic and anionic surfactants is a particularly fascinating 

consequence of controlling and modulating interfacial curvature through charge 

interactions. They have been intensively investigated due to their possible 

applications in medicine, biology and pharmacy [86-95]. The first published results 

concerning this problem carne from Hargreaves and Deamer [94]. Temperature 

was found to be an important factor, which has to be taken into account in 

investigations of vesicles properties, emphasizing their stability and ability of 

incorporation and exemption of drugs. Common examples of such mixtures are 

SDS/DTAB [95-97], CTAB/SDBS [80, 98-103], CTAB/SOS [104-107], and 

DeAC/SDeS [108]. Precipitation within the equirnolar ratio of cationic and anionic 

surfactants is typical of such mixtures. However in the excess of one of the 

surfactants, the formation of stable unilamellar vesicles occurs. It was observed 

that the area of the vesicular phase in the phase diagram depends on the choice of 

cationic as well as of the anionic surfactants. In the case of equal chain lengths but 

oppositely charged heads, precipitation appears even much stronger compared to 

the phenomena appearing in cases of a big difference in chain lengths 

(CTAB/SOS) [109]. The exchange of chloride with bromide ions in the 

DTAB/SDBS mixture leads to the spreading of vesicular phase area. These 

investigations indicate that coun terion is an important factor in the formation of 

the vesicular phase. Spontaneous formation of vesicles was observed in the 

mixture of double-tailed didodecyl dimethyl ammonium bromide (DDAB) and 

single-tailed SDS [110-117]. Kondo et al. published the phase diagram of that 

mixture; the sizes of aggregates were determined by Dynamic Light scattering 

(DLS) [118]. Besides, they also investigated the ability of glucose entrapment. 

Different areas were found in the phase diagram, i.e., homogeneous solution, 

liquid crystals, rnultiphases. Within the area of a great excess of SDS, spherical 

micelles were found. The vesicular phase was presented within the area of the 

great excess of DDAB. Between these areas, the area with micelles and vesicles 

appeared. Spontaneous formation of vesicles was observed in the highly diluted 

area of surfactants (cu < 0.001). Addition of DDAB to the spherical micellar 
surfactant 

solution of SDS induces growth and transition of spherical to cylindrical rnicell ..,~~ R ~ -1 

f)",..r::::'"'q • ~ 
r r '"'I - ~ •"' I. • 

1 t~1 tJ ' ~ ~ \ ~ 
' r : ~ 
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Marques et a!. investigated the DTAB/SDBS mixture using Cryo-TEM; they 

determined the stability and sizes of vesicles [110, 112, 119]. Vesicles in the 

aqueous DDAB/DTAC mixture within the high-dilution region were most easily 

formed at a considerable excess of DTAC after a gentle mixing. The vesicles were 

polydispersed with two main populations around d = 40-50 nm and d = 500-600 

nm [120]. Also, intact vesicles, vesicles with ruptured membranes, small bilayer 

disks, and globular micelles were visualized by Cryo-TEM. 

Vesicle formation by single chain surfactants. Vesicles can also be formed by 

mixing a single-tailed cationic surfactant with an aromatic acid. This approach is 

similar to the mixtures of surfactants discussed above because the surfactant and 

the acid tend to bind very strongly. The difference is that only one of the two 

components in the mixture is a surfactant. The fact that vesicles form in these 

systems is still not very well known and the vesicle formation process is not fully 

understood. Mixtures of CTAB and 5-methyl salicylic acid (5mS) have been 

previously studied by Lin et. a!. [121]. Surprisingly, at a molar ratio around 1.1, the 

authors found that their solution contained unilamellar vesicles. This result was 

inferred from a cryo-transmission electron microscopy (cryo-TEM) image, which 

showed vesicles around 100 nm in diameter. In a subsequent paper, Zheng, Zakin 

and co-workers [122] again used cryo-TEM to infer the presence of vesicles; this 

time in mixtures of CTAB and the sodium salt of 3-methyl salicylic acid (3mS). 

These vesicles were reported to transform into cylindrical micelles upon shearing. 

In the system studied by Manohar et. a!., the surfactant was obtained by mixing 

equirnolar amounts of CTAB with sodium 3-hydroxynaphtalene 2-carboxylate 

(SHNC), followed by removal of excess counterions [123]. This surfactant when 

added to water at room temperature assembled into multilarnellar vesicles around 

1 - 10 Jlffi in diameter [124]. Due to the formation of these large ML Vs, the 

solutions were highly turbid and quite viscous (viscosities ca. 100 times that of 

water). Upon increasing the temperature, the samples transformed into clear 

solutions containing wormlike micelles, thereby leading to an increase in viscosity 

by about an order of magnitude. It is not clear if the ML Vs in these samples at low 

temperatures were stable or if they aggregated and eventually phase-separated to 

form a lamellar phase. Recently, Davies and co-workers using turbidimetry, 
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rheological techniques, and small-angle neutron scattering (SANS) measurements 

have demonstrated that the aromatic derivative, 5-methyl salicylic acid (5mS), can 

induce the cationic surfactant, CTAB, to form either wormlike micelles or 

unilamellar vesicles depending on the solution composition [55]. A qualitative 

mechanism to account for the vesicle-to-micelle transition involves the desorption 

of bound 5mS molecules from the vesicles as temperature is increased. 

Methods of preparation of vesicles. It should be noted that many naturally 

occurring and synthetic surfactants and phospholipids are unable to undergo 

simple aggregation to form vesicles spontaneously when dispersed in water due to 

their high energy of formation. For ML Vs, appropriate lipids are first dissolved in 

Chloroform-methanol mixture (9:1 val %) in a small round-bottom flask. The 

solvent is then evaporated off under vacuum while the flask is warmed in a water 

bath to produce a thin film on the wall of the flask. To remove residual solvents 

completely, the flask is allowed to stand in desiccators under reduced pressure for 

several hours. Water or an aqueous buffer is added and lipid film is hydrated at a 

temperature above the phase transition temperature (T ) of the lipid. The flask is 
m 

then agitated on a vortex mixer for more than 5 min above the T . The resulting 
m 

milky dispersion thus obtained contains ML Vs of wide size distribution. The SUVs 

are typically prepared by sonicating the dispersion of MLVs by use of either a 

bath-type or probe-type sonicator. However, other methods e.g. Ethanollnjection, 

Cholic Acid Removal, Triton X-100 Batch, French Press Extrusion, and prevesicle 

are also used for preparation of SUVs depending upon the nature of the lipid and 

requirements. 

1.4.4. Aggregation in non polar solvents: Reverse Micelles 

When surfactants aggregate in non polar solvents, their polar or charged groups 

are located in the interior, or core, of the aggregate, while their hydrocarbon tails 

extend into the bulk solvent (figure 1.9). These aggregates are referred to as reverse 

micelles. Reversed micelles are the subject of constantly increasing interest because 

they can provide "tailored-to-size microreactors" for chemical (whether organic or 
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inorganic), biological, electron-transfer reactions, etc. [125,126]. Moreover, water 

encased in such aggregates is thought to mimic water close to biological 

membranes or proteins [127]. Among the surfactants capable of forming reversed 

Figure 1.9. Schematic representation of a reverse micelle formed from a double tailed 
surfactant. 

micelles, Aerosol OT (AOT, sodium bis (2-ethylhexyl sulfosuccinate) has a 

remarkable ability to solubilize large amounts of water, up to water-to-surfactant 

molar ratios of 40-60, according to the surrounding nonpolar medium. Owing to 

interactions with the polar heads of the surfactant, solubilized water exhibits 

peculiar properties [128]. Various investigations have shown a transition region at 

molar ratios of 10-12 between a reversed micellar state (where water is involved in 

surfactant and sodium ions' hydration) and a microphase domain corresponding 

to a water- in-oil microemulsion (where part of the solubilized water is 

"apparently free") [129,130]. The solvent pool is defined over a wide range of 

solvent and surfactant concentration by a single parameter, 

Ws= [HzO]/[AOT] 

This confinement makes the polar solvent different in behaviour from pure 

solution. Thus, studies of many interesting photophysical works, charge transfer, 

energy transfer, exciplex formation, etc. have been carried out in reverse micelles. 
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1.5. Practical Applications of Molecular Self-assemblies of surfactants 

In recent years, there has been extensive fundamental and applied research about 

the properties of surfactants in aqueous solution because of their uses in wide

ranging chemical and technological areas such as organic and physical chemistry, 

biochemistry, polymer chemistry, pharmaceuticals, petroleum recovery, 

detergents, cosmetics, paints and coatings, photographic ffims, mineral processing, 

and food science [1,4]. Wormlike micelles have potential applications as viscosity 

enhancer, in drag reduction [131], as oil field fluids [132], and as templates for 

material synthesis [133,134]. 

Among the above-mentioned structures of the amphiphiles, vesicles have 

recently become a fascinating object in surfactant science. This is because of their 

importance in chemistry, biology as well as in the industry. There is a huge body 

of literature that addresses vesicles and liposomes used in various scientific fields 

[135,136]. Vesicles are increasingly being used in commercial products. Since the 

vesicles can entrap large quantities of reagents either in the lipophilic membrane 

or in the aqueous cavity, they have been used as encapsulants of cosmetic 

substances and pharmaceutical drugs [137,138]. Liposomes have potential use as 

controlled drug delivery vehicles in the pharmaceutical industry. In fact, 

liposomes were the first vesicle species to be studied in any great depth for drug 

delivery [139]. Since the vesicles have numerous uses in biological and industrial 

fields, they are of great interest in sensor technology [140] and waste water 

treatment [140,141]. Vesicles are widely used as micro reactors for artificial 

photosynthesis, and as substrates for a variety of enzymes and proteins [4]. Also 

vesicles have some important characteristics that allow them to be used as 

protectors of sensitive reagents for analytical detection [142]. Lundhal and Yang 

have used liposomes for separating biomolecules [143]. 

Molecular gels, one type of soft matter have potential applications 

involving nanomaterials such as sensors, molecular electronics, and catalysts and 

drug delivery or modification agents for paints, inks, cleaning agents, cosmetics, 

polymers, drugs, etc. [144]. Recovery of spilled crude oil or disposal of used 

cooking oil frequently involves gels or complex microemulsions. Many aqueous 
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gels are employed for macromolecular separations, protein crystallization, etc. 

Gels of calyx [4]arenes are potential membrane filters [145]. Ajayaghosh and 

coworkers have reported light-harvesting organogels based on IT-conjugated 

systems [146]. Gels can also be used as a matrix for molecular recognition. Feringa 

et a!. demonstrated chiral recognition through cooperative interactions between 

aggregates and gels of bis (ureide)-cyclohexane-based gelators with a coaggrega

ting guest of the same structure bearing an azobenzene chromophore [147]. A 

further practical relevance is the use of organogel superstructures as templates for 

creation of inorganic structures [148-150]. One of the most challenging goals is the 

transcription of chirality in inorganic materials. By using the template effect of 

cholesterol-based organogel system, Ono et. a!. demonstrated that the chirality of 

organic compounds and their assemblies could be transcripted into inorganic 

materials [151]. 
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Chapter II 

Scope and Object 

The self aggregation of amphiphilic (surfactant) molecules, either in the simplest form 

of monolayers or in the form of micelles, vesicles, liposomes and microemulsions, 

provide unique opportunity to bring the embedded molecules closer together, to 

orient them in specific way and to alter their reactivities. Much of the impetus for the 

study of reactions in micelles, vesicles or microemulsions is that they model, to some 

extent, reactions in biological assemblies. Normal micelles that are formed within 

aqueous surfactant solutions above a surfactant concentration (or a concentration 

range), usually called critical micelle concentration (erne), are a topic of major interest 

due to their unusual physicochemical properties as a result of surfactant aggregation. 

A complete understanding of the micellization phenomena, its fundamental aspects, 

use of related studies for technological developments, and understanding molecular 

behavior requires a comprehensive knowledge of the forces and factors controlling the 

process. One approach that is widely being practiced for the said knowledge has been 

the study of effect of additives [1-3], especially electrolytes, on the micellization 

characteristics of ionic surfactants. The alteration or modifications of important 

physicochemical properties of aqueous surfactant solutions is highly desirable as far as 

potential applications of such systems are concerned. Over the years a considerable 

amount of literature on cationic and anionic surfactant-electrolyte systems have been 

compiled, majority of which involved cetyltrimethylarnrnonium bromide (CTAB) or 

sodium dodecyl sulfate (SDS) as the surfactants and NaBr or NaCl as the electrolytes. 

However, in recent years, attention has been focused on the interactions of surfactants 

with hydrophobic counterions and to this effect symmetrical tetraalkylarnrnonium 

cations (TAA) have been considered in most of the studies. It is also true that SDS is 

the most well known, and widely used in industry. However, in acidic solutions or at 

high temperatures, SDS undergoes autocatalytic acid hydrolysis, and dodecanol and 

sodium hydrogen sulfate are produced. These products are believed to cause skin 

irritation. In contrast, arnrnoniumdodecyl sulphate (ADS) is less hydrolyzed in acidic 

solutions and less skin-irritative than SDS [4]. For these reasons, the use of ADS in the 
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cosmetic and toiletry industry has been expanding. However, little is known on the 

micellization of this surfactant, and only a few studies can be found in the literature 

[5,6]. In view of the growing importance and the limited number of studies on ADS, 

investigations on its aggregation behaviour in aqueous as well as in quaternary 

tetraalkylammonium bromide salts have been undertaken. The objective behind 

choosing the ADS/tetraalkylammonium bromide system is obvious; to ensure that the 

addition of progressively larger TAA+ ions at high concentrations bring about changes 

in physicochemical properties of the micellar system on account of the factors related 

to the size and hydrophobicity of the counterions only and not due to variation of any 

intrinsic property of added ions with that of the counterions of surfactant. 

The stabilities of surfactant systems with respect to temperature prior to their 

multifold uses need to be known, especially where elevated temperature prevails. 

Aqueous solutions of most nonionic surfactants become turbid on heating to a 

temperature known as the cloud point, CP. The CP is a useful property in applications 

such as detergency, and therefore, it is advisable to operate in the vicinity of the CP for 

various applications. For the ionic surfactants, no such generalization is available as 

observance of the clouding phenomenon with these materials has started drawing 

attention fairly recently [7]. In view of the increasing utilization of the phase behavior 

of ionic surfactant solutions for a variety of applications, including an alternative 

approach for extractive preconcentration in chemical analysis, it is timely to have a 

quantitative generalization with ionic surfactants too. With this viewpoint, an attempt 

has been made to correlate the tetrabutylammonium bromide salt concentration (other 

TAA+ ions did not produce clouding) needed for observing CP in ADS. 

Vesicles and micelles represent two of the important classes of self-assembled 

structures that can be formed by amphiphiles in dilute or semidilute solutions. 

Vesicles are hollow spheres enclosed by a bilayer of the amphiphiles and are 

commonly used to encapsulate labile hydrophilic molecules within their interior 

water. Micelles tend to form in a range of morphologies, including spherical, 

ellipsoidal, and wormlike micelles. Among the most fascinating of these are the 

'wormlike micelles', which are flexible cylindrical chains with radii of a few 

nanometers and contour lengths up to several micrometers. Considerable interests 

have been generated recently in studying physico-chemical properties of self 

assembled surfactant aggregates, especially micelles, and unilamellar vesicles [8-10]. 
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Although many reasons can be cited for the wide spread interest in elucidating the 

physico-chemical properties of these self organized systems, primarily there are three 

reasons. Firstly, one can consistently and easily prepare aqueous micellar and 

vesicular solutions which are aggregates of colloidal dimensions with, characteristic 

size, shape and surface properties. Hence micellar and vesicular system have been 

employed as a model system in investigations concerned with understanding colloidal 

physico-chemical phenomena. Secondly, the similarities between self-assembled 

surfactant aggregates, such as micelles and vesicles with biological lipid membranes 

prompted researchers to employ micelles and vesicles as model biological systems. 

Quite often they provide microenvironments very similar to the biological 

environments- thus allowing trial experiments prior to in-vivo study [11]. Thirdly, it 

has been found that micelles and vesicles can act as unique reaction media. Therefore, 

investigation on physico-chemical characteristics of micelles and vesicles forms a 

considerable volume of literature. 

Over the past several years, there has been a great deal of interest in the 

aqueous self-assembly of cationic surfactants into threadlike or wormlike micelles. 

These micelles are long, flexible, cylindrical chains with contour lengths of the order of 

a few micrometers as has already been mentioned. The formation of wormlike micelles 

is linked to the emergence of viscoelasticity in the solution [12,13]. The rheological 

properties of entangled wormlike micellar solutions are similar to those of semidilute 

polymer solutions with the difference that the micelles are dynamic in nature 

(breaking and recombining rapidly) [14,15]. Wormlike micelles can thus be viewed as 

substitutes for polymers in applications that require thickening or drag reduction 

[16,17]. 

Due to their viscoelastic properties, worm like micelles have found 

applications in many areas, such as home and personal care products and in oil field 

industry [18]. Frequently they are also used as drag reducing agents for district 

heating. Fluid that viscosity or gel upon heating are of high interest for biomedical and 

drug delivery applications, for flow control and separation using micro fluidic devices 

[19] and as hydrolic fracturing fluids in enhanced oil recovery [20]. The simplicity, low 

cost and ease of preparation of these systems might make it attractive for some of 

these applications [21]. 
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The most extensively studied system is the cetyltrimethylammonium bromide (CTAB) 

micelles in presence of a hydrotrope, sodium salicylate. Unlike simple halides, 

salicylate promotes sphere to worm-like micellar transition at much lower 

concentration viz., near the erne of CTAB. The flexible and elongated worm-like 

micelles under dilute conditions show complex and unusual rheological phenomena, 

which includes strong viscoelasticity and shear induced structure (SIS) formation. 

Although it is generally believed that micellar entanglement and transient network 

formation are responsible for developing shear induced viscoelasticity, precise 

knowledge regarding the nature of interaction in micellar entanglement and SIS 

formation is still lacking. It is particularly interesting that while a wide variety of 

worm-like ionic micell<l! solution display identical rheological responses, a common 

element in all of these systems is the presence of salt anions like sodium salicylate. The 

presence of an anionic charge on the promoter molecule has been considered to be a 

deciding factor for microstructural transition because it decreases the average area per 

surfactant head group, by charge screening, thus allowing the packing parameter to 

exceed the critical value of X . However, other important factors including the role of 

OH group of the promoter molecule have not attracted much attention and the 

questions regarding its presence and position in the aromatic ring of NaSal remains 

unanswered till date. This limitation has perplexed the scenario to some extent and 

impeded the development of an acceptable theory which may explain micellar shape 

transition under dilute condition. 

The involvement of weak forces like hydrogen bonding, cation-pi interaction 

and hydrophobic interactions in morphological transitions from micelles to wormlike 

micelles and to vesicles in aqueous CTAB is fully explored in the present investigation 

using uncharged naphthols where the hydrophobic part is very strong and the anionic 

charge is absent. These dopants, with a strong hydrophobic aromatic ring and a polar 

hydroxy group, support shape transitions of surfactant micelles very efficiently. The 

efficiency of hydroxyaromatic compounds in micellar shape transition is very high, 

and an aqueous mixture of CTAB and 2,3-dihydroxy naphthalene which gives highly 

viscous rod-like nano aggregates has already been used by some authors as a template 

for the sol-gel synthesis, providing an aqueous route for tube silicate preparation [22]. 

Studies on the microstructural modifications by neutral aromatic compounds is rather 

recent. The work described in this thesis deals with several unusual properties of a 

surfactant fluid. Firstly, viscoelastic gels under salt free condition is itself rare, in 
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addition the present system displays maximum viscoelasticity at -26"C and hence may 

find applications in many personal care products. Secondly, the transition of the 

wormlike micelles to vesicles as a function of pH is very interesting in respect of the 

practical applications of the process in drug delivery system. 

In view of the above a detail physic-chemical studies will be undertaken on the 

microstructural transition of cationic micelles. The proposed study would show 

whether 

i) Micellar shape transition (of cationic micelles) is possible in dilute salt free 

conditions, and 

ii) Can the H-bonding effect of the OH group of the hydroxyaromatic and 

dihydroxyaromatic dopants act as a driving force to bring about 

microstructural transitions and give rise to significant aggregate growth at low 

concentrations. 

A variety of measurements including shear induced viscosity, spectroscopy (both 1H 

NMR and UV), and cryogenic transmission electron microscopy (cryo-TEM) will be 

made to understand the phenomena mentioned above. 

Further there is increasing interest in investigating surfactant aggregates that 

mimic biological membranes, such as phospholipid liposomes or synthetic amphiphile 

vesicles, because the architecture of these artificial membranes is considerably simpler 

than that of cell membranes. In addition, surfactant bilayers exhibit some functional 

characteristics of the natural membrane, such as permeability and chain melting 

temperature, and they may accommodate compounds that are usually present in the 

cellular membrane, including small proteins, natural polymers, or even other lipids 

[23,24]. Since the first preparation of lipid liposomes in the early 1960s [25] and 

synthetic surfactant vesicles in the late 1970s [26,27], these assembles have been 

successfully used to understand the complex cell membranes. The gained information 

on the investigation of synthetic or natural amphiphile vesicles can thus be extended 

to the understanding of cell membranes. Micelle-forming surfactants have widely been 

used in the preparation and stabilization of vesicles of synthetic or natural 

amphiphiles. They affect vesicle properties, such as the fluidity, permeability, 
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curvature, surface potentials, and so on. These characteristics may be relevant for the 

purpose of vesicle application [28]. 

The study of bilayer membranes in the form of liposomes and vesicles has 

taken a much wider perspective with the development of chemical routes to a greater 

range of artificial membrane-forming lipids. The incentive of this type of study has 

been two-fold. Firstly, to build up a better understanding of the functioning of natural 

membrane lipids and secondly, to create microenvironments that promote novel 

chemistry, which might otherwise not be readily achieved. 

Dimethyldioctadecylammonium bromide (DODAB) is one typical example of the 

bilayer forming double-chained cationic surfactants that often behave similarly to 

biomembrane lipids in an aqueous environment. Its molecular structure can be 

divided into two parts: the polar head region composed of N(CH3) 2 + and the apolar tail 

region composed of two long hydrocarbon chains. A study on the phase behavior of 

DODAB dispersed in water may add to our understanding of the phase transition 

properties of biological membranes. Other than being used as a membrane-mimicking 

model molecule, DODAB has widespread applications such as gene therapy, drug 

solubilization, surface recognition in nanotemplates, kinetics of chemical reactions, 

and catalysis [29]. Phase behaviors of DODAB aggregates are believed to have a close 

relationship to the above applications. 

To capture some of the attributes discussed above, the investigations on the 

solubilisation of the DDOAB vesicle dispersions in presence of micelle forming non

ionic surfactant Tween 20 has been undertaken. In addition, the effect of 

a!kyltrimethylammonium and a!kylpyridinium halides on the gel-to-liquid crystalline 

phase transition temperature of DDOAB vesicle is carried out. The hydroxyaromatic 

compounds produce marked changes in the rheological and microstructural 

properties of cationic micelles of CTAB. Therefore, the investigation is further 

extended to examine the effect on these compounds on the thermal stability of the 

vesicle. 

Detail objectives in this section would, therefore, be 

i). To study the solubilisation of the DDOAB vesicle in Tween 20 micelles and to 

determine the values of the saturation and solubilisation molar ratios for the 

complete vesicle to micelle transition. 
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ii). To compare the effects of the alkyltrirnethylammonium and alkylpyriclinium 

ions on the phase transition of the DDOAB vesicles. 

iii). To study the effect of hydroxyaromatic compounds on the thermal stability of 

the vesicle. 

To investigate on the above mentioned objectives, a variety of measurements 

including differential scanning calorimetry, turbidity, dynamic light scattering, and 

fluorescence anisotropy measurements are made. 
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Chapter III 

Studies on the Aggregation Behaviour of 
Ammoniumdodecyl Sulfate in Presence of 
Symmetrical Tetraalkylammonium Salts 

3.1. Introduction and Review of Previous Works 

The self-assembly of surfactants in water into micelles is a widely studied 

phenomenon. These micellar systems have immense technological applications 

such as flow field regulators, solubilising and emulsifying agents, membrane 

mimetic media, nanoreactors, to name a few [1-4]. Altering or modifying 

important physicochemical properties of aqueous surfactant solutions is highly 

desirable as far as potential applications of such systems are concerned. One way 

to alter/modify the physicochemical properties of a given aqueous surfactant 

solution is to use external means, such as changes in temperature/pressure and/ or 

addition of a variety of modifiers like cosolvents, cosurfactants, electrolytes and 

polar organics [1-12]. 

Added electrolytes are known to affect the aggregation behaviour of ionic 

surfactants. Micellization, which is a manifestation of both hydrophobic and 

hydrophilic effects effect, is likely to undergo a significant change in the presence 

of such additives. It has been generally observed that the addition of electrolytes, 

with both organic and inorganic counterions, to aqueous ionic micellar solutions 

increases the solubilisation power of surfactant micelles [7,13]. It is thus not 

surprising that the effect of different kinds of electrolytes, with either organic or 

inorganic counterions, on the erne, aggregation number, micellar shape and the 

solubilisation power of aqueous aggregates have been examined in detail. The erne 

value can serve as a measure of micelle stability in a given state and the 

thermodynamics of micellization can be determined from the study of the 
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temperature dependence of the erne of a surfactant system. In addition, the 

changes in hydration energies and specific interactions with counterions may also 

be important [14-18]. The strength and importance of these various interactions 

depend upon externally controllable factors, such as temperature and ionic 

strength on the properties of the particular ions involved. Moreover, the structure 

of the resulting micelle, in particular, its aggregation number its shape, and the 

compactness of its electrical double layer show some kind of dependency [17]. 

Even the molecular conformation of some dirneric surfactants (known as Gemini 

surfactants) affects the micellization to a large extent [18]. Obviously, the actually 

existing micelles correspond to the lowest free energy state of the system. Thus, the 

intense interest in determining the thermodynamic parameters of micelle 

formation in aqueous solutions, namely, the Gibbs free energy, AG~;c, the 

enthalpy, Ml~,,, and the entropy, AS;;c, is generated because they quantify the 

relative importance of hydrophobic interactions, surfactant-water contact and (for 

ionic surfactants) head-group repulsion. These parameters can be derived frorri the 

temperature dependence of the critical micelle concentration (erne), though very 

highly accurate erne's are required in order to achieve satisfactory values of Ml~;c. 

Among available techniques for studying surfactant aggregation, for 

example, conductivity, surface tension, and NMR, calorimetry has a distinct 

advantage, for it is possible to calculate both the erne and Ml~;c directly from the 

experimental data. Additionally, the calculated enthalpy and entropy characterize 

the balance of forces involved in micelle formation. For example, whereas the 

aggregation is entropy-driven at room temperature, it is enthalpy-driven at higher 

temperatures [19]. Among the factors known to affect erne in aqueous solution are 

(i) the structure of the surfactant, (ii) the presence of added electrolyte in solution, 

(iii) the presence of various organic compounds in solution, (iv) the presence of a 

second liquid phase and (v) temperature of the solution. In aqueous medium, the 

erne decreases as the number of carbon atoms in the hydrophobic groups increases. 

For ionic surfactants it was generally found that the erne became halved by the 

addition of one methylene group to a straight chain hydrophobic part attached to a 

single terminal hydrophilic group as has already been mentioned [20]. 
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Phase separation on heating is a general phenomenon that has been investigated in 

great detail in the context of non-ionic surfactants [21-23]. Beyond a characteristic 

temperature called the cloud point (CP), these micellar solutions tum cloudy. The 

results have been discussed on the basis of developing attractive interactions in 

micelles on heating [21]. Under ordinary conditions of use, surfactants are not 

present in isolation; other ingredients, such as electrolytes (commonly present in 

surfactant products), strongly affect their clouding behavior. The CP plays a vital 

role in indicating the limit of their solubility and hence the end use in 

physicochemical processes. The practical importance of the phenomenon lies in its 

application to separations or preconcentrations and to the fact that detergency 

reaches a maximum just below the CP [24-27]. The separation based on the CP 

phenomenon offers a simple, rapid, sensitive, and inexpensive alternative to other 

separation or preconcentration techniques based on organic solvents. Ionic 

surfactant solutions are complex. Since the micelles are charged, there must be an 

electrostatic repulsion between the micelles in addition to the van der Waals 

attraction force. Solvation counteracts the CP phenomenon. However, the 

occurrence of CP in ionic surfactant solutions under special conditions of high salt 

concentration, presence of a specific counterion [28-31], or special molecular 

architecture of the surfactant [32] has been reported. Reports on the clouding 

behavior of anionic surfactants in the presence of cationic surfactants also have 

appeared [33-35]. Yu and Xu [36] suggested that the CP phenomenon occurs 

owing to penetration of the alkyl chains of the counterion into the surface layers of 

two neighboring micelles, whereas Raghavan et. al. [30] suggested that highly 

hydrophobic counterions (that can bind strongly to ionic headgroups) are prone to 

cause phase separation. Buckingham and coworkers [32] gave a mechanism 

involving hydration shells to account for CP. It was observed that salts with four 

or more carbon atoms in the alkyl chain (R) caused clouding in sodium 

dodecylsulfate (SDS) + tetra-n-alkylammonium bromide (TAA+) systems, whereas 

the lower numbers of carbons failed to produce the phenomenon [28]. Also, 

quaternary cationic surfactants with tri-n-butyl ammonium headgroups showed 

CP in aqueous solutions [32]. Thus, the nature of the headgroup and the 

counterion seems to be of prime importance to observe the clouding phenomenon. 
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Over the years a considerable amount of literature on anionic surfactant-electrolyte 

system has been compiled, majority of which involved sodium dodecyl sulfate 

(SDS) as the surfactant and NaCl as the electrolyte. However, in recent years, 

attention has been focused on the interactions of surfactants with hydrophobic 

counterions and to this effect symmetrical tetraalkylammonium cations (fAA+) 

have been considered in many studies [7,16,28-31,36-40]. The alkali metal ions are 

heavily hydrated in aqueous solution and hence cannot approach to close 

proximity of the highly charged micellar surface [41,42]. These ions are, therefore, 

less effective in screening the charge on the micellar heads. Unlike the alkali metal 

halides the TAA+ ions are weakly hydrated in aqueous solution as the positive 

charge is supposed to be wrapped in the paraffin shell and are thus hydrophobic 

in nature [28]. Therefore, the TAA+ions, in addition to the electrostatic interaction, 

can interact hydrophobically with the anionic head groups of the micelle as well. 

This is clearly evident from the previous study where it has been shown that 

micelles of sodium dodecylbenzenesulphonate interact more strongly with the 

TAA+ ions than with the alkali metal ions [43]. 

In the present study, the surfactant chosen is ammoniumdodecyl sulfate 

(ADS) and the electrolytes are four symmetrical tetraalkylammonium bromides 

(TAAB) viz, tetramethylammonium bromide (TMAB), tetraethylammonium 

bromide (TEAB), tetrapropylammonium bromide ('IP AB) and 

tetrabutylammonium bromide (TBAB). The NRt + ion, in terms of size, is in fact an 

ion that stands between the largest common alkali metal ion Cs+ and the smallest 

tetraalkylammonium ion, viz., TMA+ [44]. All the TAA+ ions are fairly surface 

active, while TPA+ and TBA+ show signs of self-aggregation in aqueous solution 

[45]. TBA+ is one of the most effective additives for the occurrence of clouding in 

anionic surfactants. Hence the ADS-TAAB system seems to be an interesting 

combination in this respect as well. Present study is therefore, undertaken on the 

micellization of ADS in aqueous TAAB solutions by electrical conductivity 

measurement. The dependence of the thermodynamic parameters of micellization 

of ADS on the TAA+ ions has been studied. In many applications, the stability of 

micellar solutions at elevated temperatures is of practical importance [46,47]. 
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Therefore, the occurrence of temperature dependent clouding of ADS in presence 

of TBAB has also been reported. 

3.2. Materials and Methods 

Materials 

ADS (Fluka, Switzerland) was in the form of a 30% aqueous solution. The solution 

was first placed in a rotary evaporator to concentrate the solution and to remove 

the volatile matters, if any. The content was then freeze dried and recrystallised 

first from 90% ethanol and then twice from absolute ethanol. The sample was 

finally dried in vacuum and stored in a desiccator. The tetraalkylammonium 

bromides were of puriss grade (Fluka, Switzerland) and were purified by standard 

procedures [48]. The recrystallised salts were dried in vacuum for 12 hours before 

use. 

Methods 

Electrical conductivity measurements: The critical micellization concentration 

(erne's) of the surfactant in water and in the presence of TAAB's were determined 

by the electrical conductivity measurement with a Mettler Toledo (Switzerland) 

conductivity bridge. The instrument was calibrated with standard KCl solution. 

The temperature was kept constant within ±O.Ol°C by circulating thermostated 

water, at the appropriate temperature, through a double walled vessel containing 

the solution. The erne values were estimated from the break points in the 

conductance-concentration plots. The accuracy of the measurements was within 

±2%. All the solutions were prepared in doubly distilled water. 

Clouding: The cloud point (CP) measurements were performed in a purpose-built 

water bath by immersing capped glass tubes containing ADS and TBAB solutions. 

The water in the bath was well stirred with a magnetic bar while heating. The CP 

was determined visually by noting the temperature at which the clear solution 

suddenly became cloudy on raising the temperature slowly but continuously. 

Heating was then discontinued and the solution was allowed to cool. On cooling 
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the turbidity disappeared and the temperature noted again. The CP was taken as 

the average of the two readings. The experiment was repeated at least twice to 

check the reproducibility. The temperature was raised at a rate of 0.5°C/min 

around the CP. The experiment was continued till the CP value reached near 

100°C. The repeatability of the CP measurement was ±0.2 °C. 

3.3. Results and discussions 

3.3.1. Critical micellization concentration (erne) 

The critical micel!ization concentrations of ADS in aqueous quaternary ammonium 

bromide salt sloutions in the concentration range of (0.5-5.0) mM were determined 

by the electrical conductivity method. Figure 3.1 shows the plots of experimental 

values of conductivity (K) as a function of ADS concentration in presence of 

tetramethylammonium bromide (1MAB) salt. From figure 3.1 a substantial 

decrease in the erne of ADS with increasing concentration of 1MAB is apparent. 

Furthermore, to ascertain the reliability of the conductometric measurements, the 

conductivities of solutions of ADS in pure water were also determined to check 

with the literature value at the identical temperature. The erne value thus obtained 

in pure water (viz., 7.25mM) at 298.15K is found to be in good agreement with the 

reported value (viz., 7.1mM) at the same temperature [44]. At high TBAB 

concentrations (>0.003M), break point of conductivity (K)-[ADS] plot becomes 

obscure to some extent and the erne could not be determined accurately. 

Representative plots of experimental values of conductivity (K) as a function of 

ADS concentration in the presence of TEAB, TPAB and TBAB salts are shown in 

figures 3.2 to 3.4. 

TMA + ions with smallest ionic size are the most hydrated in aqueous 

solution compared to that of the others in the group. Therefore, the hydration shell 

of TMA+ ions limits the distance of closest approach to the micellar heads of ADS, 

therby causing a small reduction in erne as compared to TEA+, TPA+ or TBA+ ions. 

In other words it appears that this salt behaves as the common non-hydrophobic 



130 

120 

110 

100 

90 

'" 80 E 
t) 

cg_ 70 -)<! 60 

50 

40 

30 

20 

1 2 3 4 5 6 

[ADS]/mM 

o 0.0005 (M) TMAB 
e 0.001 (M) TMAB 
e 0.002 (M) TMAB 
e 0.003 (M) TMAB 
~ 0.004 (M) TMAB 
"- 0.005 (M) TMAB 

7 8 9 

46 

10 

Figure 3.1. Conductometric determination of the erne of aqueous ADS in different 
concen-trations of 1MAB at 298K. 
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electrolytes, interacting only with the ADS micelle surface and screening the ionic 

charge around that location. The higher hornologues of the series, TPA+ and TBA+, 

have short hydrocarbon chains and some of these chains are supposed to penetrate 

in the micellar core due to hydrophobic interaction. These ions are weakly 

hydrated in aqueous solution because the positive charge is wrapped in the 

paraffin shell and are thus more hydrophobic. Therefore, the ions in addition to 

the electrostatic interaction can interact hydrophobically as well with the anionic 

head groups of the micelle. Hence, at a given temperature, the formation of 

micelles of ADS in these electrolyte media favours a erne lowering in the order 

TBAB > TP AB > TEAB > TMAB. Interestingly this is also the order of their 

effectiveness in water structure breaking [3]. 

Increasing the concentration of a particular electrolyte causes a substantial 

decrease in the erne. This can be accounted for by the fact that in solutions of high 

ionic strength, the forces of electrostatic repulsion between head groups in a 

micelle are considerably reduced due to charge screening. The charge screening 

increases the attractive force between the micellar head and the positive 

counterion of the electrolyte making the so-called Stern layer more densely 

packed, thus promoting micelle formation to be more facile. Such reduction in the 

erne values of anionic surfactants is also observed in presence of other common 

electrolytes, e.g., NaCl or KCI. However, as has already been mentioned, due to 

the greater hydration in aqueous solutions, these ions cannot approach the 

oppositely charged micellar heads to a great extent. For example, it has been 

reported that the erne of SDS is decreased from 7.8rnM to 2.3rnM on the addition of 

O.OSM of NaCl [9], while the identical concentration of TBAB could lower the erne 

to as low as 0.23rnM at 298K [7]. In the present study, the erne of ADS in water is 

7.25rnM at 298.15 and is lowered to 4.47rnM, 3.15rnM, 2.25rnM and 1.35rnM in 

presence of 0.001M TMAB, TEAB, TPAB and TBAB respectively at the same 

temperature. The erne values of ADS, both in the presence and absence of TAAB 

salts, are given in table 3.1. From these results one may be able to examine the role 

of TAA+ ions in modifying the aggregation properties of aqueous ADS solutions. 

This large decrease in erne value probably indicates the existence of strong 

hydrophobic interaction between the alkyl groups of tetraalkylarnrnonium ions 
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with the hydrocarbon tails of surfactant molecules alongwith the strong 

electrostatic interaction (due to weak hydration) with the surfactant head groups. 

Table 3.1. Variation of the erne and degree of counterion binding (p) of ADS micelles 
as a function of concentration of the TAAB salts at 298K. 

Salt Cone. cmca 
(M) (mMflt.) 

0.0000 7.25 
7.10b 

0.0005 4.93 
0.001 4.47 

TMAB 0.002 4.16 0.63 
0.003 3.88 
0.004 3.58 
0.005 3.37 

0.0005 3.24 
0.001 3.15 

TEAB 0.002 2.90 0.70 
0.003 2.65 
0.004 2.45 
0.005 2.20 

0.0005 2.58 
0.001 2.25 

TPAB 0.002 2.06 0.76 
0.003 1.81 
0.004 1.60 
0.005 1.45 

0.0005 1.53 
TBAB 0.001 1.35 0.83 

0.002 1.08 
0.003 0.89 

a The average error in the erne is ±2o/o. 

bRef. [44] 
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3.3.2. Degree of counter ion binding 

In aqueous solution, the presence of electrolyte causes a change in the erne, the 

effect being more pronounced for anionic and cationic than for zwitterionic 

surfactants and more pronounced for zwitterionic than for nonionics [3]. 

Experimental data indicate that for the first two classes of surfactants, the effect of 

the concentration of electrolyte, according to the mass action model, is given by 

Corrin-Harkins equation [49], 

Log erne = k- p loge (1) 

where k is a constant, p is the counterion binding constant and C stands for the 

total counterion concentration. The depression of erne in these cases is due mainly 

to the decrease in the thickness of the ionic atmosphere surrounding the ionic head 

groups in the presence of the additional electrolyte and the consequent decrease of 

electrostatic repulsion between the headgroups. The Corrin-Harkins plot gives an 

overall value for p in a chosen range of electrolyte concentration. The plot of log 

erne vs log C (total counterion concentration) in solutions of TAAB is shown in 

figure 3.5. The data corresponding to the lower salt concentration (O.OOOSM for 

TMAB, TEAB and 1P AB) deviate from linearity and hence only the linear part of 

the plot has been considered for the evaluation of p. The values of p so obtained 

are given in table 3.1. Since the aggregation number is known to vary with 

electrolyte concentration, p is expected to vary with erne resulting in the 

nonlinearity of the above plot. However, in the present atudy the observed 

linearity of the plots in the micellization of ADS in the TAA+ ions envisages that 

both the aggregation number and the counterion binding to the ADS micelle vary 

in such a way that p remains constant. Such a rationale has also been put forward 

by Chatterjee et. al. for the micellization of three typical ionic surfactants, 

Sodiumdodecyl sulphate (SDS), Cetylpyridinium chloride (CPC) and Aerosol OT 

(AOT) in NaCl environment [19]. Similar results were also reported by Bales et. al. 

for the micellization of SDS and quatemaryammonium (chloride and bromide) 

surfactants [50,51]. Figure 3.1 also clearly demonstrates the same result, where the 

slopes of all the lines (plots of K vs [ADS]) before and after micellization are almost 

parallel when plotted at different counterion concentrations. The parallel slopes of 
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Figure 3.5. Plots of the log of the erne vs log of the total counterion concentration ( C ) 
of ADS in different tetraalkylammonium bromide salts at 298K. 

the lines corresponding to different salt concentrations also indicate that the nature 

of the micelles is similar within the concentration range studied. A continuous 

increase in the p values with the increase in the size of the alkyl chain length of the 

TAA+ ions is observed. The largest ion, TBA+, is the most strongly bound to ADS 

micelle with p value of 0.83 (table 3.1). A high degree of counterion binding 

reduces the repulsive forces between the surfactant head groups of the ionic 

micelles to a great extent. As has been already mentioned, for the higher 

homologues of tetraalkylammonium ions, the increasing hydrophobic interactions 

between the alkyl parts of the electrolytes and the ADS micellar core results in 

greater charge screening of the head groups and this leads to lower erne as well as 

higher p values. 

3.3.3. Thermodynamics of micellization 

The temperature dependence of micellization of ADS in presence of different TAA+ 

ions (0.001 M) have been studied to determine the thermodynamic parameters of 

micellization. The change in erne of ADS in pure aqueous solution with 
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temperature is small. Such weak temperature dependence of erne in aqueous 

solution has been previously observed for dodecyl surfactant with various TAA+ 

ions [41]. Recently it has been shown that the double tailed anionic surfactant, 

AOT, also display similar characteristics in presence of different TAA+ counterions 

[37]. The dependence of erne on temperature further weakens in solutions of TAA+ 

ions. This suggests the solubilisation of the additives in the hydrocarbon 

environment of the surfactant micelle. Tetrabutylammonium (TBA+) ions with the 

largest hydrocarbon groups penetrates the micellar core to a greater extent and 

shows weakest temperature dependence of micellization. 

The plot of erne against temperature has the parabolic shape typical for 

ionic surfactants. The erne decreases, reaches a shallow minimum (erne*) around 

298 K and then increases as the temperature is raised. The temperature at erne* is 

referred toasT*. Of the several equations proposed to describe the parabolic curve 

[52,53], the following polynomial equation has been used in the present study: 

lnX,m, = aT2 + bT + c (2) 

where Xoncis the erne expressed in mole fraction, Tis the absolute temperature and 

a,b,c are the respective polynomial constants. The erne-temperature curves for 

ADS in presence of 0.001 M TAA+ ions in the temperature range 288.15K-318.15K 

are shown in figure 3.6 and the values of erne* and T* are listed in table 3.2. For 

ionic surfactants, the erne is related to the standard Gibbs free energy change, 

!J.G~,,, by the expression 

(3) 

where Xonc is the mole fraction of the surfactant in the liquid phase at the erne and 

fJ is the fraction of the counterions bound to the micelles. The standard state is a 

hypothetical system with a unit mole fraction of the surfactant at erne. From the 

knowledge of the temperature dependence of erne, the enthalpy of micellization, 

!J.H~1,, can be evaluated from the Gibbs-Helmontz relation, 

(4) 
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Figure 3.6. Temperature dependence of erne of aqueous ADS in O.OOlM of different 
tetraalkylammonium bromide salts. 

Equation 4 assumes that f3 does not vary much with temperature. However, f3 is 

not strictly temperature independent and the more appropriate form of equation 4 

should be, 

Because the variation of f3 with temperature is not well defined and is devoid of 

any general trend, the quantity [a(l + p) I aT] is difficult to determine 

experimentally [54]. Therefore, at least to gain qualitative information regarding 

the thermodynamics of the present system, equation 4 has been applied at the 

appropriate f3 . Moreover, equation 4 has been widely used as an indirect method 

for the determination of W~;c as the values so calculated agree well with those 

obtained from the direct calorimetric measurement [55,56]. The term (dlnXanc/dT) 

is calculated by fitting a second-order polynomial to plots of lnXanc vs temperature 

and taking the corresponding temperature derivative. Thus, 

(6) 
b+2aT 
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The entropies of micelle formation, M;,,, are determined from the equation 

Mo. = tM/~ic - AG:,ic 
111/C T (7) 

The calculated values of llG;", llll;" and !!.S;" in the presence of 0.001 M TBAB 

salts have been presented in table 3.3. The value of llG;" of pure ADS micelle at 

287.9K and 317.2K has been found to be -8.34kJ/mol and -21.65kJ/mol respectively 

[54]. Addition of 0.001 M of 1MAB to the ADS solution causes a substantial 

lowering of llG;,, and the values at similar temperatures of 288.15K and 318.15K 

correspond to -37.60kJ/mol and -41.27kJ/mol respectively. The variation of llG;" 

with temperature is depicted in figure 3.7. A vertical shift in the llG;,, curves 

towards more negative values with the increase in the chain length of the alkyl 

subsituent of the added salts simply indicates that the process of micellization 

becomes thermodynamically more favorable. The difference in llG;" of ADS in 

going from solutions of 1P AB to TBAB ( -4.08 kJ I mol) would certainly be the result 

of additional methylene group of the alkyl chain of the electrolyte penetrating the 

micelle. This value is close to that observed for the change in going from 

Tetrapropylammonium dodecyl sulfate to Tetrabutylammonium dodecyl sulfate 

(-3.7 kJ/mol) by Benrraou et. al. [41]. The variation of llG;" with temperature is 

small for all the systems investigated. According to the pseudo-phase model the 

minimum in the erne in the ln Xanc vs T plot should correspond to a minimum in 

the ( llG;" /T) curve. However, the absence of such a minima for the present 

system may be due to the dominance of the RT term over ln Xcmc in equation 3 [57]. 

The value of llll;,, decreases with the increase in temperature, but 

increases as the size of the TAA+ ions increases. The enthalpy of micellization 

shows a change from positive to negative values near 298 K indicating that the 

formation of micelles in solutions of TAA+ is an endothermic process at low 

temperatures and exothermic at high temperatures. The positive values of 

llll:,, are generally attributed to the release of structural water from the hydration 



Figure 3.7. Free energy of micellization as a function of temperature for aqueous ADS 
in presence of O.OOlM of different tetraalkylammonium bromide salts. 
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Table 3.2. Variation of erne, erne* and T* of Arnrnoniurndodeeyl sulphate with the size 

of the tetraalkylarnrnoniurn bromides (0.001 M) 

Salt TIK erne/ erne*/ T*l 
rnM rnM K 

288.15 4.60 
293.15 4.50 
298.15 4.47 

TMAB 303.15 4.50 4.48 296.5 
308.15 4.62 
313.15 4.75 
318.15 4.87 

288.15 3.27 
293.15 3.20 
298.15 3.15 

TEAB 303.15 3.17 3.14 298.2 

308.15 3.25 
313.15 3.35 
318.15 3.44 

288.15 2.44 
293.15 2.35 
298.15 2.25 

TPAB 303.15 2.29 2.25 299.4 

308.15 2.35 
313.15 2.46 

318.15 2.55 

288.15 1.45 

293.15 1.39 
298.15 1.35 

TBAB 303.15 1.36 1.30 299.6 

308.15 1.40 
313.15 1.49 
318.15 1.58 



Table 3.3. Variation of the thermodynamic parameters of ADS with temperature in 

presence of 0.001 M tetraalkylammonium bromide salts. 

Salt TIK LJ.G.,.,J &Im;J LJ.Sm;J To/ 
kJ mol-1 kJ moP J mol-1 K 

288.15 -37.60 3.66 143.23 
293.15 -38.34 1.60 136.27 
298.15 -39.03 -0.61 128.85 

TMAB 303.15 -39.65 -2.98 120.98 296.8 
308.15 -40.19 -5.50 112.58 
313.15 -40.73 -8.18 103.91 
318.15 -41.27 -11.03 95.02 

288.15 -39.67 6.27 159.46 
293.15 -40.45 3.51 149.98 
298.15 -41.20 0.55 140.07 

TEAB 303.15 -41.87 -2.61 129.49 299.1 
308.15 -42.45 -5.99 118.31 
313.15 -43.00 -9.59 106.71 
318.15 -43.57 -13.41 94.81 

288.15 -42.30 10.50 183.27 
293.15 -43.20 6.40 169.21 
298.15 -44.12 1.99 154.71 

TPAB 303.15 -44.79 -2.71 138.80 300.3 
308.15 -45.41 -7.74 122.25 
313.15 -45.94 -13.09 104.89 
318.15 -46.50 -18.77 87.15 

288.15 -46.27 14.23 209.96 
293.15 -47.26 8.46 190.11 
298.15 -48.20 2.28 169.33 

TBAB 303.15 -48.97 -4.32 147.27 300.0 
308.15 -49.64 -11.38 124.15 
313.15 -50.15 -18.90 99.79 
318.15 -50.67 -26.88 74.77 

57 
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layers around the hydrophobic part of the ADS surfactant molecule. On increasing 

the temperature, the structure of water is partially broken and hydrophobic 

interactions become less significant. The negative values of enthalpy at higher 

temperatures suggest the importance of London-dispersion interactions as an 

attractive force contribution for micellization. The second order polynomial fits 

well to the!lH:k data as a function ofT for ADS-TAAB system (figure 3.8). The 

curves pass through zero and cross each other around the 300-305K temperature 

range. The temperature at which llH:k becomes zero is denoted by To. It has been 

observed that To is practically the same as the minimum temperature (T*) obtained 

from the erne-temperature =ve [58,59]. The To values are 297.10, 299.14, 300.33 

and 299.92K in solutions of 1MAB, TEAB, TP AB and TBAB respectively (table 3.3). 

The values of To determined from f\.H:k are in good agreement with the T* values 

obtained from the erne. Thus the observation that T* is almost the same as To for 

pure aqueous surfactant system holds well for surfactant-electrolyte systems too. 

No systematic trend in the To values is observed with the increase in the 

hydrophobicity of the counterions of the electrolyte. 

The entropy of micellization for different ADS-TAAB systems are all large 

and positive, indicating that the micellization process is entropy dominated. The 

large positive values of ll.S:k' which increases with the increase in the size of the 

added electrolyte, suggests that the micellization process in these salty solutions 

are governed primarily by the entropy gain and the driving force for the process is 

the tendency of the hydrophobic groups of ADS to transfer from the TAA+ rich 

solvent to the interior of the micelle. The thermodynamic data of ADS-TAAB 

system also exhibit the so-called enthalpy-entropy compensation phenomenon. 

This is reflected in the linear correlation between enthalpy and the entropy (figure 

3.9). In general, the compensation effect can be described by the relation 

(8) 

where the slope, 7;,, is the compensation temperature and llH:1c the corresponding 

intercept. The intercept llH:k gives the enthalpy effect under the condition ll.S:1c = 

0. To explain the compensation phenomena, according to the viewpoint of Lurnry 
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and Rajender [60], micellization can be described as divided into a "solvation" part 

and a "chemical" part. The slope of the compensation plot (figure 3.9) provides a 

measure of the solvation part of micellization. The intercept gives information on 

the solute-solute interactions and stands for an index of the effectiveness of the 

chemical part of the micelle formation. 

From the experimental data of erne and fJ available in literature for four 

different homologous series of ionic surfactants, viz; sodium alkyl sulfate, sodium 

p-(3-alkyl) benzenesulfonate, alkyl a-picolinium bomide and alkyltrimethyl

ammonium bromide, Chen et. a!. have found the compensation lines for 

surfactants belonging to a particular group to be parallel to one another. Moreover, 

a linear relationship between the intercept,LV/:"' and the hydrophobic chain 

length of the surfactant was also noticed [61]. Similar shift as the one just 

mentioned, is also displayed by the present system, though the tail length of the 

surfactant is not varied in the experiment .. This indicates that the alkyl groups of 

the electrolytes are embedded into the micellar core. The plots are shown in figure 

3.9. The compensation lines are parallel to one another and shifted downward on 

increasing the hydrocarbon part of the TAA+. The value of 1', so obtained is 
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304±2K, for all the systems, with a correlation coefficient of 0.999. This value falls 

within the range characteristic for ionic surfactants [61,62]. The constant value of 

I;, for all the systems indicates that the desolvation of the hydrophobic chain of the 

ADS micelle is practically independent of the size and the hydrophobicity of the 

electrolyte added. The values of w:;c for ADS are -39.83±0.21, -42.07±0.26, -

45.05±0.26 and -49.30±0.29 kJmol-1 in solutions of TMA+, TEA+, TPA+ and TBA+ 

respectively. The decrease in the value of w:;c simply indicates that the stability 

of the ADS micelle increases as the alkyl part of the added electrolyte in the bulk 

solution increases. This supports the previous conclusion of the present study that 

the increase in the f3 values on moving from TMA+ to TBA+ is due mainly to the 

increased hydrophobic interaction between the alkyl parts of both the surfactant 

and the added electrolyte. 

3.3.4. Clouding of ADS in presence of TBAB 

Nonionic micelles on raising the temperature become cloudy and phase separate at 

a well-defined temperature, often referred to as the 'cloud point' (CP). The phase 

separation is believed to be due to the sharp increase in the aggregation number of 

the micelles and the decrease in intermicellar repulsions resulting from decreased 

hydration with increase in temperature [63]. For charged micelles, especially with 

inorganic counterions, the phenomenon of clouding usually does not occur, 

presumably because electrostatic repulsion between micelles prevents the phase 

separation to occur. However, similar micelles with large counterions, e.g., 

tetrabutylammonium decyl and tetrabutylammoniumdodecyl sulfate, do show 

clouding at elevated temperatures [ 40,64,65]. The first instance of clouding in 

anionic surfactant was observed by Yu et. al. for equimolar mixtures of 

sodiumtetradecyl sulfate and tetrabutylammonium bromide [36]. Since then a 

large number of works on similar quaternary ammonium salts in combination 

with anionic surfactants such as SDS have been reported [7, 42-44,64-66]. 

Aqueous ammoniumdodecyl sulfate neither display clouding alone nor in 

the presence of TMAB, TEAB, or TPAB salts. However, the same surfactant 
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solution shows clouding in presence of TBAB salt. The variation of CP as a 

function of [ADS] and [TBAB] are shown in figure 3.10. At fixed [TBAB], the CP 

increases with increase of [ADS] (figure 3.10A), while it is decreased with an 

increase in TBAB concentration at constant [ADS] (figure 3.10B). The increase in 

the CP with increasing [ADS] at a fixed [TBAB] is due to the increased electrical 

repulsion between the micellar surface head groups caused by the decrease in 

effective salt content per micelle [42]. On the other hand the decrease in CP with 

increasing TBAB can be accounted for in terms of hydrophobic interaction and 

surfactant head group dehydration. The butyl chains of TBAB are supposed to be 

embedded between the monomers of the ADS micelles through hydrophobic 

interaction. Increasing the temperature at this point causes dehydration of the 

anionic heads of the ADS micelle that in turn leads to a greater electrostatic 

attraction between the anionic heads and TBA+ counterions. Further increase in the 

[TBAB] causes more structured water to be replaced by the butyl chains and this 

causes the aggregates to be removed from aqueous phase at low temperature. The 

influence of [TBAB] in lowering CP is clearly manifested in figure 3.10B. As the 

concentration of TBAB is increased from low to high, CP decreases steadily at the 

initial stage. However, above the [TBAB]/[ADS] mole ratio of 1:1, this variation is 

small. This seems to be an important observation that has been ignored in all 

previous studies [7,29,66]. Upto the [TBAB]/[ADS] mole ratio of 1:1, TBA+ ions 

interact with ADS micelles both hydrophobically as well as electrostatically and 

replace weakly interacting ammonium ions from the micelles. Therefore, the 

manifestation of the effect of TBA+ in decreasing the CP is very high initially. 

Above the composition of 1:1, the interaction of TBA+ with the surfactant micelles 

is apparently very weak. That the influence of the TBA+ additive on the CP is 

significant only upto 1:1 mole ratio and once this point is reached the CP remains 

nearly constant on further TBAB addition was also observed by previous workers 

[7,29 ,67]. However, this point has not been, considered so far for discussion. 

Kumar et. a!. have correlated the stability and the growth of SDS micelles 

with the [TBAB]/[SDS] ratio and found that a little over one mole of TBAB per two 

moles of SDS was required for clouding to oc= at -95°C [29]. From figure 3.10B, 

the value of [TBAB] for clouding to oc= at a given (fixed) concentration of ADS 
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at a particular temperature (at-95°C) can be determined. The plot of [TBAB] and 

[ADS] is shown in figure 3.11. A linear regression analysis of the data shows that 

the following equation fits well, 

[TBAB] = 0.450 X [ADS] + 0.004 (9) 

with a correlation coefficient of 0.999. Since the intercept is very little, the ratio 

[TBAB]/[SDS] comes out as 0.9/2. Thus, it appears that slightly less than one mole 

of TBAB per two moles of ADS monomer is required at least for clouding to occur. 

Therefore, present result differs slightly from that of Kumar et. al. The replacement 

of the counterion of the surfactant from Na+ to NH/ causes lesser requirements of 

TBA +ions for clouding to occur. Studies on the effect of counterions on clouding of 

charged surfactants are rare in the literature the present study gives a brief 

introduction in this direction. 
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Chapter IV 

Studies on Microstructural Transition of Micellar 
Aggregates in Presence of Hydroxyaromatic 
Dopants: Rheology and Spectroscopy. 

4.1. Introduction and Review of Previous Works 

The self-assembly of amphiphilic molecules often develops a variety of interesting 

structures of different shapes and sizes. Among the most fascinating of these are 

the 'wormlike micelles', which are flexible cylindrical chains with radii of a few 

nanometers and contour lengths up to several micrometers. The formation of 

wormlike micelles is linked to the emergence of viscoelasticity in the solution [1,2]. 

Micellar aggregates that can grow anisotropically under appropriate conditions, 

changing their shapes from spheres to rods or highly flexible wormlike aggregates, 

provide some analogies between giant flexible cylindrical micelles and 

conventional polymeric solutions [3]. However, unlike ordinary polymers, micellar 

chains posess the unique ability to reversibly break and then recombine. They 

reform by addition and loss of individual amphiphiles or by the scission and 

recombination of entire micelles [1]. The polymerlike micelles which are formed by 

certain ionic surfactants in solution exhibit very interesting rheological properties. 

At high concentrations, these solutions show typical viscoelastic behaviour while 

at very low concentrations more complex and unusual rheological phenomena is 

observed. Wormlike micelles are formed spontaneously at ambient temperature 

from cationic surfactants with e.g. 16 carbon atoms in the aliphatic chain. This is 

the case for cetyltrimethylammonium bromide (CTAB) [4-6] and cetylpyridinium 

bromide (CPB) [7]. Because of electrostatics the transition between spherical to 

cylindrical aggregates occurs at relatively high surfactant concentrations. 

However, the growth of the aggregates can be promoted even at lower 

concentrations of the surfactant if cosurfactants or other low molecular weight 

additives are incorporated to the solutions. These additives are short alcohol 
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chains, strongly binding counterions, oppositely charged surfactants etc. Some of 

the different classes of surfactants and cosurfactants/ additives which form such 

structures are given bellow. 

A - Surfactant and simple salt. The addition of simple salts such as sodium 

chloride (NaCI) or potassium bromide (KBr) to ionic surfactant solutions results in 

the screening of the electrostatic interactions between the charges, and thus in the 

growth of the aggregates. Example of this class is CTAB with KBr [8-10]. Halide 

counterions bind moderately strongly to cationic surfactant aggregates, and 

therefore, micellar growth is gradual. Other well-known examples are sodium 

dodecyl sulfate (SDS) with monovalent [11, 12] or multivalent counterions [13,14]. 

Micellar geometry of the different microstructures formed by arnphiphiles in 

solution can be understood on the basis of a term called the critical packing 

parameter or CPP, which is defined as as the ratio vI a0 lc (as has been discussed in 

chapter 1). The larger the headgroup area (ao) compared to the tail area (lc), the 

more curved the aggregate. Thus, a CPP of ~' corresponding to a cone shape, leads 

to spherical micelles while a CPP of "\-2 (truncated cone) corresponds to cylindrical 

micelles. Finally, molecules shaped like cylinders, i.e., having ao"' lc and CPP = 1, 

tend to assemble into bilayer structures (vesicles). When added to water, CTAB 

tends to form spherical micelles because the ionic headgroups have a large, 

effective area due to their electrostatic repulsions. However, when salt is added to 

CTAB, the added ions screen the repulsions between the cationic headgroups, 

reducing the headgroup area, and increasing the CPP from ~ to "\-2. As a result, 

CTAB forms cylindrical micelles that grow uniaxially into long chains. 

B - Surfactant and cosurfactant, where the cosurfactant is a short alcohol chain. 

Classical examples are the ternary systems of sodium alkylsulfate-decanol- water 

(Sodiumdecylsulfate -Decanol [15,16], Sodiumdodecylsulfate-Decanol [17,18] and 

Cetylpyridinium Chloride-hexanol-brine (CPC-Hex) [19,20]. In these systems, the 

ratio between the alcohol and surfactant concentrations controls the 

polymorphism of the self-assembly. The theoretical arguments developed for 

neutral chains should apply to this class, namely those for which the cylindrical 

aggregates are intermediate structures between spheres and bilayers. 
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C - Surfactant and strongly binding counterion. Strongly binding counterions are 

small molecules of opposite charge with respect to that of the surfactant. They are 

also called hydrotopes. Well-known examples of hydrotopes are salicylate, tosilate 

and chlorobenzoate counterions, which all contain an aromatic phenyl group. 

CTAB and CPC with sodium salicylate (NaSal) have been probably the most 

studied micellar systems during the last two decades. Contrary to simple salts 

(class A), a large proportion of these counterions (- 80 %) is assumed to be 

incorporated into the micelles. It was found that in CPC-NaSal, long wormlike 

micelles are inunediately formed at the erne (0.04 wt. %), without passing through 

an intermediate spherical morphology [21, 22]. 

D - Cationic and anionic mixtures. Oppositely charged surfactants have shown 

synergistic enhancements of rheological properties, and notably through the 

formation of mixed wormlike micelles. The growth of the micelles is assumed to 

arise from the charge neutralization of the surface potential (as in C) and from the 

related increase of the ionic strength (as in A). Recent examples are the mixtures of 

sodium dodecylsulfate (SDS) and dodecyltrimethylammonium bromide (DTAB) 

[23,24], or the mixtures made from cetyltrimethylammonium tosilate and sodium 

dodecyl benzenesulfonate [25,26]. 

That surfactant solutions can be strongly viscoelastic was noticed by several 

authors in as early as 1950's. Nash for instance identified the role of additives such 

as naphtalene derivatives in the onset of viscoelasticity in CTAB solutions [27]. 

One intriguing result was that the viscoelasticity of the solution was showing up 

well below the erne of the surfactant. Some years later, Gravsholt and coworkers 

recognized that other types of additives, such as salicylate or chlorobenzoate 

counterions are actually solubilized by the micelles, lowering the c.m.c. of the 

surfactant [28,29]. It was suggested by the authors that the viscoelasticity had the 

same physical origin as that of polymer solutions [30]. The picture proposed in late 

1970's was that of a network of entangled rod-like micelles. 

A step further in the description of the micellar dynamics was made by the 

first quantitative measurements of the linear mechanical response, also known as 

Maxwellian Behaviour, of these solutions. The pioneering works in this field were 
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those of Rehage and Hoffmann [31-33], Shikata [34-37] and Candau [38,39] and 

their coworkers. Rehage and Hoffmann had used rheology to demonstrate that the 

micellar growth resulted in an increase of the fluid viscosity. They observed that 

the effect of addition of NaSal to CPC increased the viscosity of the system sharply 

until the concentration reached slightly above a 1:1 molar ratio of CPC/ NaSal and 

then the viscosity dropped off drastically. This feature was observed for several 

concentrations of CPC and there does not seem to have any satisfactory 

explanation of this phenomenon until this date. The most fascinating result that 

Rehage, Hoffmann, Shikata and Candau and their coworkers have observed by 

quantitative measurements was that the viscoelasticity of these surfactant 

solutions was characterized by a single exponential response function. This rule is 

indeed so general that it is now commonly admitted that a Maxwellian behavior is 

a strong indication of the wormlike character of self-assembled structures. In a 

detailed study of the tetradecyltrimethylammonium salicylate system, they also 

reported that an increase in flow birefringence accompanies the stress growth. 

Actually, both the stress and flow birefringence curves show an induction period 

before rapid growth commences. In addition to the general features as described, 

the induction time is shown to be inversely proportional to the applied shear rate 

and is independent of the flow direction. On the basis of this information, a kinetic 

coagulation mechanism, first introduced by Rehage, Wunderlich and Hoffmann 

[31] was proposed to account for the rheopectic phenomenon. According to this 

model, the initial small micelles collide with each other more frequently in shear 

flow than in quiescene, resulting in the formation of large micelles. The same 

results are also obtained when the influence of sodium salicylate and sodium 

bromide concentration on the shear thickening behaviour of aqueous micellar 

solutions of CTAB and NaSal is studied experimentally. 

The effect of Sodium 3 hydroxy 2 naphtoate (3,2 SHCN) on the micellar 

shape transition of CTAB was investigated by Manohar and co workers [40-47]. 

The 3,2 SHNC which is structurally comparable to NaSal is strongly adsorbed on 

the micellar surface with the carboxylic and hydroxyl group protruding out of the 

micelle. The presence of naphthalene ring in HNC- was expected to confer more 

hydrophobicity on the molecule as compared to NaSal. It was also proved from 
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surface tension measurements that SHCN is mildly surface active and considering 

the concentrations for such surface activity, it could be regarded as a hydrotope. 

The molecular orientation is consistent with the surface active nature of SHNC 

(compared to NaSal). However, the CTAB-SHNC system differs in a major way 

from CTAB-NaSal system through the presence of a sequence of phases viz., small 

micelle aggregates, an isotropic gel phase (non-birefringent rodlike micelle, L
1
-

Phase), anisotroic liquid crystal (birefringent Lamellar, La-Phase) -precipitate

liquid crystal etc. Recently Raghavan and co-workers have shown that when a 

mixture of a cationic surfactant with an erucyl (C22, mono-unsaturated) tail and an 

organic salt, sodium hydroxynaphthalene carboxylate (SHNC) is heated their 

zero-shear viscosity, instead of dropping exponentially, increases over a range of 

temperatures [48]. Using small angle neutron scattering (SANS) technique, these 

authors, have shown that the increase in viscosity is caused by an increase in the 

contour length of cylindrical micelles. 

It is particularly interesting that, while a wide variety of wormlike ionic 

micellar solutions display identical rheological responses, a common element in 

most of these systems is the presence of salt anions such as NaSal. Although a few 

examples are available in the literature where additives other than NaSal have 

been used as has already been mentioned, these molecules have never been 

considered as high up as the promoter like NaSal. The presence of an anionic 

charge on the promoter molecule has been considered pivotal in achieving low 

concentration shape transition of cationic micelles via charge screening because it 

decreases the average area per surfactant head group allowing the packing 

parameter to exceed the critical value of Y. [49]. However, other important factors 

including the role of OH group of the promoter molecule have not attracted much 

attention, and as such, the puzzling question as to why not only its presence but 

also its position in the aromatic ring of NaSal molecule is so vital remained 

broadly unanswered [50]. Therefore, to understand the role of the OH group 

precisely, it was tempting to check what would happen the uncharged naphthols, 

where the hydrophobic part is very strong and the anionic charge is absent, is 

used. In this chapter the effects of neutral 1- and 2-naphthols and also the 

dihydroxy derivatives, 2,3- dihydroxynaphthalene (2,3-DHN) and 2,7-



72 

dihydroxynaphthalene (2,7-DHN), on the shape transition of CTAB micelles have 

been studied. The intermolecular H bonding between OH groups of micelle 

embedded naphthol molecules and the interfacial water molecules plays a key role 

in micellar shape transition in absence of any charge screening of head groups and 

thus imparts strong viscoelasticity to the dilute aqueous surfactant solution. 

Since the effect of hydrogen bonding on the electronic spectra of organic 

molecules has been unambiguously detected and explained, the ultraviolet and 

visible spectroscopies are applied by a number of authors to study the hydrogen 

bond in solution. Investigation of the effect of hydrogen bonding on 

photodissociation of 1-naphthol was reported first by Takemura et. al. [51,52]. The 

ground state (UV-Vis absorption) and the excited state (fluorescence) 

solvatochromism of several naphthalene derivatives was analysed by Mataga and 

Kaifu [53] in terms of nonspecific solute-solvent interactions and specific 

hydrogen-bonding interactions. The influence of hydrogen bonding on the UV-Vis 

and emission spectra of naphthols has been studied by Baba and Suzuki [54] and 

Tramer and Zaborowska [55]. Switching of the lowest excited states of 1-naphthol, 

from ILb state to 1La state, as a result of better stabilisation due to hydrogen-bond 

interactions was suggested. While such studies on phenols and naphthols have 

been carried out in the presence of a variety of polar proton acceptor or donor 

solvent components in an inert solvent (or mixed solvents), similar investigations 

in organised media (micelles and vesicles) are scarce. Compared to a single solvent 

or a homogeneous mixture of solvents, organised assembly of nano dimensions 

possess many unique properties. The most sigrtificant property of an organised 

assembly is its ability to stabilise and bind solute molecules that are typically 

insoluble or sparingly soluble in bulk pure solvent [56]. Therefore, a detail 

investigation on the electronic spectra of indicator (probe) molecules in organised 

assemblies of CTAB, in particular and other alkyltrimethylammonium bromides in 

general, have been carried out to understand the mechanism of the phenomena of 

microstructural transitions in further detail. 

The possibilities of the H bonding and JC-JC interaction in naphthols have 

been checked by observing the effect of CTAB micelles on the absorption spectrum 

of the hydroxyaromatic compounds. UV absorption spectra are modified due to 
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the presence of an intermolecular H-bond of micelle-embedded naphthols with the 

interfacial water in their ground electronic states. The excited state proton transfer 

(ESPT) of 2-naphthol is facilitated in the presence of CTAB in the submicellar 

concentration range due to the catalytic effect of surfactant charge, whereas ESPT 

is hindered in post-micellar concentrations due to lack of water accessibility [57]. 

However, the exact nature of H-bonding in the micellar phase is not understood 

completely. Moreover, together with hydrogen bonding, the Jr-Jr and cation-Jr 

interactions between favorably arranged micelle-embedded dopant molecules may 

also be involved in modifying the absorption spectra [58]. Therefore, in order to 

further examine the exact nature of the noncovalent interaction that is involved in 

the above modification of the spectra, it is tempting to check what would happen if 

the hydroxyl group of the promoter naphthol molecules is replaced by methoxy 

groups. Methoxynaphthalenes (MN) possess a similar structure and 

hydrophobicity to that of the hydroxyl naphthalene (HN) molecules but cannot act 

as hydrogen bond donors. It would be interesting to compare the efficiency of 

methoxynaphthalene with that of naphthols in effecting microstructural transitions 

of micelles and to discuss the result in the light of spectroscopic observations. 

Further, it may be anticipated that a simple and effective route to design a pH 

responsive microstructure could well be based on the neutral naphthol dopants, 

which form salts only at high pH (pKa > 9.2). As a function of pH, ionization of the 

OH group of naphthol molecules may switch the onset of charge screening, paving 

the way to effect further morphological transitions (viz., vesicle formation). An 

objective of the present work is, therefore, to design a simple effective route of pH

responsive morphological transition for the aqueous molecular aggregates of 

single chain cationic surfactant, viz., CTAB from micelles to long wormlike micelle 

to unilamelar vesicles. Finally, it is important to note that although the last two 

decades have witnessed a strong excitement among the researchers on the 

microstructural transitions of micelles at low concentrations, induced by 

hydrotropes like sodium salicylate and other similar dopants, leading to stimuli

responsive viscoelasticity, the exact role and the location of the protruded polar 

groups (e.g., OH groups) of the hydrotropes toward the Stem layer have not been 

firmly ascertained. This is particularly an interesting basic element to investigate 

for the present system where intermolecular H-bonding through OH groups of the 
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micelle-embedded naphthols seems to play the pivotal role in the transition of the 

micellar morphology. 

The formation of wormlike micelles have been studied for various type of 

surfactants in recent years, and new applications have been found in different 

areas from oil fields, drag reducing agents in district heating systems, horne and 

personal care products to templates for asymmetric and aligned nanostructures. 

Viscoelastic wormlike cationic surfactants have been successfully used as 

fracturing fluids in oil fields. Conventional polymer base fluid has comparable 

sand pack pore size residue left in reservoirs after fracturing. This reduces the 

fracturing permeability or conductivity. Surfactants, however, being small 

molecules, recovers back completely. Wormlike micelles are used commercially in 

district heating and cooling fluid as drag-reducing agents. The environmental 

friendly drag-reducing properties of N-alkyl, N, N-dirnethylglycinate combined 

with sodium alkylbenzene sulfonate at a 4:1 molar ratio was found useful for such 

applications [59,60]. Viscoelastic property is needed in many horne care products 

and microfluidity of wormlike micelle has such properties. A typical example of 

such application is hard surface cleaners and drain-opener liquid plumber, where 

the excellent thickening and cleaning capacity combined with easy flow and drag 

reduction properties have distinct advantages over other microscopic fluids such 

as lamellar or polymeric fluids. New applications should appear as our 

understanding increases and more and more application scientists understand the 

wormlike micelle system. 

4.2. Materials and Methods 

1- and 2-Naphthols (puriss, Aldrich) were purified by vacuum sublimation 

followed by crystallization from 1:1water methanol mixture. 1- and 2-

Methoxynaphthalenes (Acros-Organics, Belgium) were recrystallized from 1:1 

aqueous methanol before use. 2,3-dihydroxynaphthalene and 2,7-

dihydroxynaphthalene were recrystalised twice from ethanol-water mixture and 

finally from ethanol alone. The structure of dopant molecules (probe) are shown in 

figure 4.1. All the probe molecules were stored in the dark. The surfactants viz., 
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Figure 4.1. Structures of the aromatichydroxy and methoxyaromatic dopants used in 
the present investigation. 

Dodecyltrimethylammonium bromide (DTAB), Tetradecyltrimethylammonium 

bromide (TTAB), Cetyltrimethyl-ammonium bromide (CTAB) and Sodiumdodecyl 

sulphate (SDS) were of puriss grade procured from Aldrich and were used as 

received. Shear-induced viscosity was measured on a rotational viscometer 

(Anton-Paar, DV-3P; accuracy (1% and repeatability (0.2%)) equipped with a 

temperature controller and with the facility of varying shear rates. Here, the 

viscosity measurement is based on measuring the torque of spindle rotating at a 

given speed in the sample solution kept in a concentric cylinder, which is 

maintained at a constant temperature. The temperature of the viscometer was 



76 

regulated with a water circulating thermostat. The diameter and length of the 

inner cylinder are 2.5 em and 9 em respectively, whereas diameter and length of 

the outer cylinder are 2.8 ern and 14 em respectively. The shear rate is calculated as 

rpm x 1.2236 s·l (assuming the characteristics of the spindle). UV absorption 

spectra were recorded on a Jasco (V-530) Spectrophotometer using a matched pair 

of glass cuvettes. The instrument was attached with a water circulating thermostat. 

1H NMR spectra were recorded on a Bruker spectrometer (Germany) operating at 

300 MHz. The water used for preparation of solutions was doubly distilled. The 

dopants (probes) were sparingly soluble in water at low pH but highly soluble in 

surfactants. Therefore, appropriate amount of the dopants were added directly to 

CTAB solutions. In some experiments dilute alcoholic solution of the dopants were 

used and alcohols were dried off before the addition of surfactant in the 

experimental set. Utmost care was taken to prepare naphthol-CTAB and other 

hydroxyaromatic dopant-CTAB solutions with minimum shaking. For the shear 

induced viscosity studies, the samples were equilibrated at desired temperatures 

in a thermostat (attached to the rotational viscometer) for 2 days before study. 

4.3. Results and discussions 

4.3.1. Shear Induced Viscosity Studies 

Aqueous CTAB (2-10 mM) and 1- or 2-naphthol (2-10 mM in 2-5% methanol, 

naphthols being sparingly soluble in water) solutions show viscosities similar to 

those of water. But as soon as these solutions are mixed together at room 

temperature, a thick gel-type fluid with high viscoelasticity is developed. Since 

viscoelasticity tends to disappear in high methanol concentrations, experimental 

solutions are prepared routinely by transferring the required amount of naphthol 

solutions (in pure methanol) in the experiment vial first, and then the alcohol was 

evaporated off completely before the addition of aqueous surfactant solution. 

From the initial visual observation it was found that the viscosity of the gel was 

very much dependent on the concentration of CTAB and the additives. Therefore, 

we first determined the CTAB/dopant mole ratio at which the gel shows 

maximum viscosity. Much like the CTAB-NaSal system, it was found that CTAB-
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Figure 4. 2. Variation of viscosity as a function of mole ratio of CTAB and the dopants 
that form viscoelastic gels. 

naphthols also display maximum viscoelasticity at a 1:1 molar ratio of surfactant 

and the promoter (figure 4.2). On the other hand, the effect of the 

dihydroxynaphthalenes (2,3-DHN and 2,7-DHN) on micelles of CTAB are 

interesting. Equimolar mixtures of only CTAB and 2,3-DHN gives a highly viscous 

gel in aqueous solutions but 2,7-DHN/CTAB does not. Therefore further attempts 

were not made to study the viscosity of 2,7-DHN/CTAB system. The argument 

that an excess or deficiency of charge on the micelles due to adsorption of 

hydrotrope anions (e.g., NaSal) would shorten the micellar life time and size is not 

apparently true for the present system because under the present experimental 

condition of solution pH (-6.5), the naphthols and the dihydroxynaphthalenes are 

mostly protonated, i.e., uncharged (pKa's > 9.0). Therefore, it seems apparent that 

the symmetrical distribution of surfactant and the promoter molecules, leading to 

highly compact spherical micelles, facilitates to attain an optimum surface 

curvature in presence of H bonding (discussed later), and this results in the sphere 

to rod transition e'!sily. For further experiments, dopant to surfactant ratio was 

chosen to produce strongest viscoelasticity, i.e., 1:1 mole ratio. At low 

concentrations (<1 mM), CTAB-naphthol solutions show shear thinning 

properties, typically observed in the case of a non-Newtonian fluid. Typical plots 
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of viscosity against shear rate for 1- and 2-naphthols in CTAB solutions are shown 

in figures 4.3 and 4.4 respectively. Increasing the concentration range from 1 mM 

to 2 mM, the system shows a shear thinning property up to a shear rate of 25 s·1 

and then the shear thickening phenomenon starts to occur, but above a shear rate 

of 60 s-1, the fluid shows a Newtonian type behavior (figure 4.5 and 4.6). However, 

an overall non-Newtonian nature is apparent as the concentration of the CTAB 

and naphthol (1:1) system is raised above 1.0 mM. At still higher concentrations 

(>5.0 mM), the nature of the rheological response changes dramatically and the 

system starts displaying an unusual rheology as a function of shear rate. The 

variation of viscosity of CTAB/1-naphthol system as a function of shear rate at 

two different concentrations, 5.0 mM and 7.5 mM (1:1) is shown in figure 4.7. Up to 

a shear rate of 60 s-1, the fluid shear thins. An onset of viscosity. rise is observed at 

the shear rate of 60 s-1, and the system again shear thins, passing through a 

maximum at 109 s-1. At further higher concentrations (7.5 mM), the viscosity-shear 

rate profile again changes feature; the initial shear thinning characteristics 

disappear. The overall behaviour is consistent with building up of long worm-like 

micellar bundles at relatively high concentrations. Therefore, it appears that the 

shear thinning viscosity in low shear rates is indicative of the flow-induced 

alignment toward the flow directions. Equal concentrations of 2-naphthol/CTAB 

systems show similar features in the viscosity-shear rate profile (figure 4.8); the 

maximum viscoelasticity being displayed at 100 s-1. Meanwhile, when the CTAB 

concentration is above 10.0 mM in the equimolar CTAB/naphthol solutions, the 

micelles are much longer and entangled with each other in the solution. In this 

case, the shear viscosity increases much higher and the micellar solution behaves 

like entangled polymer solutions exhibiting typical nonlinear viscoelastic behavior 

such as a stress plateau. The contour length of the worm-like micelles is highly 

dependent on the concentrations of the surfactant and the promoter. The viscosity 

shear rate profile for the 2,3-DHN/CTAB systems are shown in figures 4.9 to 4.11. 

The rheological characteristics shown by this system is almost similar to those of 

the CTAB-naphthol systems. Systems which display shear induced nonlinear 

rheological changes (as the present systems) bring about formidable problem in 

measuring the unperturbed solution viscosity because, the measuring techniques 
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Figure 4.8. Variation of viscosity of 2-naphthol/CTAB system as a function of shear 
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Figure 4.12. Comparision of viscosity modification of aqueous CTAB by 1-methoxy
naphthalene ( ), 2- methoxynaphthalene {.'-), 1-naphthol (o) and 2-naphthol (0) at 
25°C. The concentration of the dopant and the surfactant was fixed at 5 mM (1:1). 
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Figure 4.13. Photographs of the viscoelastic-gel (right) of aqueous 1-naphthol/CTAB 
(0.1 M, 1:1) and free flowing 'water like' solution (left) of 1-methoxy
naphthalene/CTAB system (0.1 M, 1:1). 

(e.g., torsional shear rheometry) often apply considerable stress on the system 

during measurement, and thus the zero-shear viscosity becomes obscure. 

The methoxynaphthalene-CTAB systems (1-methoxynaphthalene/CTAB 

and 2-methoxynaphthalene/CTAB), on the other hand, neither display the ability 

to develop viscoelasticity in the system nor exhibit any viscosity modification with 

applied shear, and behave completely like a Newtonian liquid. This result is quite 

surprising in view of the fact that much like 1- and 2-naphthols, both 1- and 2-

methoxynaphthalenes are expected to embed into the micelles of CTAB. The plot 

of viscosity against shear rate for both the methoxynaphthalenes are shown in 

figure 4.12. For comparision the values of the naphthols at similar concentrations 

and conditions are also included in the figure. The images of the naphthol /CTAB 

and methoxynaphthalene/CTAB systems at 25°C are shown in figure 4.13. Though 

methoxynaphthalenes (MN) possess similar structure and hydrophobicity to that 

of the hydroxynaphthalene (HN) molecules but because the methoxynaphthalenes 

cannot act as hydrogen bond donors, they fail to assist the micellar shape 

transition and can not impart viscoelasticity to the CTAB solution. The exact role of 
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hydrogen bonding in micellar shape transition has been discussed later in the light 

of spectroscopic observations. 

4.3.2 Effect of Temperature. 

Typically, when a wormlike micellar solution is heated, the micellar contour length 

decays exponentially with temperature. At higher temperatures, surfactant 

unimers can move more rapidly between the cylindrical body and hemispherical 

end cap of the worm (the end cap is energetically unfavorable over the body by a 

factor equal to the end-cap energy). Thus, because end-cap constraint is less severe 

at higher temperatures, the worms grow to a lesser extent. However, an opposite 

trend in the rheological behavior is observed in CTAB-naphthol systems. Plots of 

viscosity against temperature, at shear rates of 35, 70, 120 and 200 s·1 for 1-

naphthol, 2-naphthol and 2,3-dihydroxynaphthalene in presence of CTAB 

solutions are shown in figures 4.14-4.16. Instead of a decrease in viscosity, it is 

increased with temperature steadily up to a critical temperature value (26°C for 

CTAB-naphthols) and then decreases. This transition as a function of temperature 

is reversible, i.e., if the temperature is lowered down from a high value, viscosity 

of the system follows the same viscosity-temperature profile. This observation is 

unusual, and the only example of this kind is found in a recent reference where 

wormlike micelle formation was promoted by sodium salt of hydroxynaphthalene 

carboxylate (SHNC) [48]. The micellar growth in the above systems is attributed to 

a desorption of weakly bound HNC counterions from the micelle at elevated 

temperatures. Such a desorption is believed to reduce the charge density at the 

micellar interface and thereby promote the growth of cylindrical structures. 

However, any explanation emphasizing charge screening of surfactant head 

groups by the added salt anions as has been put forward in above experiments is 

not applicable to the present system. On the other hand, hydrophobic interaction 

between micellar core and the aromatic ring of the dopant molecules seems to be 

an important factor, which imparts the thermoreversible viscoelastic property to 

the present system. As temperature is increased, naphthol molecules (uncharged) 

are more soluble and perhaps are partitioned more strongly in the micellar phase. 
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This favors the formation of longer wormlike micelles up to the critical 

temperature, above which the increased kinetic energy allowing surfactant 

unimers to hop more frequently between the body and the end cap results in the 

breaking up of the wormlike micelles [48]. 

4.3.3. Shear-Induced Viscosity and pH. 

The role of neutral hydroxyaromatic dopants, viz., 1- and 2-naphthols, which are 

found to be efficient in bringing about microstructural transition in CTAB micelles, 

stimulates the idea of designing a route for pH-responsive vesicle formation [57]. 

This idea stems from the fact that the dopants, which under neutral conditions 

activate the formation of worm-like micelles at pH -5.0, may on partial ionization 

of the OH group increase the packing parameter further via charge screening [61]. 

This idea tempted the investigator to study the pH dependent viscosity changes of 

the present viscoelastic gel system. Figures 4.17 and 4.18 shows the viscosity-pH 

profiles of the 1-naphthol-CTAB and 2-naphthol-CTAB systems at constant shear 

of 122 and 184 s-1, respectively. The general nature of the variation of viscosity as a 
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of 122 and 184 s·'. 

function of pH for both 1- and 2-naphthol-CTAB systems is similar in high shear 

regime (viz., 122 and 184 s-1, respectively). However, morphological responses are 

not identical for both of the systems. While the viscosity of both, 2- as well as 1-

naphthol-CTAB systems, is quite high (35-45 cP) due to formation of long worm

like micelles at low pH, the viscosity of the former system falls initially, indicating 

formation of shorter micelles until pH -5.0 is reached. Charge screening by the 

anions from the added acid may be responsible for this observation. On the other 

hand, for 1-naphthol-CTAB, the onset of viscosity rise as a function of pH is found 

to occur from very low pH (pH -2.0). For 2-naphthol-CTAB, the onset of viscosity 

rise is observed at higher pH (>5.0) and the viscosity-pH profile passes through a 

maximum at pH -8.5. The onset of viscosity rise is observed due to the partial 

titration of OH group, leading to charge screening of surfactant head groups by 

the naphtholate anion and at pH -8.5 the worm-like micelles grow maximum. 

Additional increase in pH results in the ionization of OH group further, and the 

packing parameter probably exceeds the critical value of 1/2 via enhanced charge 

screening, leading to vesicle formation (for naphthols, pKa > 9, which means 50% 

ionization of the OH group at pH -9.0). This results in the fall of viscosity of the 

system. Since 1-naphthol could modulate the micellar surface curvature of CTAB 
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more efficiently, a little dissociation of the OH group (at low pH range) leads to an 

appreciable decrease of surface curvature via charge screening and promotes long 

worm-like micelle formation. In fact, for the 1-naphthol-CTAB system, vesicles 

start to form even at slightly higher than pH -5.0 (Figure 4.18). A simple and 

effective route to design pH responsive viscoelastic worm-like micelles and less 

viscous globular vesicles based on naphthol dopants may be tuned by controlling 

the degree of charge screening of CTAB micelles via controlled ionization of 

naphtholic OH groups. The result of pH-responsive morphology modification is 

further investigated by means of cryo-TEM (discussed later). 

4.3.4. Spectroscopic studies 

4.3.4.1 1H NMR study. 

To ascertain the location and orientation of the additive naphthol molecules in the 

micelles and to understand the nature of interaction in micellar shape transitions, 

1H NMR experiments may be helpful along with the absorption spectroscopies. 

NMR spectrum of 2-naphthol in DzO (in absence of CTAB) shows clusters of 
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signals centered at l:i values of 7.850 and 7.382, respectively, due to the resonance 

of the aromatic ring protons (figure 4.19 a). These two sets of signals are shifted 

upfield, broadened, and merged to give two broad signals at l:i values of 7.337 and 

6.991, respectively, when D20 solution of CTAB and naphthols are mixed in 1:1 

molar ratio (1.0 mM; Figure 4.19 b). This large shift of aromatic proton resonance 

to low l:i values clearly indicates the location of naphthol rings in the less polar 

environment than that of water. Previous studies with CTAB-NaSal system also 

showed similar upfield shift of proton resonance of the aromatic moiety of NaSal 

molecule, and it was argued that this was due to insertion of NaSal molecules into 

the micelles [50]. On the other hand, CBs protons of CTAB head group and the 

adjacent CH2 protons, which resonate at 3.132 and 3.289, respectively, in D20 

(Figure 4.19 c), are shifted upfield and resonate at 2.746 and 2.397, respectively, in 

the presence of 2-naphthol (Figure 4.19 d). However, CH2 protons adjacent to 

CTAB head group, are affected most in the presence of naphthols, and unlike pure 

CTAB, the signal from CH2 protons emerges on the other side of CBs protons of 

CTAB head groups in the presence of naphthols. This identification is important 

because it indicates the presence of aromatic ring of naphthol near the surfactant 

head groups and close to adjacent CH2 group. Signals from protons of other parts 

of hydrocarbon chain, however, remain unaffected in presence of naphthols 

(Figure 4.19 e). The NMR spectra of 10 mM CTAB-2-naphthol (1:1) have further 

subtle features (Figure 4.20). While the signals from water protons remain well 

resolved (not shown), the signals from the aromatic protons of the naphthol 

molecules are broadened dramatically (Figure 4.20 a). This means that on the NMR 

time scale, the motion of the naphthol molecules is highly restricted in viscoelastic 

phase, but water molecules rotate freely [62]. The signals from CTAB protons are, 

however, broadened to a lesser extent but appear structureless preventing further 

analysis (parts b and c of Figure 4.20). It seems that the naphthol molecules are 

held tightly in the micelles by means of strong hydrophobic interaction and H 

bonding (discussed later). Above observation conclusively proves that the 

solubilized naphthol molecules are penetrated not deep inside the micellar core 

but present near the surface probably with a well-defined orientation in which the 

OH groups are protruded from the micellar surface toward the polar aqueous 

phase. 
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Figure 4.19. 1H NMR spectra of CTAB-2-naphthol system. (a) tH signal from 2-
naphthol, (c) 1H signal from CTAB, (b, d, e) NMR spectrum of CTAB-2-naphthol (1 
mM, 1:1). 
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Figure 4.20. 1H NMR spectra of CTAB-2--Naphthol system; abc: NMR spectrum of 
CTAB-2-Naphthol (10.0 mM, 1:1). 
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A previous study on the measurement of "apparent" shift of pKa of 1-naphthoi at 

the micellar surface of CTAB yielded an effective dielectric constant value of -45, 

indicating that the location of OH groups of naphthol at the micellar surface is 

fairly polar in nature [63, 64]. 

The orientation of 2,3-DHN and 2,7-DHN molecules within the micelle is 

greatly determined by the position of the substituents (-OH) on the aromatic ring. 

Though H-bonding between the water molecules and the micelle embedded 

dihydroxynaphthalenes is possible for both 2,3-DHN and 2,7-DHN, it is to be 

noted that equirnolar mixtures of only CTAB and 2,3-DHN gives a transparent and 

highly viscous gel in aqueous solutions but 2,7-DHN/CTAB does not. Therefore, 

to ascertain the location and orientation of 2,3-DHN and 2,7-DHN molecules in the 

micelles and to understand the nature of interaction in micellar shape transitions, 

IH NMR studies of both the probes in CTAB micelles were also carried out in DzO. 

NMR spectrum of 2,3-DHN in DzO (in absence of CTAB) shows three sets of 

signals centered at 6 values of 7.236, 7.283 and 7.652 respectively, due to the 

resonance of the aromatic ring protons (Figure 4.21). All the three sets of signals 

are shifted upfield, broadened, and merged to give broad signals at 6 values of 

6.732, 6.895 and 7.143, respectively, when DzO solution of CTAB and 2,3-DHN are 

mixed in 1:1 molar ratio (3.0 mM;). The large shift of aromatic proton resonance to 

low 6 values indicates the location of naphthalene rings in the less polar 

environment than that of water. The broadening of aromatic proton signals is 

typical for a wormlike micellar solutions. The NMR spectrum of 2,7-DHN, on the 

other hand, in DzO (in the absence of CTAB) shows three sets of signals at 6 values 

of 6.932, 7.051 and 7.712, respectively, due to the resonance of the aromatic ring 

protons (Figure 4.22). These three sets of signals are shifted slightly upfield and 

resonate at 6 values of 6.753, 6.782 and 7.401, respectively, when DzO solution of 

CTAB and 2,7-DHN are mixed in 1:1 molar ratio (1.0 mM). Unlike the 2,3-

DHN/CTAB system, the signals are not broadened and remain well resolved. The 

upfield shift of proton resonance for the 2,7-DHN in CTAB micelles is small 

compared to that of 2,3-DHN. This shows that in micellar solutions of CTAB, the 

2,7-DHN molecules are portioned in somewhat less polar environment than that of 

water, but resides in a far more polar surroundings than that of 2,3-DHN molecule 
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Figure 4.21. 1H NMR spectra of 2,3-dihydroxynaphthalene in the absence (A) and 
presence (B) of CTAB (7.5 mM, 1:1). 
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Figure 4.22. 1H NMR spectra of 2,7-diliydroxynaphthalene in the absence (A) and 
presence (B) of CTAB (7.5 mM, 1:1). 
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Figure 4.23. 1H NMR spectra of 1-methoxynaphthalene in the absence (A) and 
presence (B) of CTAB (7.5 mM, 1:1). 
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Also, the absence of line broadening and presence of well resolved structures of 

the NMR signals clearly indicates fast rotation of naphthalene rings in the CTAB-

2,7-DHN systems. To understand the nature of interaction of the additive 

methoxynaphthalene (1 MN and 2 MN) molecules with the CTAB micelles, 

1HNMR experiments were also performed (figure 4.23). NMR spectrum of 1MN in 

D20 (in absence of CTAB) show signals centered at 6 values of 8.151, 7.853, 7.482, 

and 6.947 respectively, due to the resonance of the aromatic ring protons (figure 

4.23 A). All the four sets of signal are shifted upfield, remain well resolved and 

appear at 6 values of 8.013, 7.492, 7.147 and 6.487 respectively, when D20 solution 

of CTAB and 1 MN are mixed in 1:1 molar ratio (7.5 mM; Figure 4.23 B). Similarly, 

the methoxy protons which resonate at a 6 value of 3.953 in water (not shown) are 

also shifted up-field and resonate at a 6 value of 3.561 in CTAB. This large shift of 

aromatic proton resonance as well as the methoxy proton signals to low 6 values 

again indicates the location of naphthalene rings and methoxy protons in the less 

polar environment than that of water. Unlike naphthol-CTAB systems, absence of 
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line broadening and the well resolved structures of the NMR signals clearly 

indicates fast rotation of naphthalene rings in the CTAB-MN systems (on NMR 

time scale). However, the degree of upfeild shift of the signals is less in 1 MN than 

that in naphthols; this indicates a stronger partitioning of naphthol molecules in 

the micelles than those of methoxynaphthalene (figure 4.23). 

4.3.4.2. UV-Visible spectroscopy 

Spectral Modification of Micelle-Embedded Dopants: Contribution of H

Bonding, :n:-:n: or Cation-:n: Interactions? 

In view of the differences in the viscoelastic responses and the morphological 

transitions of CTAB micelles (Figure 4.12) induced by neutral naphthols and the 

methoxynaphthalenes, UV absorption spectra of these dopants may be interesting 

to study in micellar media. To understand the kind of interactions which are 

operative in the micelle-dopant systems, the key element of the present study is to 

compare the spectral characteristics of naphthols (which contain OH) with those of 

methoxynaphthalene (which do not contain OH) under various conditions in order 

to visualize a consistent molecular picture eliminating the untenable suggestions. 

Aromatic compounds, e.g., naphthalene, in general, have two strongly overlapped 

bands in the near UV region, viz., the longitudinally polarized 1La <- 1A band and 

the transversely polarized tLb <- lA band. While the vibrational structure of these 

bands appears differently in different substituted compounds, effects of extending 

conjugation in 1 and 2 positions by OH or CfuO groups in naphthol and 

methoxynaphthalene molecules, respectively, are interesting. Both in 1-naphthol 

and 1-methoxynaphthalene conjugation is extended in the transverse direction 

and, therefore, it affects the transverse polarized 1La band. In 2-naphthol and 2-

methoxynaphthalene, on the other hand, conjugation is primarily extended in the 

longitudinal direction, affecting both the intensity and the frequency of the 

longitudinally polarized ILb band compared to the unsubstituted naphthalene. 

It is well-known that the near UV spectra of aromatic compounds are 

affected by specific interactions like hydrogen bonding. Noncovalent interactions 
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like :;r-:;r and cation-:;r also cause shifts in the electron distributions of the molecule. 

The OH group of naphthols can act as both a proton donor as well as a proton 

acceptor in forming intermolecular hydrogen bonding. A hydrogen bond in which 

the hydroxyl groups of naphthols is a proton donor releases electron density from 

the 0-H bond toward the oxygen and hence, by an inductive effect, toward the 

aromatic ring. This causes a red-shift of the :;r-:;r* transition. Conversely, if a 

hydrogen bond is formed in which the hydroxyl oxygen is a proton acceptor, 

electrons are withdrawn from the naphthalene ring, and an opposite shift is 

anticipated. If both bonds could form at the same time and with equal ease, since 

their effects on the partial charges of the oxygen are opposite, the net change on 

the oxygen and hence on the aromatic ring may be small. Therefore, in such a 

situation, the spectral shift relative to the position of the band in a nonhydrogen

bonding situation ought to be small [65]. 

The near UV absorption of 1-naphthol which arises from two strongly 

overlapped :;r-:;r* transitions remain unaffected in the presence of submicellar 

aqueous CTAB solution, indicating the absence of any appreciable interaction 

(Figure 4.24). However, interestingly, significant red-shift starts to occur (6.4 nm at 

Amax -293 nm) in the presence of CTAB just above its erne (0.96 mM) with a well

defined isobestic point at 296 nm. Such shifting of Amax continues until most of the 

naphthol molecules are partitioned in the micellar phase at high surfactant/ 

naphthol ratio. The absorption spectra of 2-naphthol as a function of CTAB 

concentration shows similar features but consist of more than one isobestic points 

(figure 4.25). The result suggests that the protruded OH groups of micelle

embedded naphthols form a H-bond with interfacially located (Detf -45) water 

molecules and act as a H-donor. It may also be argued that at a mole ratio of 1:1 of 

naphthol and the CTAB, at which maximum viscoelastic response is observed 

under shear, due to the presence of entangled worm-like micelles, not all of the 

naphthol molecules are embedded in the micelles, but some are located in the stern 

layer. These naphthols may, however, be involved in H-bond network formation 

with embedded molecules via interfacial water. The spectral feature and the nature 

and degree of shift undoubtedly resemble the spectra of 1-naphthol in isooctane at 

various dioxane concentrations (Figure 4.26) (red-shift of 6.3 nm at Amax -293 nm, 
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as compared to a red-shift of 6.4 run at Amax -293 nm, Figure 4.24) where naphthol 

acts as the hydrogen bond donor and dioxane as acceptor [54]. 

Previously, it has been shown that, in the ground state, 1-naphthol interacts 

with water via oxygen, whereas with alcohols (ethanol and isopropanol) and 

acetonitrile it interacts via hydrogen of the hydroxyl group [66]. The nature of 

spectral modification encountered by micelle free naphthol molecules in the 

presence of water is shown in figure 4.27. This figure shows that on every addition 

of water (up to 10% v/v) substantial gain in intensity is displayed by 1-naphthol 

spectra (in acetonitrile) with little change of wavelength. The nature of spectral 

modification of 1-naphthol due to H-bond formation is quite different from that of 

micelle-embedded naphthol. It may be argued that, like alcohols and acetonitrile 

media, naphthols at the interface (Detf -45) act as H-donating agents and water as a 

H-acceptor at the oxygen site. This is indeed interesting. The low Detf value found 

for the interfacial microenvironment of CTAB micelles may be attributed to a low 

interfacial water activity. Nevertheless, it has also been argued that the low 

interfacial Detf value may be a result of the H-bond donor properties of the water 

in the interfacial region being different from that of bulk water, and/or the 

presence of electrostatic image interactions caused by the proximity of the low 

dielectric hydrocarbon core. Present experiments indeed justify the former 

conjecture precisely [67]. It is known that the water molecules at the micellar 

interface have some strange properties [68,69]. The solvation dynamics are slowed 

down by several orders of magnitude relative to bulk water. The reorientational 

motion is also restricted. The dynamics of water molecules near an aqueous 

micellar interface has been a subject of intense current interest because such a 

system serves as a prototype of complex biological system. Furthermore, oxygen K 

absorption and emission spectra of water molecules in the micellar interface also 

show that the local electronic structure of water molecules is dramatically different 

from that of bulk water [70]. The relatively less polar and less mobile water 

molecules compared to bulk water form a strong H-bond with the OH group of 

embedded naphthols, which act as H-donors and result in an optimum orientation 

of aromatic Jr-electron systems in the micelles to shield the surfactant headgroup 

charges efficiently; maybe via cation-Jr interaction; i.e., cation charge of surfactant 
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Figure 4.24. Absorption spectra of 1-Naphthol (0.25 rnM) in water at varying 
concentrations of CTAB at 25 °C. [CTAB]: (1) 0.0, (2) 0.44, (3) 0.55, (4) 0.75, (5) 1.00, (6) 
1.25, (7) 1.50, (8) 1.75, (9) 2.00, (10) 2.50, (11) 3.00, (12) 3.50, (13) 4.00, (14) 5.00, (15) 
15.00, (16) 20.00 rnM. 
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Figure 4.25. Absorption spectra of 2-Naphthol (0.25 rnM) in water at varying 
concentrations of CTAB at 25 °C. [CTAB]: (1) 0.0, (2) 0.65, (3) 0.79, (4) 0.94, (5) 1.13, (6) 
1.36, (7) 1.63, (8) 1.96, (9) 2.35, (10) 2.82, (11) 3.39, (12) 5.08, (13) 7.63, (14) 11.44, (15) 
17.16, (16) 20.60 rnM. 
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Figure 4.26. Absorption spectra of 1-Naphthol (0.25 mM) in isooctane at varying 
concentrations of 1,4-dioxane at 25 °C. [Dioxane]: (1) 0.0, (2) 13, (3) 20, (4) 40, (5) 50, (6) 
80, (7) 100, (8) 160, (9) 200 mM. 
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Figure 4.27. Absorption spectra of 1-Naphthol (0.25 mM) in acetonitrile at different 
percentages of water at 25 °C. %of water: (1) 0.00 %, (2) 4.00 %, (3) 6.00 %, (4) 8.00 %, 
(5) 10.00%. 
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Figure 4.28. Absorption spectra of 2-Naphthol (0.25 mM) at varying concentrations of 
SDS in water at 25 oc. [SDS]: (1) 0.0, (2) 5.6, (3) 6.91, (4) 8.30, (5) 9.96, (6) 11.95, (7) 14.34, 
(8) 17.21, (9) 30.97 mM. 

head groups interacts with the quadrupole moment of the aromatic JT-system of 

naphthols. Cation-JT interaction energies are of the same order of magnitude as 

hydrogen bonds and play an important role in molecular recognition [58]. To 

further strengthen the above view (involvement of cation-JT interaction), the 

absorption spectra of the naphthols were recorded in aqueous SDS of varying 

concentrations. The possibility of a cation-JT interaction in SDS can directly be 

ruled out due to the anionic head group of the surfactant. Figure 4.28 shows the 

absorption spectra of 2-naphthol in aqueous SDS. As expected, no appreciable shift 

at any of the vibrational bands of the probe molecule was observed. Moreover, 

very small enhancement in the absorbance of the peaks was seen. 

On the other hand, as the H atom of OH is replaced by a CH3 group (viz., 

the methoxynaphthalene molecules), the ability of intermolecular H-bond 

formation disappears. Instead, the H-accepting tendency from a potential donor is 

enhanced. The absorption spectra of 1- and 2- methoxynaphthalene in aqueous 

CTAB are shown in figures 4.29 and figure 4.30 respectively. The nature of changes 
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Figure 4.29. Absorption spectra of 1-Methoxynaphthalene (0.25 mM) in water at 
varying concen-trations of CTAB at 25 °C. [CTAB]: (1) 0.0, (2) 0.33, (3) 0.55, (4) 0.75, (5) 
1.00, (6) 1.50, (7) 2.00, (8) 2.50, (9) 3.00, (10) 3.50, (11) 4.00, (12) 5.00 mM. 
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Figure 4.30. Absorption spectra of 2-Methoxynaphthalene (0.25 mM) in water at 
varying concent-rations of CTAB at 25 °C. [CTAB]: (1) 0.0, (2) 0.33, (3) 0.50, (4) 0.75, (5) 
1.00, (6) 1.50, (7) 2.00, (8) 2.50, (9) 3.00, (10) 3.50, (11) 4.00, (12) 5.22 mM. 
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encountered in the UV spectra of 1- and 2- methoxynaphthalene on the addition of 

CTAB above its erne indicates the permeation of the probe molecules in the 

micelles. The small red-shift, with the absence of any isobestic point(s), compared 

to that in naphthols indicates that a weaker noncovalent interaction takes place. 

The large drop in intensity on first addition of 0.33 mM CTAB is the signature of 

breaking of H-bonds with bulk water molecules. To examine the stabilities of the 

hydrogen bonding and the cation-Jr interactions in the 1-naphthol/CTAB and 1-

methoxynaphthalene/CTAB systems respectively, the absorption spectra were 

recorded at higher temperatures. Interestingly, the spectra of 1-naphthol/CTAB 

system at 70°C (figure 4.31) shows dentical features as that at 25°C. Moreover, the 

shift in the Amax is also the same (as that at 25°C). Therefore, it may be argued that 

the H-bonds which are formed at the interface are strong and remain stable even at 

70°C. On the other hand, the 1-methoxy-naphthalene/CTAB system, with only 

cation-lr interactions, behave differently even at 50°C (compared to that at 25°C). 

The spectra of probes show only gain in intensity on addition of surfactants (with 

negligible shift at the maximum wavelength) due to the increasing presence of non 

polar environment in the micellar phase (figure 4.32). 
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Figure 4.31. Absorption spectra of 1-Naphthol (0.25 rnM) in water at varying 
concentrations of CTAB at 70 oC. [CTAB]: (1) 0.0, (2) 0.73, (3) 0.98, (4) 1.31, (5) 1.63, (6) 
2.04, (7) 2.56, (8) 3.2, (9) 4.00, (10) 5.00, (11) 7.50, (12) 10.00, (13) 15.00, (14) 20.30 mM. 
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Figure 4.32. Absorption spectra of 1-Methoxynaphthalene (0.25 mM) in water at 
varying concen-trations of CTAB at 50oC. [CTAB]: (1) 0.52, (2) 0.78, (3). 1.75, (4) 2.63, 
(5) 3.95, (6) 5.92, (7) 8.88, (8) 13.33, (9) 20.00 mM. 

Due to their directionality and spatial arrangement, complementary multiple H

bonding interactions at the micellar interface lead to engineering well-defined 

supramolecular structure via micellar headgroup charge shielding by x-electron 

systems of naphthols (Figure 4.33). This result of unusual H-bonding may be 

relevant, not only when considering the H-bonding of the interfacial water 

molecules in the specific micelle and dopant studied here but also for the H

bonding interaction of other micelle-dopant systems as well. Therefore, unlike 

methoxynaphthalenes, naphthols interact with micelles strongly and the UV 

spectra of naphthols are modified showing significant red-shifting and display 

sharp isobestic point due to strong H-bonding interaction with interfacial water 

molecules. 

The spectral modifications of the probe molecules in CTAB micelles (with 

C16 hydrocarbon chain), promted to extend the spectroscopic investigation with 

other members of the alkyltrirnethylammonium bromide series, viz; DTAB (C12) 

and TTAB (C14). It is well known that the compactness of the head group of the 

alkyltrirnethylammonium surfactants increase with an increase in the surfactant 
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Figure 4.33. Schematic representation of the microstructures found in worm-like 
micelles formed by naphthols and spherical micelles formed by methoxynaphthalenes 
with CTAB. 

chain length. Neutron sca ttering experiments on micelles having different 

surfactant chain lengths reveal that the head group structures of the micelles differ 

significantly [71,72]. For example, in DTAB water penetrates into the head group 

region to a depth of -4 carbons, whereas in TTAB water penetra tes to a depth of 

-2.5 carbons [73]. Therefore, to check the effect of surfactant chain length and the 

validity of the water penetration (micellar hydration) model on the absorption 

characters tics of the hydroxynaphthalenes, studies w ith DT AB and IT AB were 

also carried out in aqueous media (figures 4.34 to 4.37). Interestingly, shifts in the 

maximum wavelengths of the probe molecules are the same irrespective of the 

hydrocarbon chain leng th of the surfactants. For example, the longest wavelength 

band of 1-naphthol in wa ter which arises at 321.2 nm shifts to a maximum of 323.8 

nm in presence of 10 mM CTAB. At this concentra tion all the naphthols are 

supposed to be fully bound to the CTAB micelles. The same shift is also observed 

for the probe molecule in micelles of IT AB and DT AB when fully bound. 

Moreover, the position of the isobestic point too remains unmoved with changes in 

the hydrophobicity of the surfactant. Arguing in line with the water penetration 
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Figure 4.34. Absorption spectra of 1-Naphthol (0.25 mM) in water at varying 

concentrations of DTAB at 25 oc. [DTAB]: (1) 0.0, (2) 8.40, (3) 10.08, (4) 11.00, (5) 12.00, 

(6) 13.09, (7) 14.28, (8) 15.58, (9) 17.00, (10) 18.55, (11) 20.24, (12) 24.29, (13) 29.15, (14) 

34.98, (15) 41.98, (16) 50.37, (17) 60.45 mM 
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Figure 4.35. Absorption spectra of 1-Naphthol (0.25 mM) in water at varying 

concentrations of TTAB at 25°C. [TTAB]: (1) 0.0, (2) 1.96, (3) 2.62, (4) 3.15, (5) 3.43, (6) 

3.75, (7) 4.09, (8) 4.47, (9) 4.87, (10) 5.32, (11) 6.39, (12) 7.67, (13) 10.23, (14) 13.64, (15) 

18.19, (16) 24.26, (17) 29.11, (18) 39.94 mM 



Abs 

107 

1.5..,-------------------------~ 

0.5 

oL--~------~------L------~--~ 
240 250 300 

Wavelength [nm] 

16 

l 
350 

Figure 4.36. Absorption spectra of 2-Naphthol (0.25 mM) in water at varying 
concentrations of DTAB at 25 °C. [DTAB]: (1) 0.0, (2) 8.31, (3) 9.97, (4) 11.96, (5) 13.05, 

~~m~~OOM~OO~~O~WJ~OD~~~~~~~~ 
41.84, (15) 50.21, (16) 60.26 mM. 
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Figure 4.37. Absorption spectra of 2-Naphthol (0.25 mM) in water at varying 
concentrations of TTAB at 25°C. [TTAB]: (1) 0.0, (2) 2.33, (3) 2.80, (4) 3.36, (5) 3.67, (6) 
4.01, (7) 4.37, (8) 4.77, (9) 5.21, (10) 6.25, (11) 8.33, (12) 11.11, (13) 14.81, (14) 19.75, (15) 

26.33, (16) 31.60 mM. 
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penetration model, the increased micellar hydration in DTAB (as compared to 

TTAB and CTAB) would have caused lesser spectral shifts because the 

microenvironment faced by the probe in DTAB micelles would be more polar. This 

was however, not observed. From the foregoing observations we conclude that the 

spectral modification of the hydroxynaphthalenes (both 1- and 2-naphthols) in 

cationic micelles of alkyltrimethylammonium bromides is solely a consequence of 

hydrogen bonding with the interfacial water molecules in combination with 

cation-Jr interactions and that other factors like micellar hydration and 

temperatures seems insignificant. 

4.3.4.3. Spectral modifications of Dihydroxyaromatic compounds in micellar 

media 

While both the monohydroxynaphthalenes (1- and 2-naphthols) imparts strong 

viscoelasticity in the solution of CTAB micelles, the behaviour of the 

dihydroxynaphthalenes (DHN), viz., 2,3-dihydroxynaphthalene and 2,7-

dihydroxynaphthalene towards micellar solutions of CTAB is quite different. 2,3-

dihydroxynaphthalene when mixed with aqueous CTAB, formed a viscoelastic gel, 

the maximum viscosity occurring at a mole ratio of 1:1 (figure 4.2). On the other 

hand 2,7-dihydroxynaphthalene could not form viscoelastic solutions with CTAB. 

Therefore, spectroscopic investigation of the dihydroxy dopants in aqueous CTAB 

have been carried out. The effect of other alkyltrimethylammonium bromides 

(DTAB and TTAB) on the absorption properties of 2,3 and 2,7 -

dihydroxynaphthalenes have also been investigated. 

The near-UV absorption spectrum of 2,3 and 2,7-DHN exhibits several 

sharp vibrational components among which the longest wavelength band, the Jr

Jr* band arises mainly due to the 1Lb +- 1A transition. The interaction of 

alkyltrimethylammonium bromide surfactants with 2,3 and 2,7-DHN were studied 

at several concentrations range so as to cover both the submicellar and post 

micellar regions. Unlike 1 and 2-naphthols, where the absorbance remained 

constant upto the erne of the added surfactant, the absorbance at the longest 

wavelength band of 2,3 and 2,7-DHN (324 nm for 2,3-DHN and 325.6 nm for 2,7-
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DHN) experienced an initial sharp decrease with increasing CTAB concentration. 

The decrease in absorbance at 324 run continued upto the erne of the surfactant and 

then a sharp rise in the absorbance with a red-shift of -3.0 nrn is observed. The 

absorption spectra of 2,3-DHN in aqueous CTAB is shown in figure 4.38. Well 

defined isobestic points at 282, 307.1, 311.2, 321 and 324 nrn shows that equilibrium 

between the micelle bound and the free probe molecules exists. The longest 

wavelength band at 324 run undergoes a gradual blurring of vibrational fine 

structure with a significant red shift (-3 run). Although blurring or broadening 

occurs in the vibrational structure, there exists a similarity between the spectra of 

the free and the micelle embedded molecules. The blurring of vibrational structure 

and the shift to longer wavelength continues only upto a concentration of 5 mM 

CTAB and beyond 5 mM, the loss of vibrational structure is regained and no 

further shift in the Arnax is observed indicating that the probes are being 

increasingly incorporated within the micelles. Therefore, at a concentration of 5 

mM all the 2,3-DHN molecules are fully embedded in the micelles and are 

hydrogen bonded with the interfacial water molecules surrounding the micelles. 

Previously, a similar red-shift of absorption spectra band of 2-naphthol in AOT 

reverse micelle was observed, where AOT acts as hydrogen-bond donor and the 

perturbation on n electrons caused by the negative charge carried on oxygen atom 

of the partner molecule due to H-bonding occurs [74]. The same reasoning applies 

to the present case also and the nature of spectral change indicates in favour of H 

bonding between dihydroxy naphthalene molecules which are embedded 

increasingly in the micelle as the CTAB concentration (>1.0 mM) is increased. The 

spectra of 2,7-DHN/CTAB system showed similar red shifts with isobestic points 

at 293.4, 323.6 and 326.9 run only (figure 4.39). The absorption spectra of 2,3-DHN 

and 2,7-DHN in aqueous solutions of DTAB and TTAB are shown in figures 4.40 to 

4.43. Though 2,3-DHN and 2,7-DHN produces completely different effects on 

CTAB micelles, for instance, 2,3-DHN induces microstructural transition from 

spherical to worm-like micelles and imparts strong viscosity to CTAB solutions but 

2,7-DHN does not, not much difference in the absorption pattern is observed. The 

only difference in the spectral features of the two dihydroxy naphthalenes lies in 

the number of isobestic points (5 for 2,3-DHN and 3 for 2,7-DHN). Nevertheless 
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Figure 4.38. Absorption spectra of 2,3-dihydroxynaphthalene (0.25 mM) in water at 

varying concen-trations of CTAB at 25°C. [CTAB]: (1) 0.00, (2) 0.41, 0.61, (3) 0.61, (4) 
0.92, (5) 1.10, (6) 1.32, (7) 1.59, (8) 1.91, (9) 2.29, (10) 2.75, (11) 3.30, (12) 3.96, (13) 5.94, 

(14) 7.92, (15) 10.56, (16) 14.08, (17) 18.78, (18) 25.04, (19) 30.05 mM 
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Figure 4.39. Absorption spectra of 2,7-dihydroxynaphthalene (0.25 mM) in water at 
varying concen-trations of CTAB at 25°C. [CTAB]: (1) 0.00, (2) 0.37, (3) 0.56, (4)0.84, (5) 

1.27, (6) 1.69, (7) 2.25, (8) 3.00, (9) 4.00, (10) 5.34, (11) 7.12, (12) 9.49, (13) 12.65, (14) 

16.87, (15) 22.50, (16) 30.10 mM 
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Figure 4.40. Absorption spectra of 2,3-dihydroxynaphthalene (0.25 mM) in water at 
varying concen-trations of DTAB at 25°C. [DTAB]: (1) 0.00 , (2) 6.92, (3) 8.31, (4) 9.97, 
(5) 11.96, (6) 13.05, (7) 14.24, (8) 15.53, (9) 16.95, (10) 18.49, (11) 20.17, (12) 24.20, (13) 
29.05, (14) 34.86, (15) 41.84, (16) 50.20, (17) 60.25 mM 
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Figure 4.41. Absorption spectra of 2,3-dihydroxynaphthalene (0.25 mM) in water at 
varying concen-trations of TTAB at 25°C. [TTAB]: (1) 0.00, (2) 1.78, (3) 2.67, (4) 3.21, 
(5) 3.50, (6) 3.82, (7) 4.16, (8) 4.54, (9) 5.45, (10) 6.54, (11) 7.85, (12) 9.42, (13) 11.31, (14) 
13.57, (15) 16.29, (16) 19.54, (17) 23.45, (18) 28.15, (19) 33.78, (20) 40.53 mM 
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Figure 4.42. Absorption spectra of 217-dihydroxynaphthalene (0.25 mM) in water at 

varying concen-trations of DTAB at 25°C. [DTAB] : (1) 0.00 1 (2) 6.231 (3) 8.311 (4) 9.971 
(5) 11.961 (6) 13.051 (7) 14.241 (8) 15.531 (9) 16.951 (10) 18.491 (11) 20.171 (12) 24.201 (13) 

29.041 (14) 34.851 (15) 41.821 (16) 50.191 (17) 60.23 mM 
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Figure 4.43. Absorption spectra of 217-dihydroxynaphthalene (0.25 mM) in water at 

varying concen-trations of TTAB at 25°C. [TTAB]: (1) 0.00 1 (2) 1.561 (3) 2.091 (4) 2.791 (5) 

3.351 (6) 4.021 (7) 4.821 (8) 5.781 (9) 6.941 (10) 8.331 (11) 10.001 (12) 15.001 (13) 21.381 (14) 

25.661 (15) 30.80 mM 
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the result strongly indicates the presence of hydrogen bonding (as discussed for 

the naphthol/CTAB), between the micelle bound dopants and the surrounding 

interfacial water molecules. 

---- ----------

Figure 4.44. Schematic representation of the location and position of 2,3-DHN and 2,7-
DHN in CTAB micelles. 

From the above discussions, and the results obtained from 1H NMR studies, the 

location and position of both the dihydroxynaphthalenes in micelles of CTAB can 

be understood. The schematic representation of the probable microstructure of the 

micelle in presence of the dopants is shown in figure 4.44. Because the polar 

hydroxyl groups must keep a certain contact with water, the positions of the 

hydroxyl groups in the naphthalene ring of 2,7-DHN prevents the ring from 

penetrating deeper into the micellar core. However, for 2,3-DHN the positions of 

the OH groups favour the entry of the hydrophobic aromatic part deep inside the 

micelle due to hydrophobic interactions. Thus, the packing of the 2,7-DHN /CTAB 

system should be less tight than for the 2,3-DHN/CTAB. The critical packing 

parameter of the 2,3-DHN/CTAB system most probably exceeds 1/3 and 

microstructural transition from micelles to worm like micelles take place in 

presence of strong cation- 1t interaction. On the other hand, such a possibility is 

remote in 2,7-DHN/CTAB system and the packing parameter value does not 

exceed 1/3. This corroborates the strong influence of the hydroxyl group, which 

apparently changes the orientation of the naphthalene ring at the micellar surface. 

Thus, unlike the hydroxynaphthalenes, the position of OH groups in dihydroxy

naphthalenes seems to be a decisive factor in the microstructural transiton of the 

micelles. 
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4.3.5. Surfactant Probe Binding Equilibrium 

The enhancement of absorbance of the probe molecules in micellar solutions of 

alkyltrimethylammonium bromides can be rationalised in terms of binding of the 

probe with the micelle. As has already been mentioned, the most significant 

property of an organised assembly in spectroscopy is its ability to stabilise and 

bind solute molecules that are typically insoluble or sparingly soluble in bulk neat 

solvent [56]. However, the strength of binding can be identified through the 

determination of binding constant derived from the equilibrium between the 

probes and the micelle. Plots of absorbance at the longest wavelength band of all 

the dopants, against the concentrations of the surfactants, show discontinuity at 

two critical points, one at the erne and the other at the concentration beyond which 

no change in the position of the longest Amax is observed. However, at 

concentrations between the two critical poillts, the curves are linear. For DTAB, 

linear plots are obtained between 14.6 to 20.0 mM and for TTAB and CTAB the 

linear portions are between 3.3 to 6.3 mM and 0.95 to 3.1 mm respectively. Hence, 

only the linear portions of the curve have been utilized to determine the binding 

constant in the present investigation. For the monohydroxy naphthalenes (1 and 2-

naphthols) the values of the absorbance remains almost steady upon initial 

addition of surfactant, below the erne, and then increases sharply and finally levels 

off to a plateau. The values of the absorbance of the probes in water and in 

presence of various concentrations of surfactants are utilized to obtain the strength 

of the binding between the two. The variation of absorbance of the 

monohydroxynaphthalenes (1- and 2-naphthols) and dihydroxynaphthalenes (2,3 

and 2,7 -dihydroxynaphthalenes) against the concentration of the surfactants, viz; 

DTAB, TTAB and CTAB are shown in figure 4.45 to figure 4.56. It is interesting to 

note that the concentration from which a sharp rise in absorbance is observed, 

corresponds to the erne of the individual surfactants. Therefore, the 

hydroxyaromatic compounds of the present investigation can serve to be potential 

probes for the determination of the critical micellisation concentrations as well. 

The values of erne thus obtained are presented in table 4.1. As can be seen from 

figures 4.51 to 4.56, the dihydroxy naphthalenes (2,3-DHN and 2,7-DHN) too show 

break in the absorbance versus concentration plots. The values first decrease to a 
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minimum and then increases. The minimum value is taken as the erne of the 

surfactant. The values of erne reported here are in good agreement with those 

reported in the literature [75, 76]. 

The binding constant Ks's (and surfactant c.m.c.'s) of the individual probe 

molecules, namely 1-naphthol, 2-naphthol, 2,3-dihydroxy-naphthalene and 2,7-

dihydroxy-naphthalene along with the methoxynaphthalenes with 

alkyltrimethylammonium bromide micelles are determined from the study of the 

effect of added surfactant on the absorption spectra of the dopants using the 

following relationships: 

f I (1-f) = Ks{[D]-[S]tf)-K,cmc. 

Where, f = [Sm] I [S,] and Dm = [Dt] - erne (suffix t refers to total). Above 

equation is drawn assuming following equilibrium to hold between aqueous 

solubilisate (Sw) and the surfactant (Dm) to form the micelle embedded substrate 

(Sm), 

Experimentally, f is calculated by, f = (A- Aw) I (Am- Aw ), where A, Aw, and Am 

are absorption intensities in surfactant, in water and at complete micellization of 

substrate, respectively. A plot off/ ( 1- f) against ([D] - [S]t f) shows discontinuity 

at two critical points (as mentioned above). The plot off/ ( 1- f) against ([D] - [S]t f) 

for the probe molecules in DTAB, TTAB, and CTAB gives good straight lines, from 

the slope of which the binding constant Ks is obtained. The plots utilized to obtain 

the binding constant values are shown in the inset of figures 4.45 to 4.56. The 

values of the binding constants with micelles of DTAB, TTAB and CTAB and the 

dopants are listed in table 4.1. The binding constants of the probe molecules with 

the surfactants increase with the increase in the chain length of the micelle and 

follow the order CTAB > TTAB > DTAB. Increase in the hydrocarbon chain length 

of surfactant increases the compactness of the micelle which in turn favours 

stronger binding with the additive molecules. The lesser hydration of CTAB 

micelles as compared to those of DTAB and TTAB may also be the reason for the 

stronger binding of probes with CTAB micelles. 
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Figure 4.45. Plot of absorbance of 1-naphthol (0.25 mM) against the concentration of 
aqueous DTAB. The value of K, (binding constant) were determined from the slope of 
the plot in the inset. 
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Figure 4.46. Plot of absorbance of 1-naphthol (0.25 mM) against the concentration of 
aqueous TTAB. The value of K, (binding constant) were determined from the slope of 
the plot in the inset. 
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Figure 4.47. Plot of absorbance of 1-naphthol (0.25 mM) against the concentration of 
aqueous CTAB. The value of K, (binding constant) were determined from the slope of 
the plot in the inset. 
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Figure 4.48. Plot of absorbance of 2-naphthol (0.25 mM) against the concentration of 
aqueous DTAB. The value of K, (binding constant) were determined from the slope of 
the plot in the inset. 
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Figure 4.49. Plot of absorbance of 2-naphthol (0.25 rnM) against the concentration of 
aqueous TIAB. The value of K, (binding constant) were determined from the slope of 
the plot in the inset. 
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Figure 4.50. Plot of absorbance of 2-naphthol (0.25 rnM) against the concentration of 
aqueous CTAB. The value of K, (binding constant) were determined from the slope of 
the plot in the inset. 
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Figure 4.51. Plot of absorbance of 2,3-dihydroxynaphthalene (0.25 rnM) against the 
concentration of aqueous DTAB. The value of K, (binding constant) were determined 
from the slope of the plot in the inset. 
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Figure 4.53. Plot of absorbance of 2,3-dihydroxynaphthalene (0.25 mM) against the 
concen-tration of aqueous CTAB. The value of K, (binding constant) were determined 
from the slope of the plot in the inset. 
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Figure 4.54. Plot of absorbance of 2,7-dihydroxynaphthalene (0.25 mM) against the 
concentration of aqueous DTAB. The value of K, (binding constant) were determined 
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Figure 4.55. Plot of absorbance of 2,7-dihydroxynaphthalene (0.25 mM) against the 
concen-tration of aqueous ITAB. The value of K, (binding constant) were determined 
from the slope of the plot in the inset. 
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Table 4.1. Values of t:he binding constants and the erne determined from the UV 

absorption studies. 

Dopant 

!-Naphthol 

2-Naphthol 

2,3-DHN 

2,7-DHN 

1-MN 

2-MN 

Surfactant K, 

DTAB 

TTAB 

CTAB 

DTAB 

TTAB 

CTAB 

DTAB 

TTAB 

CTAB 

DTAB 

TTAB 

CTAB 

CTAB 

CTAB 

514 

801 

1325 

505 

638 

723 

745 

768 

1061 

529 

1029 

1110 

448 

326 

r 

0.9942 

0.9989 

0.9981 

0.9840 

0.9918 

0.9953 

0.9925 

0.9974 

0.9845 

0.9916 

0.9964 

0.9896 

0.9918 

0.9848 

cmcx103 mM 

14.7 

3.3 

1.0 

14.5 

3.2 

1.1 

14.7 

3.4 

1.1 

14.8 

3.4 

1.1 
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Therefore, grea ter the compactness of the microstructure stronger is the binding 

between the probe and the micelle and vice-versa. Though the binding constant 

value of the surfactants follow the above order, no systematic trend was observed 

for the different probes in micellar media. 

4.3.6. Cryogenic Transmission Electron Microscopy (cryo-TEM) Study. 

Cryo-TEM images of the CTAB-2-naphthol ystem at low and high pH's are 

shown in Figures 4.57 to 4.59. At low pH (pH -5.5), the micrograph looks like a 

condense, isotropic, and continuous network (Figure 4.57) of worm-like micelles 

along with monodisperesed vesicles of very short diameters. 

Figure 4.57. cryo-TEM micrographs of the CTAB-2-naphthol system (10 mM, 1:1) at 

pH -5.5. 

The micelles are slightly entangled and are shown in figure 4.58. At high pH 

(pH-9.4), the system contains very long (endless in micrograph) wormlike 

micelles, which coexist with large unilamellar vesicles. This is undoubtedly due to 
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Figure 4.58. cryo-TEM micrographs of the CTAB-2-naphthol system (10 mM, 1:1) at 

p H of -9.4) 

Figure 4.59. cryo-TEM micrographs showing linearly elongated worm-like micelles of 

the CTAB-2-naphthol system (10 mM, 1:1) at high pH (-9.4) under shear flow. 
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enhanced charge screening of micelles by naphtholate anions (discussed in section 

4.3.3). The field is seen to populate mainly by large vesicles of diameter -30 nm 

along with thinly populated smaller vesicles. It is also seen that the long worm-like 

micelles are highly entangled. Sometimes they are found to elongate linearly under 

shear flow (Figure 4.59). The solutions are completely transparent. The direct 

imaging by cryo-TEM supports the rheological observation as a function of pH. At 

low pH, the worm-like micelles are formed via headgroup charge shielding by 

aromatic JC electrons, whereas, at high pH, ionization of OH groups takes place and 

the packing parameter exceeds the critical value of 1/2 via enhanced charge 

screening by naphtholate ions. This leads to unilamellar vesicle formation along 

with long worm-like micelles. 

4.3.7. Orientation of water molecules at the micelle-water interface 

Phospholipid bilayers, the main constituent of cell membranes, are important 

structural components in biological systems. The membrane/water interface 

provides a unique environment for many biochemical reactions, and the associated 

interfacial water is an integral part of such reactions. Water in this restrictive 

environment behaves differently, which affects many biochemical reactions. 

Therefore, a molecular level elucidation of the structure and orientation of water 

and lipid/water interfaces is essentially important to understand the adsorption 

and desorption of various biomolecules, ions and drugs at the biological interfaces 

[77-80]. In spite of its importance, we are yet to have a unanimous understanding 

of the water structure even for very simple lipid/water interfaces. 

Recently vibrational sum frequency generation (VSFG) study, which is an 

interface specific spectroscopy, on charged lipid/water interfaces, confirms that 

the orientation of interfacial water is governed by the net charge on the lipid head 

group [78-80]. At an anionic lipid/water interface, water is in the hydrogen up 

orientation, and at the cationic lipid/water interface, water is in the hydrogen 

down orientation. At the cationic and anionic lipid/water interface, interfacial 

water has comparable hydrogen bond strength, and it was analogous to the bulk 

water. In this section of the thesis spectroscopic results are revisited to confirm the 
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orientation and restructuring of water molecules at the cationic micelle-water 

interface and demonstrated that H-bonding and cationic- lf interactions are 

involved in the formation of viscoelastic gels. 

Micelles of different cationic surfactants viz., CTAB, OTAB, CPB, CPC etc., 

behave similarly in the presence of lf-conjugated molecules with hydrogen 

bonding functionality like 1-naphthol, 2-naphthol, dihydroxynaphthalenes and 

alkyl substituted phenols [57, 81-84]. These systems form stimuli responsive 

viscoelastic gels at low surfactant concentrations. Role of aromatic lf-electron 

systems in screening the charge of cationic head groups in spherical micelles is 

obvious. Interestingly, another aromatic lf-electron system viz., 

methoxynaphthalenes failed to tune viscoelastic gelation in the above cationic 

surfactant system. In section 4.2.2 of the thesis it has been shown that the UV 

absorption spectra of micelle embedded naphthols provides some interesting 

results. The spectroscopic data strongly indicates the formation of unusual H-bond 

at the micellar interface by the dopant molecules with interfacial water. It has been 

argued that the OH groups of naphthols can act as both a proton donar as well as 

proton acceptor in forming intermolecular H-bonds. H-bond in which the 

hydroxyl groups of naphthols is proton donor releases electron density from the 

0-H bond towards the oxygen and hence, by an inductive effect, toward the 

aromatic ring. This causes red shift of the lf- 7r* transition. Conversely, if the H

bond is formed in which the hydroxyl oxygen is a proton acceptor, electrons are 

withdrawn from the naphthalene ring, and an opposite shift is anticipated. In the 

present case, a significant red shift starts to occur (6.4 nm at Amax -293 nm) in the 

presence of CTAB just above its erne (0.96 mM) with an well defined isobestic 

point at 296 nm. Such shifting of the Amax continue to occur until most of the 

naphthols are partitioned in CTAB micelles at high surfactant concentration. The 

results suggest that the protruded OH groups of micelle-embedded naphthols 

form H-bond with interfacially located water molecules and acts as hydrogen 

donars. The spectral characterstics and the nature and the degree of shift resemble 

the spectra of naphthols in isooctane at various dioxane concentrations, where 

naphthols acts as H-donar and dioxane as the acceptor (figure 4.26). Previously, it 

has been shown that in the ground state 1-naphthol interacts with bulk water via 
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oxygen [66]. The nature of spectral modifica tions encountered by micelle free 

naphthol molecules in the presence of water is shown in figure 4.27. The figure 

shows tha t on every addition of water (up to 10 'Yo v /v) substantial gain in intensity 

is displayed by 1-naphthol spectra with little change in wavelength. The result of 

the study confirms the orienta tion of water molecules at the micelle / water 

interface (figure 4.60) i. e., the electros tatic potential of the positive charges of 

surfactant head groups orient the water d ipoles in hydrogen down direction such 

tha t the protruded OH groups can only form H-bonds with oxygen a toms of water 

as the accep tor site. ln such a situa tion both the hydrogen atoms of water are 

directed away from the micellar head groups restricting the possibility of 

formation of H-bonds where wa ter hydrogens might be donar. This result is in 

perfect agreement with the recent observa tion found via VSFG studies. 
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ChapterV 

Studies on Vesicular Aggregates of 
Dimethyldioctadecylammonium Bromide 
(DDOAB): Influence of Cosurfactants and 
Hydroxyaromatic Dopants 

5.1. Introduction and review of previous works 

Vesicles are amphiphile aggregates with closed bilayered structures similar to 

those of the lamellar phase characterized by two distinct water compartments, one 

forming the core and other the external medium. Vesicles find major applications 

in the field of drug delivery, nanotechnology and two-dimensional-crystallization 

of proteins as has already been discussed [1]. Much of the interesting physical 

chemistry of vesicles and liposomes has been established from studies of lipids, 

either from the natural sources or synthesized as pure lipids. However, the field 

has been greatly extended with the development of synthetic surfactants capable 

of mimicking the membrane forming lipids [2]. While the architecture of these 

artificial membranes is considerably simpler than that of cell membranes, they 

possess some common characteristics of the natural membranes with respect to 

permeability, chain melting temperature and like natural membranes they are 

capable of accommodating small proteins and natural polymers [3, 4]. 

Dimethyldioctadecylammonium bromide (DDOAB) is a synthetic 

surfactant which, in excess of water, forms structures capable of mimicking the 

biological membranes. DDOAB is a long (C1s) double tailed cationic surfactant that 

self assemble spontaneously into giant closed bilayered structures above the gel

to-liquid crystalline phase transition temperature, Tm (- 45°C) at low concentration 

conditions (1.0 mM) [5-9]. In general, the trar!Sition temperature Tm of vesicle is a 

function of the preparation method. Sometimes, bath or probe sonication is used to 

prepare small unilamellar vesicle while slow injection of chloroform results in 
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large vesicle formation [10,11]. In a recent protocol, the dichloromethane injection 

formed stable large unilamellar vesicles from dimethyldioctadecylammonium 

chloride (DDOAC). Of the several methods used for vesicle preparation, the hot 

water method has following advantages: the measured properties are better 

reproducible and that the preparation conditions such as temperature and 

concentration can be well controlled. 

The solubilisation of vesicles by micelle forming surfactants is important as 

far as elucidation and control of biological membrane component reconstruction 

are concerned. The overall process of solubilisation is one of vesicle-to-micelle 

transition. This liquid crystalline to micellar phase transition has been successfully 

explained by the Lichtenberg three stage model [12]. The changes that occur at 

each of the stages mainly depend on the surfactant-to-lipid molar ratios. When this 

ratio is small, the surfactant monomers are not instrumental in causing any major 

structural changes to the lipid bilayer. However, at certain surfactant/lipid molar 

ratio the bilayer gets saturated and the process of vesicle disintegration is initiated. 

On further increasing the molar ratio, a complete solubilisation takes place 

resulting in the formation of only mixed micelles and the surfactant micelles. The 

most extensively studied system is the solubilisation of phospholipids by non

ionic surfactants viz; Triton X-100, octylglucoside (OG), Cr2Es and related 

polyoxyethylene glycol (PEG) [13-16]. The reason is obvious. The phospholipids 

along with sterols make up about half the mass of biological membranes and the 

structure and properties of the bilayers are relatively well characterised. Other 

lipids, although present in relatively small quantities, play crucial roles as enzyme 

cofactors, electron carriers, light-absorbing pigments and intracellular messengers 

[17]. 

In general, nonionic surfactants exhibit less negative side effects than ionic 

surfactants [18]. Studies on the interaction of uncharged surfactants with vesicles 

have, therefore, been investigated extensively during the last two decades [19-22]. 

Tween 20 is a polysorbate surfactant whose stability and relative non-toxicity 

favour its use as a detergent and emulsifier in a number of domestic, scientific, and 

pharmacological applications. Keeping the above in view the interaction of non

ionic micelle forming surfactant Tween 20 with spontaneously formed vesicle 
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dispersions of DDOAB are studied. The original approach, which is still popular 

[23-25], defines the saturation point as the surfactant/lipid molar ratio where light 

scattering starts to decrease and the solubilisation point as the surfactant/lipid 

molar ratio where further lowering of light scattering stops. However, one should 

not rely on these methods alone, as the transition points are hardly detectable with 

sufficient accuracy. Hence, values corresponding to the transition points should be 

determined by more than one independent methods. Therefore, in the present 

work three independent methods, viz., DSC, turbidity and fluorescence anisotropy 

measurements have been applied to determine the effective surfactant/lipid ratio 

producing saturation and solubilisation. 

In the second part of the chapter, the effect of alkyltrimethylarnmonium 

bromides and alkylpyridinium halides on the thermal stability of DDOAB vesicle 

solutions have been investigated by DSC studies on solutions containing fixed 

concentrations of DDOAB to which had been added varying concentrations of the 

additives. In general anionics increase, nonionics and zwitterionics decrease the Tm 

of DDOAB [26-28]. The cationic surfactants, however, may increase, decrease or 

leave the Tm unchanged [29,30]. For example Blandamer et. al. have shown, using 

DSC, that the addition of CTAB and SDS decreases and increases the Tm of 

DDOAB respectively [31]. According to these authors the major reason for the 

thermal stability of the vesicle were due to the influence of the charged head 

groups of CTAB and SDS and not necessarily a consequence of simply the length 

of the alkyl chains of the surfactants. In a more generalized study Kacperska 

reported the effect of alkyltrimethylammonium bromides (CnTAB: n ranging from 

C12..C1s) on the Tm of DDOAB in aqueous solution and found that the lower 

members of the surfactants were not influential in decreasing the Tm to a greater 

extent and that C18TAB, having similar chain length as that of the vesicle bilayer, 

enhances the Tm [29]. The study clearly depicts the role of the alkyl chains of 

surfactants in producing changes in Tm. A similar study using the same set of 

surfactants and the vesicle has been performed recently by Aves et. al. [32]. There 

are no reports on the effect of alkylpyridinium halides on the Tm of DDOAB 

system. In the quaternary cationics, pyridinium compounds have smaller erne's 

than the corresponding trimethylammonium compound due to their planar 
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headgroups. Therefore, it would be interesting to compare the effects of the two 

quaternary cationics on the phase transition of DDOAB. In the last part of this 

chapter, the effects of hydroxyaromatic compounds viz., 1-naphthol, 2-naphthol, 

2,3-dihydroxynaphthalene and 2,7-dihydroxynaphthalene on the gel-to-liquid 

crystalline phase transition temperature of DDOAB have been investigated. 

In spite of being one of the most investigated vesicle-forming cationic 

synthetic amphiphiles, the structure and properties of dioctadecyldimethyl 

ammonium bromide vesicles alone or in combination with other additives is still 

not fully understood. Since DO DAB is one typical example of the bilayer forming 

double-chained cationic surfactants that often behave similarly to biomembrane 

lipids in an aqueous environment [33], better understanding is warranted. 

Therefore, the present investigation has been carried out with an aim to better 

insight of the present understanding of the phase transition properties of biological 

membranes. Values of Tm reported here for DODAB in presence of CPC or CPB 

may be useful to those who make practical or scientific use of these synthetic 

vesicles in particular and of amphiphilic vesicles in general. 

5.2. Gel-to-liquid crystalline phase transition temperature. 

One of the most striking properties of vesicle-forming surfactants in solution, such 

as the cationic quaternary ammonium series of the double chain 

dialkyldimethylammonium bromide is the gel to liquid-crystalline phase 

transition (or melting) temperature (Tm). Since the vesicles are prepared above this 

critical temperature, this property is usually used as the "finger print", or quality 

control for the so prepared vesicle dispersions [34-37]. Below Tm, the surfactants 

are poorly soluble in water and thus cannot at least spontaneously assemble as 

vesicles. Once prepared in the liquid-crystalline phase (i.e., above Tm), the vesicles 

remain stable for months even when stored in the gel phase, or below Tm [38,39]. 

There is, however, a lower temperature point below which the vesicles are 

destabilized [34]. 
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In biological membranes, the phase transition temperature is very important for 

ensuring that the membrane has the correct fluidity and permeability for its 

particular application. Increasing alkyl chain length increases the transition 

temperature, while possession of unsaturated alkyl chains causes a decrease in 

transition temperature. 

Low Temperature 
Gel Phase 

AboveTm 

BelowTm 

High Temperature 
Liquid Crystalline Phase 

Figure 5.1. The gel-to-liquid crystalline phase transition. 

Figure 5.1 shows the schematic representation, in aqueous solution, of a double 

tailed vesicle forming surfactant both in the gel and the liquid crystalline phase. At 

low temperatures the di-a!kyl chains pack in an ordered fashion but with 

increasing temperature the vesicle undergo a gel-to-liquid crystalline phase 

transition (less ordered) at melting temperature Tm, which is a characterstics of the 

system. Using IH-nuclear magnetic resonance (IH-NMR) spectroscopy, the 

surfactant fraction in the liquid-crystalline state can be determined [40]. 

5.3. Materials and Methods. 

Dimethyldioctadecylammonium brmnide with purity greater than 99% was used 

as received from Acros Organics (Belgium). Tween 20 (Purls grade) was procured 

from Sigma (USA) and used without further purification. Trans, trans, trans-1, 6-

diphenyl-hexatriene, DPH (Aldrich product, USA) was recrystallised twice from 

acetone before use. Double distilled water was used throughout. The molecular 

structures of Tween 20, DPH and DDOAB are shown in figure 5.2. 
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Dimethyldioctadecylammonium bromide (DDOAB) 

Polyoxyethylene Sorbitan Monolaurate (Tween-20) 

Trans, trans, trans-1, 6-diphenyl hexatriene (DPH) 

Hexadecylpyridinium ion 

Figure 5.2. Molecular structures of DDOAB, Tween 20, DPH and Hexadecyl
pyridinium ion. 

Sample preparation: Spontaneous DDOAB vesicle dispersions (stock solutions) 

were formed by simply dissolving the surfactant (5.0 rnM) in water at - 60°C. The 

dispersions were then kept standing and cooled at room temperature and stored 

for 24 hours before the experiment. The stock solution was diluted to 1.0 mM for 

turbidity and fluorescence anisotropy studies. Mixed solutions of Tween 

20/DDOAB were prepared by adding aliquots of 20mM aqueous Tween 20 in the 

vesicle dispersion to obtain the desired concentration. 

Differential Scanning Calorimetric (DSC) Measurements: The DSC thermograms 

were obtained on a Perkin Elmer Pyris 6 DSC instrument, the temperature of 

which was raised at a constant rate of l°C /min. The maximum of the main peak 
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corresponds to the gel-to-liquid crystalline phase transition temperature and the 

area under the peak measures the transition enthalpy. The data were analysed 

with the help of PYRIS software provided with the instrument. The DSC scans 

were repeated at least twice to check the reproducibility. 

Fluorescence Anisotropy: The steady-state fluorescence anisotropy (r) 

measurements were performed on a Perkin Elmer LS-55 luminescence 

spectrophotometer equipped with a thermostating and magnetically stirred cell 

housing that allowed temperature control within ± 0.1 oc using a Thermo Neslab 

RTE-7 circulating water bath. The instrument is equipped with a polarization 

accessory, which uses the L-format instrumental configuration. Since DPH is 

insoluble in water, a 1.0 mM stock solution was prepared in 20 % (v /v) methanol

water mixture. The final concentration of the probe was adjusted to 2 pM by the 

addition of an appropriate amount of the stock solution. Before the measurement 

was made the solution had equilibrated for 10 minutes at a particular temperature. 

The sample was excited at 350 nm and the emission intensity was followed at 450 

nm using excitation and emission slits with bandpass equal to 2.5 nm and 2.5-5.0 

nm, respectively. A 430 nm cut-off filter was placed in the emission beam to reduce 

effects due to scattered radiation. The anisotropy measurements were carried out 

at different Tween 20/DDOAB mole ratios at 25 oc. 

Turbidity and dynamic light scattering Measurements: The turbidity was 

monitored on a Jasco V530 spectrophotometer at a constant wavelength of 420 nm 

using a matched pair of quartz cell of 1 em optical path length. The reference cell 

was filled with water for baseline control. The measurements were made 5 

minutes after each addition of the Tween 20 solution in DDOAB dispersions. The 

temperatures of the cells were controlled using a thermostated water bath within 

±0.1 oc. A Malvern 4700 light scattering apparatus with correlator (Malvern 7032) 

was used for dynamic light scattering measurements at a scattering angle of 90°, 

the temperature being 25°C. Results were based on an average of 15 

measurements. Prior to analysis, the samples were filtered through a polysulfone 

filter (Whatman, 1 pmpore size) to prevent background scattering from dust 

contamination. 
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5.4. Results and discussions 

5.4.1. Solubilisation of DDOAB vesicle by Tween 20 

5.4.1.1. Differential Scanning Calorimetry (DSC) 

Melting of lipids is an endothermic phenomenon; hence, DSC serves to be a useful 

tool to investigate the thermotropic phase behavior and to determine the Tm of 

amphiphiles in vesicles and liquid crystal systems [41-43]. The DSC thermogram of 

5.0 mM nonsonicated pure DDOAB dispersion is shown in figure 5.3. Recent 

studies have shown that the Tm of 5.0 mM neat DDOAB is the same as that of the 

most often investigated 1.0 mM dispersion [44]. Moreover, an added advantage 

with the 5.0 mM dispersion is that the gel-to-liquid crystalline transition as well as 

the effect of other additives on the Tm is more pronounced [45]. Hence, a 

dispersion of 5.0 mM have been done for investigating Tm in the present study. 

The DDOAB dispersion was filled in the sample cell and the temperature was 

lowered to l5°C and kept at this temperature for about 5 min before making the 

upscan to 60°C under DSC. Two endothermic peaks at 36°C and 45.2°C 

respectively were observed and this is consistent with the previous reports on non 

sonicated DDOB vesicle dispersion [46,47] . On cooling, the sample displays a 

single exothermic peak at 40°C. The DSC thermogram for 5.0 mM aqueous 

DDOAB during heating and cooling cycle is shown in figure 5.3. The peak at 

45.2°C has been identified as the main gel-to-liquid crystalline phase transition 

temperature. On the other hand, the peak at 36°C, which could be observed only 

when the sample temperature was lowered below l5°C, has been assigned to the 

melting of the patches perturbed by the vesicle-vesicle interaction/ aggregation 

[48]. The origin of the pre-transition either in lipid or synthetic amphiphile vesicles 

is not clear. It may be attributed either to changes in the chain conformations [49] 

or to structural transformations within the amphiphile head groups [50]. 

Blandamer et. al. [48] reported that the addition of ionic surfactants to a non

sonicated DODAB vesicle dispersion eliminates the pre-transition peak and linked 

it to intervesicular interactions. The presence of small fraction of Tween 20 (0.1 

molar ratio) in aqueous DDOAB replaces the two extrema at 36°C and 45.2°C with 

a single transition peak at 44.4°C. Since the solutions of Tween 20 and DDOAB for 
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Figure 5.3. DSC thermogram of a 5 rnM nonsonicated DDOAB dispersion during 
heating and cooling cycle. For clarity, the curves have been displaced on the heat 
capacity axis. 

the DSC scan were prepared at room temperature, below the Tm of DDOAB, the 

overall system probably was not at equilibrium and therefore the first scan 

differed from the second scan. The system attains the meta stable state only after 

the completion of the first scan and that the penetration of Tween 20 surfactant 

into the bilayer occurs more rapidly in the liquid crystalline state. The second scan 

and all subsequent scans produced the same Tm and therefore, only the results 

from the second scans were considered. The DSC upscan thermogram of DDOAB 

for different Tween 20/DDOAB mole ratios, ranging from 0.1 to 4, are shown in 

figure 5.4 A. 

With increasing concentration of Tween 20 the Tm of DDOAB dispersion 

shifts towards lower temperature. The hydrophobic interaction between the alkyl 

parts of the added surfactant and the vesicle allows the Tween 20 monomers to be 

partitioned in the vesicle phase thereby reducing the thermal stability of the more 

ordered gel state. Such a dramatic result could not have occurred if the Tween 20 

molecules, instead of penetrating the bilayer, were located only in the aqueous 

phase between the vesicles. The presence of well defined peaks, upto Tween 

20/DDOAB molar ratio of 1.5, indicates that the system is still rich in vesicles and 



c. 
~ 

c;; 
Q) 

:c 
0 
"0 
<:: 
w 

E 
I-

A 

20 

0 
44 

43 0 

42 

41 

0.0 0.5 

~ 
30 40 

Temperature I °C 

0 
0 

0 

. • 
1.0 1.5 2.0 

Tween 20/DDOAB 

141 

4.0 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0.1 

0 

50 60 

B 

0 0 

• 
2.5 3.0 

Figure 5.4. DSC upscans for 5 mM DDOAB dispersions at various Tween 20/DDOAB 
molar ratios {A). The Tween 20/DDOAB molar ratios are indicated in the figure. 
Curves have been offset from each other to avoid overlap. Figure B indicates the 
variation of Tm with Tween 20/DDOAB molar ratios. 
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that the saturation value is nearly 1.5. Further increase in the above molar ratio 

leads to lowering of Tm and more broadening of the peak that is associated with 

the gel-to-liquid crystalline phase transition temperature. The broadening of the 

transition peak would indicate that a two-phase gel to liquid crystalline region is 

crossed with each phase making a contribution to the enthalpy change (figure 5.4 

A). This region most probably corresponds to the region where micelles and 

vesicles coexist. At still higher mole ratio the peak broadens considerably and 

ultimately disappear at around Tween 20/DDOAB - 4, indicating complete 

solubilisation of DDOAB vesicle dispersion. Once the complete solubilisation takes 

place, the system relaxes with mixed micelles only. The effect of Tween 20 

surfactant on the phase transition temperature of DDOAB vesicle is shown in 

figure 5.4 B, where Tm is plotted as a function Tween 20/DDOAB mole ratio. The 

decreasing tendency of Tm with the addition of Tween 20 is clearly observable, 

especially at lower mole ratio regions. However, deviation from linearity is 

observed at higher mole ratio of the added surfactant. Similar lowering of Tm of 

DDOAB with concomitant broadening of the peaks has also been observed for 

Octaethylene Glycol n-Dodecyl Monoether (C12E1s)/DDOAB ternary system where 

the DSC peak corresponding to complete solubilisation, disappears at the 

surfactant/lipid ratio of -6 [51]. From the present study it seems apparent that 

Tween 20 is solubilising the vesicles formed by aqueous DDOAB system. 

5.4.1.2. Turbidity and Dynamic Light Scattering Measurements 

The impact of micelle forming surfactant on the vesicle/bilayer integrity can 

conveniently be followed by monitoring the turbidity of the vesicle dispersion at 

various surfactant/lipid molar ratios [52]. The plot of turbidity versus Tween 

20/DDOAB molar ratio is shown in figure 5.5. For the present study, the turbidity 

is measured at a fixed wavelength of 300 nm with measurements made 5 min after 

subsequent addition of Tween 20 to DDOAB dispersion. At 300 nm, neither Tween 

20 nor DOOAB have any absorption, therefore, any changes in this quantity are 

merely due to the scattering of light. There was a moderate increases in the 

turbidity upto a mole ratio of 0.68 and then it decreases until the mole ratio reaches 
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-5 and remains almost constant thereafter. The above mentioned two critical 

molar ratios, i.e., saturation and solubilisation, are shown in figure 5.5 by arrows. 

The initial increase in the turbidity upto mole ratio of 0.68 for the Tween 

20/DDOAB system may be attributed to the increase in the size of the vesicle on 

account of the saturation of the vesicle bilayer with Tween 20 monomers. Further, 

the plot (figure 5.5) depicts a sharp fall in the turbidity after the saturation point 

due to partial rupturing of the DDOAB vesicle on account of the increase in the 

fraction of Tween 20 micelles in the vesicular system. This region (from molar ratio 

of 0.68 to 5) is, therefore, the region where vesicles and micelles coexist. Above 

Tween 20/DDOAB molar ratio of -5 there is practically no change in the turbidity 

values indicating a complete vesicle to micelle transition to take place and that the 

system consists of mixed micelles only, as has already been mentioned. The results 

obtained in the present investigation are in accordance with the three stage model 

as predicted by Lichtenberg et. al. [12]. The values of the saturation and 

solubilisation molar ratios obtained by the turbidity and DSC measurements are in 

fair agreement with each other. 
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Figure 5-5- Turbidity at 300 nrn as a function of Tween 20 /DDOAB molar ratio at 25 °C 
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The microstructural transformation induced by the addition of Tween 20 to 

DDOAB vesicle dispersion is also investigated by DLS technique. Non sonicated 

aqueous DDOAB, at a concentration of 1.0 rnM, is known to self-assemble into 

large unilamellar vesicles [5-9]. Based on an assumption of spherical vesicles, and 

the application of Stokes-Einstein equation, a hydrodynamic radius of -324 nrn is 

calculated for the neat DDOAB vesicle in the present experiment. This value is in 

close agreement with previously reported value of -337 nm [53]. The vesicle size 

distribution of aqueous DDOAB in absence of Tween 20 surfactant is shown in 

figure 5.6 A. The plots of intensity against the average size (diameter) of DDOAB 

vesicles in presence at different Tween 20/DDOAB molar ratios are shown in 

figures 5.6 (B, C and D). Dramatic changes in the size could be observed with the 

. addition of Tween 20. The values of the mean hydrodynamic radius ( RH ) of the 

aggregates, monitored as a function of Tween 20/DDOAB molar ratios (based on 

an average of 15 measurements) along with the polydispersity index (PDI), are 

shown in table 5.1. Addition of Tween 20 at concentrations close to that of the 

observed saturation value in the turbidity measurement still produces a single 

peak in the DLS plot and causes the peak to shift to the right indicating an increase 

in the average hydrodynamic radius from -324 nrn to -353 nrn (figure 5.6 B). This 

corroborates our previous conclusion (from turbidity measurements) that the 

initial increase in the turbidity upto a mole ratio of 0.68 is due to the increase in the 

size of the vesicle as a result of the incorporation of Tween 20 monomers into the 

vesicle bilayer. The increase in the surface area due to Tween 20 incorporation in 

the vesicle accounts for the observed growth in size of the vesicle. Similar 

increment in the mean size of the phospholipids vesicle on the interaction with 

Polyoxyethylene glycol-12-acyloxystearates (PEG 1500-CtsCn) surfactant has been 

recently reported by Thoren et. a!. These authors have shown an increment in the 

hydrodynamic size of phospholipids vesicle from 45nrn to 50nrn at low 

concentration of PEG 1500- CtsCt2 surfactant [18]. When the Tween 20/DDOAB 

mole ratios were increased from 0.6 to 4.5, the present system showed a decrease 

in the mean size of the vesicle from -353 nrn to -281 nrn. This concentration 

condition (Tween 20/DDOAB molar ratio of 4.5) corresponds to the region where 

vesicle and micelles co-exist, i.e., between the saturation and solubilisation as per 

turbidity study. At Tween 20 /DDOAB mole ratio of 6.0, the mean average size of 
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Table 5.1. Results of Dynamic Light Scattering experiments for aqueous DDOAB and 
Tween 20/DDOAB systems at 25°C. 

Systems RH (nm) PDI 

3373 

Aqueous DDOAB (1 mM) 324 0.178 

Tween 20/DDOAB = 0.6 353 0.174 

Tween 20/DDOAB = 3.0 322 0.255 

Tween 20/DDOAB = 4.5 281 0.291 

Tween 20/DDOAB = 6.0 161 0.338 

•as per reference 53. 

the vesicle decreases to 161 run and a new peak corresponding to a hydrodynamic 

radius of -32 run is observed (figure 5.6 D). This could be a region which indicates 

the presence of mixed micelles only. Without over-interpreting the DLS results and 

keeping the limitations of the technique in mind, the main conclusion can be 

drawn that the vesicle size is significantly influenced by the incorporation of 

Tween 20 to the vesicle dispersion. 

5.4.1.3. Fluorescence Anisotropy Measurements 

Anisotropy measurements are frequently used to study the properties and various 

interactions pertaining to the biological systems since it reveals the extent to which 

the probe motions are restricted by the anisotropic membrane environment [54]. In 

order to understand the changes induced on the vesicles of DDOAB, we measured 

the change in the steady-state fluorescence anisotropy of DPH in DDOAB 

dispersion as a function of Tween 20 concentration. The steady-state fluorescence 

anisotropy values (r) were calculated employing the equation [54]: 
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where I and I are the fluorescence intensities polarized parallel and 
W VH 

perpendicular to the excitation light, and G ( = I /I ) is the instrumental grating 
HV HH 

factor. The anisotropy values were averaged over an integration time of lOs and 

maximum number of six measurements for each experimental run. The reason for 

using DPH is obvious; the change is more dramatic for DPH than for other 

molecules [54]. In the DSC experiment, the system is initially in the more ordered 

gel state and is transformed to a less ordered liquid crystalline state above the gel

to-liquid crystalline phase transition temperature. However, for turbidity 

measurements, the system as a whole remains in the more ordered gel state. 

Similar is the case with the anisotropy study. Hence the bulky DPH probe, which 

is localized in the deeper hydrophobic core region of the highly ordered DDOAB 

bilayer, display maximum anisotropy values at zero or in presence of low fraction 

ofTween20. 

Figure 5.7 shows the fluorescence anisotropy of DPH as a function of the 

Tween 20/DDOAB molar ratio. The anisotropy result depicts two critical points 

similar to that indicated by turbidity measurements, corresponding to saturation 

and solubilisation molar ratios (shown by arrows). The anisotropy value of the 

probe molecule for the lowest Tween 20/DDOAB molar ratio of 0.02 is much 

higher (-0.218) (as expected for lipids in a more ordered gel state below the Tm). 

The value remains almost steady upto molar ratio of 0.2, showing the restricted 

movement of the bulky DPH probe within the solid-like chain environment of the 

vesicle bilayer. However, as the disruption of the DDOAB bilayer is initiated, the 

anisotropy is lowered significantly until complete solubilisation by Tween-20 takes 

place. Once the solubilisation is completed at Tween 20/DDOAB molar ratio of 

2.15, no further structural change occurs and hence no change in the fluorescence 

anisotropy of the probe molecule is brought about. Thus, the probe seems to be 

sensitive to the microstructural transitions taking place with the DDOAB vesicle. 

The values of saturation and solubilisation molar ratios obtained from the 

fluorescence anisotropic technique (-2.15) are lower than those from turbidity 

(4.0) and DSC (5.0) measurements. Since, DPH is a bulky probe with two strong 

hydrophobic aromatic rings, its incorporation would itself cause some bilayer 

defects as was observed with the benzene/phosphatidylcholine system, 
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at low benzene/lipid molar ratios [55]. The saturation and the rupture of the 

bilayer becomes even more easy by the addition of Tween 20 to the already 

perturbed vesicle structure. While the values of the saturation and solubilisation 

molar ratios from the fluorescence anisotropy method are less than those obtained 

from DSC and turbidity measurements, the results still correlate well with a 

solubilisation mechanism in which breaking down of the DDOAB vesicle structure 

and the formation of mixed micelles are dependent on the concentration of Tween 

20 as suggested by Lichtenberg's three stage model. 

5.4.2. Effect of quaternary cationics on the gel-to-liquid crystalline phase 

transition of DDOAB vesicle dispersion 

On the addition of cationic alkyltrimethylammonium bromide surfactants (TTAB, 

CTAB and OTAB) to DDOAB dispersion, the gel-to-liquid crystalline phase 

transition temperature showed a complex behaviour depending on the 

hydrocarbon chain length of the surfactant. The changes are shown in figures 5.8 

to 5.10. Surfactants having chain lengths shorter (TTAB and CTAB) than the vesicle 
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forming amphiphile (DDOAB) decrease the Tm whereas one having equal length 

(OTAB) elevates the Tm of aqueous DDOAB. In the concentration range studied 

(e.g., 0.5 mM to 3.0 mM), both depression and elevation in Tm is monotonous. 

Previously, it has been shown that the change in the Tm is a function of the length 

of the alkyl chain of the surfactant [29]. However, a careful analysis of the DSC 

thermograms of the present investigation shows that apart from the tail length, the 

concentration of alkyltrimethylammonium ions too plays a crucial role. The alkyl 

chain length and the concentration of the added surfactant affect not only the Tm of 

DDOAB vesicle but also the shape of the peak corresponding to the phase 

transition. 

Figure 5.8 shows the DSC traces for 5.0 mM aqueous DDOAB dispersion in 

presence of various concentrations of TTAB. Addition of TTAB brings about a 

lowering of the Tm only, giving a single extrema (at the Tm) upto a concentration of 

1.0 mM and no broadening or peak splitting is observed. Therefore, in the presence 

of TTAB upto 1.0 mM concentration, the chains become more mobile, the 

disordemess of the surfactant chains is increased, and thus the Tm is lowered. 

However, above 1.0 mM the peaks undergo broadening, i.e., the range of 

temperature of phase transition widens, and shows more than one extrema in the 

vicinity of the main Tm. This indicates that the mismatch in the tail length with that 

of the vesicle forming surfactants disrupts the stability of the vesicle only above 1.0 

mM. This strongly suggests the presence of different kinds of domains within the 

vesicle. Some of these domains within the vesicle are rich in TTAB. This leads to 

vesicular patches of different sizes. The probable number of patches and hence the 

probable number of transitions at higher concentrations of surfactants can be 

examined and gives an idea about the distribution of the surfactants in the vesicle 

bilayer. A detailed theoretical analysis on the probable number of possible 

transitions have been performed by Kacperska [29]. The author found an increase 

in the number of independent transitions from 10 to 11 by an increase in the 

concentration of TTAB from 0.005 M to 0.0015 M. However, no particular trend 

could be observed in the changes of the independent transitions with the increase 

or decrease in the chain length of the added surfactant. Another important feature 

in the DSC thermogram of the DDOAB I TTAB mixture of the present study, is the 
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Figure 5.8. DSC upscans for 5.0 mM DDOAB dispersions in presence of TIAB. The 
concentrations of TIAB are indicated in the figure. Curves have been offset from each 
other to avoid overlap. 

presence of the peak at 36°C upto 1 mM. As described earlier, this peak 

corresponds to the intervesicular interaction and is also called the pre-transition 

peak [30]. The retention of the pre-transition peak is a clear indication that the gel

to-liquid crystalline phase transformation is not direct, but passes via the pre

transition. Only above lmM TTAB the phase transition becomes direct and is 

indicated by the disappearance of the pre-transition peak. 

Figure 5.9 shows the DSC upscan thermograms for the 5 mM DDOAB in 

presence of various amounts of CTAB surfactant. The effect of adding 0.5 and 1.0 

mM CTAB on the main Tm is similar as that produced by TTAB. At these 

concentrations the phase transition shifts to lower temperatures without any 

broadening in the width of the main peak, indicating little dependence of Tm on 

the vesicle curvature and structure [30]. Unlike TTAB, addition of CTAB even at 

the lowest concentration causes the pre-transition peak at 36°C to vanish as a 

result of decreased vesicle-vesicle interaction. Thus, the increase in the alkyl tail 

length of the cosurfactant from C14 to C16 leads to the insulation of the vesicle and 

hence prevents its aggregation in solution. Since the pre-transition peak disappears 
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Figure 5.9. DSC upscans for 5.0 mM DDOAB dispersions in presence of CTAB. The 
concentrations of CTAB are indicated in the figure. Curves have been offset from each 
other to avoid overlap. 

at the lowest CTAB concentration (0.5 mM), a direct gel-to-liquid crystalline phase 

transition can be predicted for this system. Presence of CTAB in excess of lmM 

widens the main gel-to-liquid crystalline phase transition peak and in addition a 

new peak appears on the lower temperature side of the main peak. On further 

increasing the concentration of CTAB, the new peak becomes more pronounced 

while the intensity of the main peak decreases. In line with the findings of Feitosa, 

the presence of two pronounced transition peaks indicates presence of two 

differently populated vesicle, the difference being mainly in terms of the size and 

structure [56]. The peak at the lower temperature side of the thermogram 

represents the CTAB-rich vesicle while the peak corresponding to the main Tm 

represents the DDOAB-rich vesicle dispersion. 

Figures 5.10 show the DSC thermograrns of 1.0 mM DDOAB vesicles in 

water and in the presence of increasing amounts of OTAB. OTAB has the same 

hydrocarbon chain length (Cts) as that of the vesicle forming surfactant; DDOAB. 

Therefore, the question of mismatch of the tail does not arise for this system and 

the chains are expected to be less mobile within the vesicle. Thus it is expected that 

the disorderness decreases and consequently Tm increases as a function of OTAB 
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Table 5.2. Variation of the range and the main gel-to-liquid crystalline phase transition 
temperature of aqueous 5.0 mM DDOAB dispersion in presence of different 

alkyltrimethylamrnonium bromides. 

Surfactant Concentration RangeofTm Main Tm 

(mM) ("C) ("C) 

0.5 43.14-47.28 44.97 

1.0 42.58-46.49 44.51 

TTAB 1.5 41.07-45.93 44.20 

2.0 39.95-46.01 43.82 

2.5 38.28-46.80 43.52 

3.0 34.78-47.12 43.02 

0.5 41.95-47.20 45.05 

1.0 40.99-47.04 44.41 

CTAB 1.5 39.95-47.28 44.42 

2.0 38.76-47.52 44.02 

2.5 36.05-44.08 43.71 

3.0 34.38-48.80 43.38 

0.5 42.10-47.76 45.54 

1.0 40.75-48.48 46.09 

OTAB 1.5 40.83-48.80 46.47 

2.0 40.43-50.23 46.96 

2.5 40.03-49.99 47.17 

3.0 40.03-49.67 47.36 
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concentration. As expected addition of OTAB to vesicle dispersion of DDOAB 

causes an increase in the Tm even at concentration as low as 0.5 mM. Therefore, we 

conclude that the incorporation of OTAB molecules inside the DDOAB vesicle is 

facile and increases the thermal stability of the vesicle dispersion even at low 

OTAB concentration. The other notable feature in the thermogram is the width of 

peak corresponding to the main Tm. Unlike TTAB and CTAB, addition of OTAB 

even in very small concentration (0.5 mM) widens the peak and it continues for the 

whole concentration range studied in the present investigation. Though there is an 

appearance of new peak on the low temperature side of the main Tm, the main Tm 

is always more pronounced than the new peak. This indicates that the system is 

rich in DDOAB vesicles at all concentrations of OTAB. The variation of Tm with 

concentration of different alkyltrimethylammonium bromide surfactants is shown 

in figure 5.11. The range of melting and the values for the main Tm of DDOAB in 

presence of various concentrations of TTAB, CTAB and OTAB are listed in table 

5.2. 

Although some reports on the interactions between alkyltrimethyl

ammonium bromides and synthetic vesicle formed by DDOAB are available in 

literature [29,30], the results are always not unambiguous and further study is 

necessary for a complete understanding of the subject. Therefore, we have re

examined the above mentioned aspects. However, the main aim of the present 

investigation is to examine the effect of some alkylpyridinium quaternary 

compounds on the Tm of DDOAB vesicles and to compare the results with that of 

the alkyltrimethylammonium counterpart having similar chain length. For this 

reason, CTAB and hexadecylpyridinium halides (Cl- and Br-) were chosen having 

equal tail length but with different head group geometry. The study should also 

highlight the effect of the counterions of the pyridinium head group (viz,. Cl- and 

Br-) on the phase transition of DDOAB vesicles. The non availability of literature 

on the interaction of CPB and CPC with DDOAB vesicles also prompted us for 

undertaking the present investigation. 

The effect of CPC on the phase transition temperature of DDOAB vesicle is 

shown in figure 5.12. The change in Tm induced by the addition of CPC is small in 

the concentration range studied here, although the decreasing tendency of Tm is 
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intriguing. This is in contrast to the result observed in the case of 

alkyltrimethylammonium bromide/DDOAB systems, where a significant change 

(either increase or decrease) in Tm was observed at the same concentration range. 

Among the cationic surfactants, pyridinium compounds have smaller erne's than 

that of the corresponding trirnethylammonium compounds of similar hydrocarbon 

chain length. This may be due to the greater ease of packing the planar pyridinium 

group, compared to the tetrahedral trimethylammonium group into the vesicle 

[57]. The tetrahedral head group of CTAB, because of its geometry, would be 

expected to occupy greater space and push the vesicle head groups apart. This in 

turn would lead to a reduced head group interaction and ultimately disrupt the 

vesicle integrity, thus reducing the Tm to a greater extent. On the other hand, the 

planar pyridinium head groups of CPB or CPC would enter the vesicle with 

greater ease and may get sandwiched between the head groups of the bilayer, 

without disturbing either the Tm or the vesicle structure and also the curvature to 

any great extent. The DSC thermograms for CPB/DDOAB mixtures are shown in 

figure 5.13. 

That the vesicle structure and curvature are little affected by penetration of 

CPB or CPC, is clearly seen from the width of the peaks corresponding to the main 

Tm. The width of the main Tm peak is rather narrow and remains the same for all 

concentrations of the additives. Thus, the conclusion that can be drawn from these 

observations is that the head group of the added cosurfactants, apart from the tail 

length, too play a major role in the stability of vesicle bilayers in aqueous solution. 

The range of melting and the values for the main Tm of DDOAB in presence of 

various concentrations of CPC and CPB are listed in table 5.3. When CTAB 

concentrations were above 2.0 mM, new peaks appeared on the low temperature 

side of the main Tm indicating the presence of different domains within the vesicle. 

However, additions of CPB and CPC at all concentrations show neither the 

emergence of new peaks nor a decrease in intensity of the phase transition peak. 

Hence, unlike the CTAB/DDOAB system, all patches inside the DDOAB vesicles 

consisting of CPB and CPC have identical composition. This would also mean that 

the hexadecylpyridinium/DDOAB systems consist of a single type of domain in 

which the melting takes place at a single temperature. The interaction of CPB and 
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Figure 5.12. DSC upscans for 5.0 mM DDOAB dispersions in presence of CPC. The 
concentrations of CPC are indicated in the figure. Curves have been offset from each 
other to avoid overlap. 
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CPC with DDOAB also provides a route to study the effect of counterion of the 

cosurfactant on the Tm of DDOAB vesicles. Previously ithas been shown that NaCI 

raised whearas NaBr lowered the Tm of DDOAB. Thus, it would be interesting to 

check what happens when cosurfactants with different counterions are allowed to 

interact with DDOAB dispersion. Comparison of the results obtained from DSC 

measurements show that surfactant with the bromide counterion (CPB), decreases 

the gel-to-liquid crystalline phase transition temperature of DDOAB more than the 

one with chloride ion (CPC). The variation of Tm with surfactant concentration for 

CPB/DDOAB and CPC/DDOAB systems are shown in figure 5.14. 
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Figure 5.14. Variation of Tm of 5.0 rnM DDOAB, the phase transition temperature, 
against concentration of added surfactants. 

For the purpose of comparison, the values from CTAB/DDOAB systems are also 

included in the figure. The ionic radii of CI- and Be are 0.181 nrn and 0.196 nrn 

respectively [58]. Therefore, the charge on the more hydrated CI- is partially 

screened by the surrounding polar water molecules and these counterions are thus 

less effective in reducing the charge repulsion among the head groups of the 

vesicle. The Cl- ions, therefore, cannot approach the highly charged surface of the 

vesicle as closely as the less hydrated Be ions. Therefore, it can neither screen the 
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charge at the surface of vesicles nor reduce the surface potential as effectively as 

the Be ions (less hydrated ions). The overall effect results in a less perturbed 

vesicle structure for the CPC/DDOAB system compared to CPB/DDOAB, and 

hence a smaller decrease in the T m results. 

Table 5.3. Variation of the range and the main gel-to-liquid crystalline phase transition 
temperature of aqueous 5.0 rnM DDOAB in presence of varying concentrations of 
CPBandCPC 

Surfactant Concentration RangeofTm Main Tm 

(mM) ("C) ("C) 

0.5 43.55-46.75 45.16 

1.0 43.35-46.48 44.91 

1.5 43.25-46.67 44.68 

CPC 2.0 42.38-46.19 44.60 

2.5 42.30-46.20 44.47 

3.0 42.07-45.58 44.43 

0.5 42.72-47.16 45.07 

1.0 42.89-47.21 44.82 

CPB 1.5 42.21-46.61 44.60 

2.0 41.83-46.53 44.40 

2.5 41.35-46.27 44.21 

3.0 41.65-46.05 43.95 



159 

5.4.3. Effect of hydroxyaromatic compounds on the gel-to-liquid crystalline 

phase transition of DDOAB vesicle dispersion 

In the previous chapter we have studied the effect of the hydroxyaromatic 

compounds, namely 1-naphthol, 2-naphthol, 2,3-dihydroxynaphthalene and 2,7-

dihydroxynaphthalene on the microstructural transition of spherical micelles of 

cationic alkyltrimethylammonium bromide surfactants to long wormlike micelles 

and vesicles. In this section we have investigated the effect of the above named 

aromatic compounds in vesicular media of DDOAB, with special attention on the 

gel-to-liquid crystalline phase transition temperature of DDOAB vesicle 

dispersion. 

Compared to cosurfactants, alkanes and alcohols, the literature on 

solubilization of aromatic molecules in bilayer membranes is very scarce. Simon 

and co-workers [59] described the effect of benzene on the thermal and structural 

properties of saturated phosphatidylcholine liposomes (1,2-distearoyl

phosphatidyl-choline and DPPC) for benzene/lipid ratios up to 9:1, and high lipid 

concentrations (30% wt/wt) in water. At molar ratios lower than 1:1, there was an 

increase in the bilayer defects in the gel phase. Higher molar ratios (1:1 to 9:1) 

produced broad and multiple transitions. Freeze fracture and X-ray experiments 

show that benzene induces ripples in the fracture faces, modifies the lipid 

hydrocarbon packing, and increases the water spacing between bilayers in the gel 

state. At higher molar ratio (>9:1), benzene converts the multilamellar liposomes 

into smaller vesicles. From their partitioning study the same authors concluded 

that benzene was, on the average, partitioned in a nonpolar environment within 

the bilayer [60]. More recently, Bruockner and Rehage [61] investigated the 

solubilization of toluene in DMPC and DPPC giant vesicles by video-enhanced 

contrast microscopy and NMR. On the basis of morphological studies they could 

distinguish three domains of solubilization for toluene in DPPC giant vesicles: (1) 

At lower concentrations, i.e., at toluene/DPPC < 4.5, the vesicles kept their 

spherical shape. (2) In an intermediate range, 4.5:1 < toluene/DPPC < 18, shape 

fluctuations occurred, leading to nonspherical structures with low symmetry. 

Occasionally, lens-shaped occlusions of toluene within the membrane were 

detected. (3) Addition of even more toluene to the suspension induced the 
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formation of oil in water (o/w) emulsion in coexistence with vesicles. For DMPC, 

where the membrane is in a fluid state, a higher capacity of solubilization is 

reported. Recently, to elucidate the subtle interplay between morphology and 

bilayer properties, Jung et. a!. have made a comparative study on the interaction of 

styrene with DDOAB vesicles [62]. These authors found that the solubilization of 

styrene in DODAB vesicles modulates the bilayer properties and hence their 

morphology. 
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Figure 5.15. DSC upscans for 5.0 mM DDOAB dispersions in presence of varying 
concentrations of 1-naphthol. Curves have been offset from each other to avoid 
overlap. 

Except for 2,7-dihydroxynaphthalene, all the other hydroxyaromatic compounds 

under investigation, are sparingly soluble in water. However, in vesicular 

DDOAB, the solubility of these compounds could be enhanced to as high as 6 mM. 

Therefore, systems comprising of these compounds (except 2,7 dihydroxy

naphthalene) could be studied only upto 6.0 mM. The effect of addition of !

naphthol on the DSC thermal curves of DODAB vesicles is shown in Figure 5.15. 

The first thermograrns in the figure (denoted by dotted line) correspond to pure 

5.0 mM DODAB in water. 1n good agreement with previous reports [46, 47], well

defined peaks corresponding to the gel-to-liquid crystalline phase transition 

temperatures of 45.2 oc are obtained. Upon addition of 1- naphthol, a progressive 
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broadening of the mam transition peak and a lowering of Tm is observed, 

indicating that the incorporation of 1-naphthol molecules in the DODAB bilayer 

has a disordering effect. Though broadening is observed with increasing 

concentrations, the peak does not disappear even when the 1-naphthol/DDOAB 

molar ratio exceeds unity. At this ratio the concentration of naphthol is the 

maximum (6.0 mM). This shows that the system is rich in vesicles even above 1:1 

molar ratio and the naphthols just modify the structure and curvature of the 

vesicle. Hydroxyaromatic compounds like naphthols and their derivatives are 

fairly surface active and these compounds are expected to be embedded into 

micelles and vesicles strongly [63]. Therefore, the lowering of Tm of DDOAB 

vesicular dispersiOJ;l results from the incorporation of the naphthol molecules into 

the bilayes and this subsequently decreases the thermal stability. Interestingly 

there is a substantial decrease in the main Tm value. This is in contrast with the case 

of addition of TTAB and CTAB additives in DDOAB vesicular dispersion, where a 

small decrease in the Tm was observed. For example, addition of 0.5 mM TTAB and 

CTAB causes a lowering in Tm from 45.2 °C to 44.97 °C and 45.05 °C respectively 

whereas, similar concentration of 1-naphthol causes a lowering in the Tm from 

45.2°C to 44.3°C. Similar lowering was also observed for 2-naphthol and 2,3-

dihydroxynaphthalene dopants as well. The presence of a single extrema in the 

thermograms for the hydroxyaromatic dopant-DDOAB systems suggests that all 

patches inside the vesicles have identical composition with similar intermolecular 

attractions. The sharp peaks observed for these systems are an indication that all 

the hydroxyaromatic dopant-DDOAB vesicle mixtures melt at the same 

temperature [64]. The effect of addition of 2-naphthol and 2,3-

dihydroxynaphthalene on the DSC thermal curves of DODAB vesicles are shown 

in figure 5.16 and figure 5.17. While 1-naphthol, 2-naphthol and 2,3-

dihydroxynaphthalene lower the Tm of DDOAB at all concentrations studied, the 

effect of 2,7-dihydroxynaphthalene on the thermal stability of DDOAB vesicle is 

quite interesting. Figure 5.18 shows the DSC thermograms of 5.0 mM aqueous 

DDOAB dispersion in absence and presence of different concentrations of 2,7-

dihydroxynaphthalene. The nature of the DSC thermograms, on initial addition of 

2,7-dihydroxynaphthalene to vesicular dispersion of DDOAB is very much similar 

to the changes brought about by 1- and 2- naphthol or 2,3-dihydroxynaphthalene. 
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Figure 5.16. DSC upscans for 5.0 mM DDOAB dispersions in presence of varying 
concentrations of 2-naphthol. Curves have been offset from each other to avoid 

overlap. 

~ ················--·································/\ ..... 0. 
::J 
0 
-g 
w 
~ 
u: 

~ 

20 30 40 

Temperature ("C) 

neat DDOAB -----------------------
0.5mM 

1.0mM 

2.0mM 

3.0mM 

5.0mM 

6.0mM 

' 50 60 

Figure 5.17. DSC upscans for 5.0 mM DDOAB dispersions in presence of varying 
concentrations of 2,3-dihydroxynaphthalene. Curves have been offset from each other 
to avoid overlap. 
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However, it is interesting to note that the decreasing trend of Tm with addition of 

2,7-dihydroxynaphthalene is observed only upto a 2,7-dihydroxy

naphthalene/DDOAB mole ratio of 1:1, and above this ratio the transition 

temperature starts increasing (figure 5.18). The range of melting and the values for 

the main Tm of DDOAB in presence of various concentrations of dopants are listed 

in table 5.4. 
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Figure 5.18. DSC upscans for 5.0 mM DDOAB dispersions in presence of varying 
concentrations of 2,7-dihydroxynaphthalene. Curves have been offset from each other 
to avoid overlap. 

It has been seen that if the chain length of the cosurfactant molecule or the 

hydrophobic part of the organic additive match the tail length of the vesicle, the 

vesicle chain is expected to be less mobile and the disordemess is considerably 

decreased. This ultimately leads to the increase in the Tm value. On the other hand, 

mismatching of the vesicle tail length with that of the additive molecules disrupt 

the stability of the vesicle. This results in the formation of different types of 

domain within the vesicle; some are rich in additive molecules and some in vesicle 

forming amphiphilic molecules. Ultimately, the stability of the vesicle decreases. 
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Table 5.4. Variation of the range and the main gel-to-liquid crystalline phase transition 

tempera-ture of aqueous 5.0 mM DDOAB dispersion in presence of hydroxy aromatic 

dopants. 

Dopant Concentration RangeofTm Main Tm 
(mM) CC> ("C) 

0.5 40.21-47.40 44.30 

1.0 37.45-46.34 43.08 

2.0 37.12-45.44 41.95 

!-naphthol 3.0 3 7.05-44.32 41.03 

5.0 34.34-43.09 40.22 

6.0 31.37-42.36 36.41 

0.5 38.88-48.02 44.32 

1.0 37.23-46.58 43.29 

2-naphthol 2.0 36.61-45.55 42.47 

3.0 35.38-45.44 41.56 

5.0 33.53-44.42 40.62 

6.0 30.55-38.77 35.91 

0.5 39.28-48.84 44.53 

1.0 3 7.44-4 7.20 43.39 

2,3-Dihydroxynaphthalene 2.0 37.02-46.37 42.89 

3.0 34.97-44.83 41.44 

5.0 33.84-44.63 4Q.42 

6.0 30.76-39.79 35.79 

0.5 41.65-47.00 44.63 

1.0 40.11-45.66 43.60 

2.0 40.52-45.14 42.88 

3.0 39.90-44.73 42.06 

2, 7 -Dihydroxynaphthalene 5.0 37.02-41.75 39.39 

6.0 38.05-42.88 40.31 

7.5 39.18-43.50 41.13 

9.5 39.39-44.63 41.55 

11.0 39.79-46.07 42.99 
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The initial lowering of Tm for the 2, 7- dihydroxynaphthalene- DDOAB vesicular 

system upto the mole ratio of 1:1, undoubtly point out to the result of mismatch of 

the surfactant tail length with the molecular length of the dopant molecule. The 

destabilisation of the vesicle is brought about in the presence of hydroxyaromatic 

compounds, the length of which is less than that of DDOAB molecules. Density 

Functional Theory (DFT) calculations (B3LYP) with 6-31 G Basic set shows that 

DDOAB has a molecular length of -21.8 A0
• On the other hand, the molecular 

length of 2,7-dihydroxynaphthalene is -8 A0
• This clearly supports the above 

argument. Dihydroxynaphthalene derivatives are embedded even more strongly 

in DDOAB than in micelles of CTAB. It is reasonable to argue that the orientation 

of the dihydroxynaphthalene is such that one OH group is buried inside the 

hydrocarbon core of the outer layer of the vesicle. Much shorter molecular size of 

the additive leads to disruption of the vesicle and consequently the Tm is 

decreased. However, as the concentration of the additive is increased above 1:1 

mole ratio, the additive molecules viz., 2,7-dihydroxynaphthalene are buried deep 

inside the hydrocarbon tail region and in all probabilities form head-to-tail dimers 

via hydrogen bonding interaction with the already embedded unimers. DFT study 

confirms the H-bond formation between the dopant pair in hydrocarbon solvent. 

Considering the hydrogen bond length alongwith the molecular lengths of 2,7-

dihydroxynaphthalene, it seems that the dimer length is now some what closer to 

the length of the hydrocarbon chain of DDOAB (DFT calculation as above shows 

that the dimers of 2,7-dihydroxynaphthalene is -17.4 A0
). This means that the 

addition of 2,'('-dihydroxynaphthalene above 1:1 mole ratio, increases the stability 

of the vesicle and hence T m is increased to a considerable extent because under this 

condition the length of the dimer of the additive is more closer to the lengths of the 

vesicle forming surfactant chain. 
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Chapter VI 

Summary and Conclusion 

In summary, the thesis embodies the results of the physico-chemical studies on 

selected amphiphiles and their aggregation behaviour in different media. The 

amphiphiles were selected, so as to form the different types of aggregates, viz; 

micelles, wormlike micelles and vesicles in solution. Ammoniumdodecyl sulphate 

(ADS) forms micelles alone in aqueous solution and also in presence of aqueous 

electrolytic media of tetraalkylammonium bromides (TAAB), 

cetyltrimrthylammonium bromide (CTAB) forms micelles in aqueous solution 

above the erne and the same solution forms highly viscoelastic wormlike micelles 

in a medium where hydroxyaromatic dopants are present. On the other hand, 

dimethyldioctadecylarnmonium bromide (DOOAB) forms vesicles in aqueous 

solution at low surfactant concentrations above a critical temperature known as 

the gel-to-liquid crystalline phase transition temperature (Tm). Present studies are 

carried out in different electrolytic media (e.g, TAA+ ions), at various pH and also 

in vesicular media. A chapter wise summaries and the conclusions drawn from the 

experimental works are summarised below. The references have been cited at the 

end of each chapter. 

The first chapter [Chapter I. Surfactant Aggregation in Solution: An Overview] 

describes the general information on the subject dealt in the thesis. An overview of 

the different types of aggregates formed, viz., micelles, wormlike micelles and 

vesicles, as a result of self-assembly of amphiphilic molecules in solution is given. 

The morphology sequence and phase behaviour of surfactant aggregates is driven 

by the spontaneous curvature of the hydrophobic/hydrophilic interface and may 

be tuned by various external factors, such as the amount and nature of added 

electrolyte, the presence of other species in solution, the pH or the temperature. 

Since, the type of aggregates (of surfactants in solution) at a certain concentration 

depends on the intrinsic surfactant geometry, which can be understood on the 

basis of the critical packing parameter (CPP), a brief description on the CPP is also 
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outlined. Considering the importance of amphiphiles in chemistry, biology and in 

industry and their wide range of applications, the chapter concludes with 

descriptions on the practical applications of amphiphilic assemblies in solution. 

The second chapter [Chapter II. Scope and Object] of the thesis describes the 

scope as well as the object of the present study. 

In the third chapter [Chapter III. Studies on the Aggregation Behaviour of 

Ammoniumdodecyl Sulfate in Presence of Symmetrical Tetraalkylammonium 

Salts] the physico-chemical studies on the micellization of ADS in water and in 

different tetraalkylammonium bromides viz, tetramethylammonium bromide 

(TMAB), tetraethylammonium bromide (TEAB), tetrapropylammonium bromide 

(TP AB) and tetrabutylammonium bromide (TBAB) have been carried out. 

Micellization, which is a manifestation of hydrophobic effect, is likely to undergo a 

significant change in the presence of such additives. The critical micellisation 

concentration (erne) of ammoniumdodecyl sulfate (ADS) in different 

tetraalkylammonium bromides in the salt concentration range of 0.0005-0.00SM 

were measured by electrical conductivity method. Substantial decrease in the erne 

of ADS with increasing concentration of each of the above mentioned electrolytes 

were observed. This can be accounted for by the fact that in solutions of high ionic 

strength, the forces of electrostatic repulsion between the surfactant head groups 

in a micelle are considerably reduced due to charge screening. The charge 

screening increases the attractive force operating in the vicinity of the micellar 

head and the positive counterion of the electrolyte making the so-called palisade 

array more densely packed, thus promoting micelle formation to be more 

favorable. It was found that micelle formation of ADS in these electrolyte media of 

progressively larger tetraalkylammonium bromides favors erne lowering in the 

order TBAB > TP AB > TEAB > TMAB. 

TMA + ions with smallest ionic size are most hydrated in aqueous solution 

among all the ions in the group. Therefore, the hydration shell of TMA+ ions limits 

the distance of closest approach to the micellar heads of ADS, causing a small 

reduction in erne as compared to TEA+, TPA+ or TBA+ ions. In other words it 

appears that this salt behaves as the common non-hydrophobic electrolytes, 
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interacting only with the ADS micelle surface (stem layer) and screening the ionic 

charge around that location. The other ions have short hydrocarbon chains and 

some of these chains are supposed to penetrate in the micellar core due to 

hydrophobic interaction. Hence, at a given temperature, micelle formation of ADS 

in these electrolyte media favours a erne lowering in the above mentioned order. 

Therefore, the lowering in erne is due to the ability of the TAA+ ions to interact 

electrostatically as well as hydrophobically with the micelles of ADS. The degree 

of counterion binding ( f3 ), evaluated using the Corrin-Harkins relation, is largest 

for TBAB and smallest for 1MAB. 

The thermodynamic functions of micellization, !lG;,;o, m,:;c and M;,;o, were 

evaluated in O.OOlM of different TAAB solutions in the temperature range of 

288.15-318.15K. !lG:,;c was always found to be negative and shifts to more 

negative values with increasing size and hydrophobicity of the counterion of the 

added electrolytes. In the investigated temperature range of 288.15 to 318.15K, 

large positive M:,;c values suggest the overall micellization to be entropy driven. 

Like a variety of processes such as oxidation-reduction, hydrolysis, protein 

unfolding, etc., micellization too was found to exhibit a linear relationship between 

the enthalpy and entropy, generally known as enthalpy-entropy compensation. 

The small variation of llG:,;c with temperature is reflected in a good correlation 

between the enthalpy and the entropy for the present system. m:,;c and M:,;c 
was found to compensate each other with compensation temperature of 304±2K. 

Aqueous ADS neither display clouding alone nor in presence of 1MAB, 

TEAB, or TPAB salts. However, the same surfactant solution shows clouding (at 

the cloud point, CP) in presence of TBAB salt. The phenomenon of clouding is 

studied at fixed concentration of ADS and varying concentrations of TBAB and 

also at fixed TBAB concentration and varying concentrations of ADS. At fixed 

concentration of TBAB, the CP increases with the increase of ADS, while it is 

decreased with an increase in TBAB concentration at constant concentration of 

ADS. The increase in the CP with increasing [ADS] at a fixed [TBAB] is due to the 

increased electrical repulsion between the micellar surface head groups caused by 

the decrease in effective salt content per micelle. On the other hand the decrease in 
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CP with increasing TBAB can be accounted for in terms of hydrophobic interaction 

and surfactant head group dehydration. The butyl chains of TBAB are supposed to 

be embedded between the monomers of the of ADS micelles through hydrophobic 

interaction. Increase in the temperature at this point causes dehydration of the 

anionic heads of the ADS micelle that in turn leads to a greater electrostatic 

attraction between the anionic heads and TBA + counterions. Further increase in the 

[TBAB] causes more structured water to be replaced by the butyl chains and this 

causes the aggregates to be removed from aqueous phase at low temperature. 

The most important result of the present investigation is the fact that CP 

decreases steeply at the initial [TBAB], but changes little above the [TBAB]/[ADS] 

mole ratio of 1:1. Upto the [TBAB]/[ADS] mole ratio of 1:1, TBA+ ions interact with 

ADS micelles both hydrophobically as well as electrostatically and replace weakly 

interacting ammonium ions from the micelles. Therefore, the manifestation of the 

effect of TBA +in decreasing the CP is very high initially. Above the composition of 

1:1, the interaction of TBA +with the surfactant micelles is apparently very weak. In 

addition to the above it was also found that slightly less than one mole of TBAB 

per two moles of ADS is required for clouding to occur. 

In the fourth chapter [Chapter IV. Studies on Microstructural Transition of 

Micellar Aggregates in Presence of Hydroxyaromatic Dopants: Rheology and 

Spectroscopy] the effect of neutral hydroxyaromatic compounds on the 

microstructural transition of CTAB micelles, from spherical to wormlike micelles 

and then to vesicles, are studied. Micellar aggregates that can grow anisotropically 

under appropriate conditions, changing their shapes from spheres to rods or 

highly flexible wormlike aggregates, provide some analogies between giant 

flexible cylindrical micelles and conventional polymeric solutions. The 

polymerlike micelles (wormlike micelles) which are formed by certain ionic 

surfactants in solution exhibit very interesting rheological properties. At high 

concentrations, these solutions show typical viscoelastic behaviour while at very 

low concentrations more complex and unusual rheological phenomena is 

observed. Stimuli-responsive properties of viscoelastic gels of long wormlike 

micelles are fascinating and have created a great deal of interest in recent years. 



173 

The most extensively studied system in respect of viscoelastic gel formation is the 

cetyltrimethylammonium bromide (CTAB) micelles in presence of a hydrotrope, 

sodium salicylate. The presence of an anionic charge on the promoter molecule has 

been considered pivotal in achieving low concentration shape transition of cationic 

micelles via charge screening because it decreases the average area per surfactant 

head group allowing the packing parameter to exceed the critical value of K 

However, other important factors including the role of OH group of the promoter 

molecule have not attracted much attention, and as such, the puzzling question as 

to why not only its presence but also its position in the aromatic ring of NaSal 

molecule is so vital remains broadly unanswered. Therefore, to understand the 

role of the OH group precisely, it was tempting to check what would happen if 

uncharged naphthols with strong hydrophobic part (and no anionic charge) is 

used. In this chapter the result of the investigation of the effect of neutral1- and 2-

naphthols and also the dihydroxy derivatives, 2,3- dihydroxynaphthalene (2,3-

DHN) and 2,7-dihydroxynaphthalene (2,7-DHN), on the shape transition of CTAB 

micelles is recorded. The result shows that intermolecular H bonding between OH 

groups of micelle embedded naphthol molecules plays a key role in micellar shape 

transition in absence of any charge screening of head groups and imparts strong 

viscoelasticity to the dilute aqueous surfactant solution. The viscosity of the 

systems comprising of CTAB and the hydroxyaromatic dopants are maximum at 

the surfactant to dopant mole ratio of 1:1. Therefore, the shear induced rheological 

studies were carried out at a mole ratio of 1:1. 

To understand the exact role of hydrogen bonding in the above mentioned 

shape transition, studies with methoxynaphthalenes were also carried out under 

similar conditions. The methoxynaphthalene-CTAB systems (1-

methoxynaphthalene/CTAB and 2-methoxynaphthalene/CTAB), neither display 

the ability to develop viscoelasticity in the system nor exhibit any viscosity 

modification with applied shear, and behave completely like a Newtonian liquid. 

This result is quite surprising in view of the fact that much like 1- and 2-naphthols, 

both 1- and 2-methoxynaphthalenes are embeded into the micelles of CTAB. 

Though methoxynaphthalenes possess a similar structure and hydrophobicity to 

that of hydroxylnaphthalene molecules but because the methoxynaphthalenes 
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cannot act as hydrogen bond donors, they fail to promote the micellar shape 

transition and to impart viscoelasticity to the CTAB solution. 

The effect of temperature and pH on the shear induced viscoelasticity of the 

systems showed interesting results. With increasing temperature the viscosity of 

the system increased upto a critical temperature of -26°C and then decreased. As 

the temperature was increased, naphthol molecules (uncharged) becomes more 

soluble and gets partitioned more strongly in the micellar phase. This favors the 

formation of longer wormlike micelles up to the critical temperature, above this 

temperature the increased kinetic energy allows the surfactant unimers to hop 

more frequently between the body and the end cap resulting in the breaking up of 

the wormlike micelles, thus decreasing the effective viscosity. The motivation 

behind carrying out the study at different pH sterns from the fact that the 

hydroxyaromatic dopants which, under neutral conditions activate the formation 

of worm-like micelles at pH -5.0 may, on partial ionization of the OH group, 

increase the packing parameter further via charge screening. This in turn could 

pave the way of designing a route for pH-responsive vesicle formation. As 

expected the systems showed a transition of morphology from highly viscous 

wormlike micelles to less viscous globular vesicles at higher pH. The results were 

further confirmed by cryo-TEM images. 

To understand the kind of interactions which are operative in the micelle

dopant systems, spectroscopic studies are also carried out. The spectral 

characteristics of naphthols (which contain OH) were compared with those of 

methoxynaphthalenes (which do not contain OH) under various conditions in 

order to visualize a consistent molecular picture. The location and orientation of 

the additive molecules in the micelles were ascertained by 1H NMR studies. The 

signals from the aromatic ring protons of the naphthol molecules were shifted 

upfield when D:zO solutions of CTAB and naphthols were mixed in 1:1 mole ratio. 

The CBs protons of CTAB head group and the adjacent CH2 protons, which 

resonate at 3.132 and 3.289, respectively, in D20, were shifted upfield and were 

found to resonate at 2.746 and 2.397, respectively, in the presence of naphthoL 

However, CH2 protons adjacent to CTAB head group, were affected the most in 

presence of naphthols, and unlike pure CTAB, the signal from CH2 protons 
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emerged on the other side of CHJ protons of CTAB head groups. From the above 

observation it was concluded that the solubilized naphthol molecules were 

penetrated not deep inside the micellar core but were present near the surface 

probably with a well-defined orientation in which the OH groups are protruded 

from the micellar surface toward the polar aqueous phase. The degree of upfield 

shift of the signals from methoxynaphthalenes (in CTAB micelles) were less than 

those of the naphthols, indicating a stronger partitioning of the naphthols in the 

micelles. 

The possibility of hydrogen bonding and n-n interaction in naphthols have 

been checked by observing the effect of CTAB micelles on the absorption spectrum 

of the hydroxyaromatic compounds. UV absorption spectra of the dopants 

(probes) were modified in their ground electronic state showing significant red

shifting and presence of isobestic points. The modifications are explained in terms 

of the formation of hydrogen bonding network between the micelle embedded 

naphthol molecules and the interfacial water molecules. The relatively less polar 

and less mobile water molecules compared to bulk water forms strong H-bond 

with the OH group of embedded naphthols, which act as H-donors and results in 

an optimum orientation of aromatic n-electron systems in the micelles to shield the 

surfactant headgroup charges efficiently; maybe via cation-n interaction; i.e., the 

cation charge of surfactant head groups interacts with the quadrupole moment of 

the aromatic n-system of naphthols. The methoxynaphthalenes on the other hand 

showed very little shift and no isobestic point could be observed. In 

methoxynaphthalenes the ability of intermolecular H-bond formation disappears 

and therefore, the small red-shift, with the absence of any isobestic point(s), 

compared to that in naphthols indicates that a weaker noncovalent interaction 

takes place. The chapter concludes with the cryo-TEM investigations, which 

definitely proves the existence of wormlike micelles at ordinary pH and vesicles at 

high pH value. 

In the fifth chapter [Chapter V: Studies on Vesicular Aggregates of 

Dimethyldioctadecylammonium Bromide (DDOAB): Influence of cosurfactant 

and Hydroxyaromatic Dopants] the effect of cosurfactants and hydroxyaromatic 

dopants on vesicular dispersion of aqueous dimethyldioctadecylammonium 
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bromide (DDOAB) have been investigated. In aqueous solution the amphiphile 

DDOAB forms vesicles which have close relationship with biologically important 

structures formed by phospholipids. At low temperatures the di-alkyl chains pack 

in an ordered fashion but with increase in temperature the vesicle is found to 

undergo a gel-to-liquid crystalline phase transition at a temperature Tm, 

characteristic of the system. Addition of solutes viz., single chain surfactants or 

hydroxyaromatic compounds viz., 1- and 2-naphthols and dihydroxyaromatic 

compounds viz., 2,3-dihydroxynaphthalene and 2,7-dihydroxynaphthalene to 

aqueous dispersion of DDOAB changed the phase transition temperature as well 

as other parameters characteristic of the vesicle. 

The chapter comprise mainly of three parts. In section 5.4 of this chapter the 

interactions of micelle forming nonionic surfactant, Polyoxyethylene Sorbitan 

Monolaurate (Tween 20), with spontaneously formed vesicles of DDOAB have 

been investigated by Differential Scanning Calorimetry (DSC), Turbidity, Dynamic 

Light Scattering (DLS) and Fluorescence Anisotropy measurements. The DSC 

thermogram of pure aqueous DDOAB dispersion showed two endothermic peaks 

at 36 °C and 45.2°C. The peak at 45.2°C has been identified as the main gel-to-liquid 

crystalline phase transition temperature and the one at 36°C has been assigned to 

the melting of the patches perturbed by the vesicle-vesicle 

interaction/ aggregation. Addition of small fraction of Tween 20 (0.1 molar ratio) in 

aqueous DDOAB replaces the two extrema at 36°C and 45.2°C with a single 

transition peak at 44.4 °C. Further increase in the above molar ratio leads to lower 

Tm and more broadening of the gel-to-liquid crystalline phase transition 

temperature peak was observed. The broadening of the transition peak indicates 

that a two-phase gel to liquid crystalline region is crossed with each phase making 

a contribution to the enthalpy change. This region most probably corresponds to 

the region where micelles and vesicles coexist. At still higher mole ratio the peak 

flattens and ultimately disappear at around Tween 20/DDOAB - 4, indicating 

complete solubilisation of DDOAB vesicle dispersion. 

Turbidity data reveals that the vesicle-to-micelle (V-M) transition takes 

place in three stages: at first, the vesicle bilayer is saturated with Tween 20; 

followed by mixed micelles formation and finally a complete solubilisation of the 
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vesicle. DLS measurements have shown that the increase in the turbidity of the 

solution was due to an increase in the mean size of the vesicle from ~324 to ~353 

nm as a result of incorporation of Tween 20 into the bilayer. To explore the 

changes induced by Tween 20 on the rigidity of the molecular environment of the 

vesicle bilayer, fluorescence anisotropy of DPH molecule in DDOAB dispersion 

were also studied. The fluorescence anisotropy values of the probe molecule for 

the lowest Tween 20/DDOAB molar ratio of 0.02 is much higher (~0.218), as 

expected for lipids in a more ordered gel state below the Tm. The value remains 

almost steady upto molar ratio of 0.20, showing the restricted movement of the 

bulky DPH probe within the solid-like chain environment of the vesicle bilayer. 

However, once the disruption of the DDOAB bilayer is initiated, the anisotropy is 

lowered significantly until complete solubilisation by Tween-20 takes place. Once 

the solubilisation is completed at Tween 20/DDOAB molar ratio of 2.15, no further 

structural change occurs and hence no change in the fluorescence anisotropy of the 

probe molecule is brought about. The values of saturation and solubilisation molar 

ratios obtained from fluorescence measurements were lower than those from DSC 

and turbidity experiments. This may be due to the combined hydrophobic effect of 

the bulky DPH and the nonionic Tween 20, that facilitates the early saturation and 

solubilisation of the DDOAB vesicles. The general series of events that follow 

upon mixing increasing amount of Tween 20 to the DDOAB vesicle is the same as 

that proposed by Lichtenberg for other lipid/ surfactant systems. For example, the 

bilayer saturation followed by mixed micelle formation and finally complete 

solubilisation are the three stages involved in the complete vesicle to micelle 

transition. 

In section 5.5 of the chapter, the effect of alkyltrimethylammonium 

bromides (viz; TTAB, CTAB and OTAB) on the thermal stability of DDOAB vesicle 

solutions have been investigated by DSC measurements on solutions containing 

fixed concentrations of DDOAB (5.0 mM) to which had been added varying 

concentrations of the additives. The results show that the gel-to-liquid crystalline 

phase transition temperature of aqueous DDOAB dispersion is dependent on the 

hydrocarbon chain length of the added surfactant. TTAB and CTAB, having chain 

length shorter than that of the lipid bilayer, decrease the Tm at all the 
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concentrations. On the other hand, OTAB having chain length similar to that of 

DDOAB, increased the thermal stability, thereby increasing the Tm. An important 

feature in the DSC thermogram of DDOAB I TTAB mixture was the presence of 

the peak at 36°C even upto a concentration of 1 mM. The retention of the pre

transition peak at 36°C was a clear indication that the gel-to-liquid crystalline 

phase transformation is not direct, but passes via the pre-transition. However, 

addition of CTAB and OTAB caused the disappearance of this peak showing 

evidence of direct transformation. Presence of TTAB and CTAB in excess of 1mM 

widened the main gel-to-liquid crystalline phase transition peak and in addition, 

new peaks appeared on the lower temperature side of the main peak showing 

evidence of more than one kind of domain within the vesicle. Some of the domains 

are rich in vesicle while some are rich in the added surfactant. Addition of OTAB 

even in very small concentration (0.5 mM) widened the peak. Though there were 

new peaks on the low temperature side of the main Tm, the main Tm is always 

more pronounced than the new peak. This indicates that the system is rich in 

DDOAB vesicles at all concentrations of OTAB. 

The effect of some alkylpyridinium quaternary compounds on the Tm of 

DDOAB vesicles is also carried out and results were compared with the 

alkyltrimethylammonium counterpart having similar chain length. The surfactants 

chosen were hexadecylpyridinium halides (Cl- and Br-; CPB and CPC) having 

equal tail length but with different head group geometry. The investigation 

highlights not only the effect of head group geometry, but also the counterion of 

the added surfactant on the gel-to-liquid crystalline phase transition temperature 

of the vesicle. The change in Tm induced by the addition of CPC and COB was 

small compared to CTAB in the measured concentration range, although the 

decreasing tendency of Tm is observable. This may be due to the greater ease of 

packing the planar pyridinium, compared to the tetrahedral trimethylammonium 

group into the vesicle. Moreover, CPC results in less perturbed vesicle structure 

and hence causes a smaller reduction in Tm compared to the addition of CPB. The 

ionic radii of Cl- and Br are 0.181 nm and 0.196 nm respectively. Therefore, the 

charge on the more hydrated Cl- is partially screened by the surrounding polar 

water molecules and these counterions are thus less effective in reducing the 
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charge repulsion among the head groups of the DDOAB vesicle. The Cl- rons, 

therefore, cannot approach the highly charged surface of the vesicle as closely as 

less hydrated Br- ions. Therefore, it can neither screen the charge at the surface of 

vesicles nor reduce the surface potential as effectively as Br- (less hydrated ions). 

The overall effect resulted in less perturbed vesicle structure for the CPC/DDOAB 

system compared to CPB/DDOAB. 

In the last section of the chapter, the influence of some selected 

hydroxyaromatic compounds viz; 1-naphthol, 2-naphthol, 2,3-

dihydroxynaphthalene and 2,7-dihydroxynaphthalene on the Tm of DDOAB is 

examined. 1-naphthol, 2-naphthol, 2,3-dihydroxynaphthalene has a disordering 

effect on the thermal stability of the vesicle. This effect results in dramatic decrease 

in the Tm. Interestingly the reduction in Tm is more than that caused by the 

addition of surfactants. However, the effect of 2,7-dihydroxynaphthalene on the 

Tm of DDOAB is interesting. The Tm first decreased upto 2,7-

dihydroxynaphthalene I DDOAB mole ratio of 1:1, and above this ratio there was 

an increase in the transition temperature. At higher molar ratios, the 2,7-

dihydroxynaphthalene probably forms dimers within the hydrophobic region as a 

result of hydrogen bond formation between the OH groups of the additive. This 

result is supported by Density Functional Theory (DFT) calculations. The effective 

length of the molecule is thus increased and under this condition the length of the 

additive nearly matches the lengths of the vesicle forming surfactant chain and 

causes the Tm to increase. 
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Addendum and Corrigendum 
for the Thesis entitled: 

Physico-C hemical tudies on Selected Amphiphiles a nd T heir Aggregation 
Behaviour in Different Media 

1. Reference related to Figure 1.3 
I raelachvili, J. . In Intermolecular and urfacc Forces, Academic Press, London. 

1994 
Reference re lated to Table 1.1 

lsraelachvili. J. N.; Mitchel. D.J.; Ninham, B. W. J. Chem. Soc., Faraday Trans. 2 72. 
1525, 1976. 

2. The numerical va lues of p in Table 3.1 were derived from the slope of the lines in 
Figure 3.5. 

3. The word 'figure· . throughout the tex t, should be read a ·Figure·. 

4. ln section 3.3.2, the Corrin-Harkins equation as referred to. is usually meant for 
salt wi th a common ion, but recent studies have shown that such plots are also 
applicable to other electrolytes (Behera. K. : Pandey. S. J. Colloid fnlefjace Sci. 
316, 803-814.2007. 

5. The proposition in Figure 4.44 could not be j ustified by means of measured values 
of r because the probe molecules are undergoing interaction with the mice llar 
aggregates and not with that of water surface. 

6. The wa elcngth at which the absorption intensities of the probe molecules were 
mea ured fo r calculating the binding constant va lues wi th the surfactants are 
ummarized belov : 

1- aphthol 
2-Naphthol 
2.3-Dihydroxynaphthalene 
2, 7-Dihydroxynaphthalene 

32 1.2 nm 
327.3 nm 
323.9 nm 
325.7 nm 
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