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CHAPTER I 

Introduction and review of previous works 

Surfactants self-assembly in solution: a brief description 

I.1. Amphiphile molecule 

Surfactants or surface active agents are a class of molecules that reduce the surface 

tension of water or other solvent via adsorption of molecules at the air-water/solvent 

interface. These are normally amphiphilic molecules with a long nonpolar 

hydrocarbon tail and a polar head group (Fig 1). These molecules are found to be 

comfortable in those situations when each part of the surfactant molecules are placed 

in an appropriate environment which is possible at the interface between two media. 

The head group may be cationic, anionic or non-ionic in nature and in some cases the 

head group contains both cationic and anionic centers. Thus according to the nature of 

charge present in the polar head, surfactants are classified into four different 

categories, viz., cationic, anionic, non-ionic and zwitterionic surfactants. Surfactants 

can also have two hydrocarbon chains attached to the polar head group. These are 

termed as double tailed surfactants. Surfactants containing two hydrophilic and two 

hydrophobic groups are called as “gemini” surfactants. These surfactants can be 

thought of “twin” surfactants as being made up of two typical surfactant molecules 

chemically linked at or near the head group. Amphiphilic molecules can also have two 

head groups (both cationic, both anionic or one cationic and another anionic) joined 

by a hydrophobic spacer [1]. These types of molecules are commonly known as 

“bola-amphiphile” or “bola-forms”. Surface activity of surfactant molecules depends 

on the nature of both hydrocarbon tail and polar head groups. Surfactant molecules 

with long hydrocarbon chains are found to be more surface active than the short 

hydrocarbon chains [2]. It is observed that amphiphiles with fluorocarbon chain are 

more surface active than those with hydrocarbon chain. This is because the 

fluorocarbon chain is more hydrophobic than hydrocarbon chain [3]. 
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Figure 1. Structure of different types of surfactants. 

Surfactant molecules undergo self aggregation or self assembly formation by 

spontaneous process of organization and form stable aggregates. Self assembly is well 

recognized in biological systems, such as, lipid bilayers, DNA duplex, tertiary and 

quaternary structure of proteins. The process of spontaneous aggregation formation of 

single molecules to a larger structure in a certain order is also important phenomenon 

in day-to-day life as well as in science and technology. As we all know about the 

example of aggregation formation of micelles by detergent molecules. Another most 

important example of aggregation is the formation of lipid bilayer membrane by 

phospholipids and it is very much essential for life. It has inspired chemists and 

physicists to study and mimic this and other types of aggregates [4]. Molecules are 

self-assembled at the borderline of solubility. In solubility polarity is an important 

property and it is governed by the rule “like dissolves like” [5]. That is why polar 

compounds are found to dissolve in polar solvent, i.e., salt in water; and apolar 

(hydrophobic) compounds are soluble in apolar solvent, i.e., vitamin E in oil. 

Furthermore, polar compounds are insoluble in apolar solvents or vice-e-versa (Fig 2). 
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Figure 2. Recognized self-assembly in biological systems. 

I.2. Water as a medium of surfactant aggregation 

Water is a liquid having high cohesive energy due to the formation of three 

dimensional network by hydrogen bonding (H-bonding) and van der Waals’ 

interactions. This induces that the amount of work required for expanding the air 

water interface is characterized by the surface tension. For pure water it is quite high 

i.e.,72.6 mN.m-1 at 300C temperature. Surfactants form different types of aggregates 

in water. The best known example is the micelle. Micelles are spontaneously formed 

in dynamic systems with a lifetime in the order of milliseconds. The monomers are 

continuously exchanged with the surrounding medium with a residence time in the 

micelle in the order of microseconds [4]. The polar head groups of the surfactant 

molecules are located on the outside of the micelles, where they are in contact with 

surrounding water molecules. The long alkyl chains are located inside the micelles 

and they are shielded from the polar environment. The driving force of spontaneous 
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micellization is the hydrophobic effect while hydrophobic hydration and hydrophobic 

interactions also play important role [6]. When the surfactant molecules are present as 

monomers in solutions, the hydrophobic tails are hydrated. This involves increased 

hydrogen bond interactions and loss of degree of freedom of the hydrated molecules 

as compared to that of the bulk water (Fig 3). Upon micellization, there is van der 

Waals interaction between the hydrophobic tails, which causes a considerable 

decrease in the hydrophobic hydration. This consequent breaking of hydrogen bonds 

results in an unfavorable enthalpy effect, which is compensated by the large entropy 

gain in the whole process, due to increase in degree of freedom of water molecules. 

The favorable entropy effect also compensates for two micellar effects, the entropy 

loss for the tails themselves and the enthalpy increase due to head group repulsion, 

especially in case of ionic surfactants. However, the binding of counterions relieves 

this repulsion by decreasing the overall surface charge. 

 

 

Figure 3. Representation of interaction between water and surfactant. 
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I.3. Shape and structure of molecular aggregates: the packing parameter 

Self-organizing of amphiphiles in solution is spontaneous and thermodynamically 

driven and it depends on the molecular structure. For complete understanding, free 

energy minimization arguments of surfactant self assembly should be considered. As 

a result of the opposing forces of solvophobicity (driving the aggregate to infinite 

size) and solvophilicity (driving the system to molecular dispersity) the assembly of 

amphiphiles takes on a preferred size and shape corresponding to the lowest energy 

state of the molecules. Shapes of the spontaneously formed association colloids can 

be predicted with considerable certainty using three nominal geometric parameters of 

the surfactant molecules: (i) the surface area of the head group when the amphiphile 

molecules are packed so as to maximize the attractive forces and minimize the 

repulsive forces is defined as the optimal head group area, ‘a0’, (ii) the volume of the 

hydrocarbon tail, ‘v’, which is assume to be fluid and incompressible, and (iii) the 

critical chain length, ‘lc’, which is the maximum effective length the chain can 

assume. Israelachvili defined a critical packing parameter or shape factor, P (P = v/lc 

a0) that can be used to predict which structures the amphiphile will assemble to form 

(Fig 4) [6,7,8].  

 

 

 

 

 

 

 

 

 

 

Figure 4. 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/aolc. 
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This model predicts the formation of spherical micelle at P<1/3, a cylindrical micelle 

at 1/3<P<1/2, a vesicle or flexible bilayer at 1/2<P<1 and inverted micelles at P>1. 

Thus the parameter, P is a measure of local curvature; large values of P correspond to 

large (or inverted) aggregates, while small values of P corresponds to the highly 

curved micellar structures [9]. The influence of geometrical parameters of surfactants 

on the shapes of the associates is presented in the following figure (Fig 5).  

 

Figure 5.  Schematic representation of surfactant structures and shapes derived from 

various packing parameters. 

By considering the geometry of the solvophobic or hydrophobic portion of the 

surfactant molecules, i.e., the hydrocarbon tail of the surfactant molecules, size and 

shape of the assembly can easily be predicted. For example, simple single chained 
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surfactants such as cetyltrimethylammonium bromide (CTAB) and sodiumdodecyl 

sulphate (SDS) form micelles in dilute aqueous solutions and have P<1/2. However, 

when a second chain is joined to the surfactant head, then the volume (v) of the 

hydrophobic portion is twice and the value of P ranges between 1/2 and 1. Similarly, 

the double chained cationic surfactant didodecyldimethylammonium bromide 

(D12DAB) forms vesicles as well as bilayer microstructures. On the other hand, 

sodium bis-(2-ethyl-1-hexyl) sulfosuccinate commonly known as Aerosol-OT or 

AOT, a double chained anionic surfactant, forms inverted micelles type of 

morphology, since its packing parameter (P) is found to be greater than 1 [10]. 

I.4. Thermodynamic effect: Solvophobic effect on surfactant aggregation 

The solvophobic effect on surfactant aggregation can be better understood by 

considering the thermodynamic parameters. When the Gibbs free energy (ΔG) values 

are negative, aggregation is favourable. It is driven by negative enthalpy change (ΔH) 

of the process indicating favourable aggregation. The negative entropy change (ΔS) is 

due to unfavourable ordering of hydrocarbon tails and head groups into the micellar 

interior and unto the micellar surface respectively. Since, hydrocarbon-hydrocarbon 

interaction are weak, the favourable enthalpy change must originate from the 

restoration of the strong solvent-solvent interactions that occur when the hydrocarbon 

tails are transferred out of the solvent and into the micelle. In other words, it may be 

said that these interactions squeeze the amphiphile out of the solvent and into the 

micelle. With increase in strength of these solvent-solvent interactions, the 

cohesiveness increases, thereby decreasing the solubility of non-polar solutes and 

driving the solvophobic effect. In case of water, the role of enthalpy and entropy, 

however, appears to be reserved. That is aggregation at room temperature seems to be 

entropically rather than enthalpically driven [7,8,9].  

I.5. Different types of aggregates of surfactants 

I.5.1 Micelle  

The most extensively studied self-assembled structure of molecular aggregates of 

surfactant is the micelle. Micelles are formed by ionic amphiphile molecules in 

aqueous solution by the dynamic associations of surfactant molecules achieved by the 

segregation of hydrophobic portions from the solvent. Micelles are mostly spherical in 
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nature above the critical micellization concentration (cmc) in water or other organic 

solvents [1,2]. Micellar aggregates are short lived dynamic species, which rapidly 

disassemble and reassemble [11]. Hence, it is possible to determine the average shape 

and average aggregation number of the micelles. In micellization, two opposing 

forces are at work. The first is the hydrophobicity of the hydrocarbon tail which 

favors the formation of micelles and second is the repulsion between the surfactant 

head groups. In micelles formed by ionic surfactants, the hydrophobic driving force is 

large enough to overcome the electrostatic repulsion arising from the surfactant head 

groups.  

 

 

 

 

 

 

 

 

 

Figure 6. Schematic representation of a spherical micelle in aqueous solution. 

Fig 6 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 towards bulk water, hence allowing the solubility/stability of the 

aggregates (no phase separation). Micelles are disorganized assemblies whose interior 

consist of mobile, non-stretched hydrophobic chains [12]. It may be noted in addition 

that water molecules can penetrate partially into the micelle core to interact with the 

surfactant hydrophobic tails [13]. There are large number of articles on micelles, 

micelle structures and thermodynamics of micelle formation. A huge number of 

experimental and theoretical work are done in order to understand the aggregation of 

surface active molecules [14,15,16].  
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Micelles are generally formed by cationic, anionic, zwitterionic as well as nonionic 

surfactants having short alkyl chains. The environment of micelles varies in a regular 

manner as function of distance from the centre of the micelle, going from a relatively 

dense aliphatic medium near the centre to a relatively diffused region known as either 

Stern layer in ionic micelles, or as palisade layer in neutral micelles [17,18,19], where 

the head groups, bound counterions and solvent molecules co-exist. 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 non-polar, but less fluid than hydrocarbon solvents of equivalent 

chain length [20]. On the other hand, the polarity of the Stern layer is equal to that of 

alcohols [21] (Fig 7). 

 

Figure 7. Representative Stern layer and Gouy-Chapman layer in cationic and anionic 

micelles.   

Miscellaneous work has been done on interpret the various factors that determine the 

cmc at which micelle formation becomes significant, especially in aqueous media. An 

extensive compilation of the cmc’s of surfactants in aqueous media has been 

published [22]. Among them the factors that are known to affect the cmc in aqueous 

solution are (i) the structure of the surfactant, (ii) the presence of added 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 possess higher cmc values 

compared to nonionic surfactants. The cmc in aqueous media decreases with the 
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increase of the hydrophobic character of the surfactant [23]. It has been visualised that 

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

hydrocarbon tail. Where as in case of non-ionic surfactant this decrease of cmc is one 

third of its original value by the addition of one methylene group [24]. For 

zwitterionics, the cmc value is decreased to one fifth of its previous value. 

The cmc’s of the various homologues of surfactants with a linear alkyl chain follow 

the equation: 

log cmc = A – Bn, Where, n is the alkyl chain and A and B are constants. 

 

Figure 8. Variation of critical micelle concentration with hydrocarbon chain length for 

(A) sodium alkyl sulphate and alkyl trimethylammonium bromide (B) Hexaoxy ethylene 

monoalkyl ethers.  

Where A and B are constants for a homologous series. Branching of a hydrocarbon 

chain causes an increase in cmc value of surfactants [25]. The decrease in free energy 

arises from the aggregation of branch chain molecules, is found to be less than that of 

obtained with linear molecules with the same number of carbon atoms. It is seen that 

for a given alkyl chain, cmc’s increase in the order nonionic (Polyoxyethylene glycol 

monoethers)< Zwitterionic< ionic (Cationic or anionic) [26].  

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 
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hydrocarbon chain the cmc value is higher than that of the corresponding saturated 

compound. On adding of a polar group such as O or OH into the hydrophobic chain 

generally causes a significant increase in the cmc value in aqueous medium at room 

temperature. However, replacement of hydrocarbon chain by a fluorocarbon chain of 

same length causes a decrease in cmc value. For n-alkyl ionic surfactants, the cmc 

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

been found that in quaternary cationics, pyridinium compounds have smaller cmcs 

than the corresponding trimethylammonium compounds.  

Counterion. The degree of counterion binding, β (=1-α), has also an effect on the cmc 

value of ionic surfactants. The larger the hydrated radius of the counterion (NH
4

+ 

> K
+ 

> Na
+ 

> Li
+ 

and I
- 

>Br
- 

> Cl
-

), the weaker the degree of binding, and hence larger the 

cmc. Thus in aqueous medium, for anionic lauryl sulfates, the cmc increases in the 

order Ca
2+ 

< N(C
2
H

5
)
4

+ 

< N(CH
3
)
4

+ 

< NH
4

+

< Cs
+ 

< K
+ 

< Na
+ 

< Li
+

. On the other hand, 

for cationic dodecyltrimethylammonium and dodecylpyridinium salts, the order of 

decreasing in aqueous medium is I
- 

< Br
- 

< Cl
- 

<F
-

.  

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

in the cmc and this effect being more pronounced for anionic and cationic than for 

zwitterionic surfactants and more pronounced for zwitterionic than for nonionics. This 

is a consequence of decreased electrostatic repulsion between ionic headgroups in the 

micelle. The change in cmc 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 cmc 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 cmc. 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 
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increase cmc at relatively higher concentrations by modifying the interaction of water 

with surfactant molecules.  

Temperature. The effect of temperature on the cmc of surfactants in aqueous medium 

is complex, the value appearing first to decrease with temperature to a minimum and 

then to increase with further increase in temperature. Increase in temperature causes 

decrease of hydration of the hydrophilic group, which favours micellization and also 

causes disruption of the structured water surrounding the hydrophobic group, which 

disfavours micellization. The relative magnitude of these two opposing effects, 

therefore, determines increase or decrease of cmc.  

Krafft temperature. Solubility of surfactants are found to increase after a certain 

temperature, this temperature is term as Krafft point or Krafft temperature. Below this 

temperature, the solubility of surfactant is too low for micellization. Above the Krafft 

point, a relatively large amount of surfactant can be dispersed in micelles and 

solubility increases greatly. Above the Krafft point, the maximum reduction of 

surface or interfacial tension occurs at the cmc, so cmc determines the monomer 

concentration. Non-ionic surfactants do not have Krafft temperature, their solubility 

decreases with increasing temperature and they begin to lose their surface active 

properties above a transition temperature, termed as cloud point. So that, for ionic 

surfactant krafft temperature is that temperature at which micelles are formed. It 

depends on hydrophobic groups and ionic composition of surfactant [23,24]. In the 

investigation of critical micelle concentrations of cetyltrimethylammonium bromide 

(CTAB) and sodium dodecyl sulfate (SDS) at 600C in formamide, higher cmc values 

of the surfactants are obtained in formamide than in water, and the corresponding 

Krafft temperatures for these surfactants are also higher in formamide compared to 

that in water. These results can be explained by the structure of formamide, by 

considering formamide as a low-melting anhydrous fused salt [25]. 
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Figure 9. Representation of Krafft temperature. 

I.5.2 Cylindrical micelles 

Considering the value of packing parameter, surfactants of longer alkyl chains are 

expected to form rodlike micelles. For a homogeneous series of surfactants, the 

sphere-to-rod like transition may occur when the chain length is increased. These 

micelles are formed from growth of spherical and disk-like micelles at concentrations 

much higher than the cmc of the surfactants. This may be manifested by the increase 

in solution viscosity. The growth of the micelles can also be induced either by 

increasing the concentration of the counterion or by increasing the hydrophobicity of 

the counterion. The cationic surfactant, cetyltrimethylammonium tosylate (CTAT) has 

a hydrophobic counterion that binds strongly to the micelle, and thereby forms 

wormlike micelles [26]. Thus inorganic or organic salts are being used as additives to 

facilitate the transition of micelles in ionic surfactant solutions [27-30]. Inorganic 

counterions promote the micellar growth by reducing the electrostatic repulsion in 

case of ionic micelles. The growth of cationic surfactant such as CTAB micelles has 

been extensively studied in the presence of salts like KBr [31], sodium salicylate 

[32,33], chlorobenzoates [34] and benzyl sulfonates [35]. The increased salt 

concentration caused the microstructure to change from globular to wormlike micelles 

[36,37]. Addition of anionic surfactant, viz., sodium dodecyl benzene sulfonate 

(SDBS) to solutions of cationic surfactants has been found to generate wormlike 

micelles [38]. Wormlike micelles are long, flexible, cylindrical chains with contour 

length of the order of a few micrometers. Kaler and co-workers have reported a 
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million fold increase in viscosity for mixtures of alkyltrimethylammonium bromide 

surfactants and sodium oleate relative to the single component solution [39]. 

Wormlike micelles resemble polymers except that micelles are in thermal equilibrium 

with their monomers. The average micellar length is a thermodynamic quantity, and it 

responds to changes in solution composition and temperature. Normally, when a 

solution of wormlike micelle is heated, the micellar length decays exponentially with 

temperature. This reduction in micellar lengths leads to an exponential decrease in 

viscosity of the solution (Fig 10). 

 

Figure 10. Cylindrical micelle. 

I.5.3 Vesicles 

The spontaneously formed closed bilayer structure of surfactants in water are referred 

to as liposomes or vesicles [40,41]. These are constructed by alternating layers of 

lipid or surfactant bilayers spaced by aqueous layers or compartments arranged in 

approximately concentric circles (Fig 11). As a result, the vesicles have two distinct 

domains: the lipophilic outer membrane and the interior aqueous cavity. Vesicles are 

different from micelle in a way that micelles can solubilize amphiphiles and organic 

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

amphiphiles found in the lipid bilayer, inorganic compounds as well as amphiphiles 

found in the aqueous core. 

Vesicles are classified in terms of number of lamellae and size (Fig 11). 

Multimembrane [42,43] vesicles are divided into three groups: multilamellar vesicles 

(MLVs) also called also called as onion-shaped vesicles, oligolamellar vesicles 

(OLVs) and multivesicular vesicles (MVVs). OLVs are composed of several lamellae. 

Unilameller vesicles (ULVs) are usually divided into three groups in terms of size: 

small unilamellar vesicles (SUVs), large unilamellar vesicles (LUVs) and giant 

unilamellar vesicles (GUVs). Vesicles under 100 nm are LUVs. GUVs are those, 
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which have sizes greater than 10 μm [44,45]. The disadvantages of MLVs are their 

heterogeneous size distribution. The homogeneous size distribution is the great 

advantage of SUVs, but it having the disadvantage of low encapsulation efficiency. 

Where as in LUVs the encapsulation is very much high and macromolecules are being 

encapsulated. Vesicles have been found to form from synthetic surfactants containing 

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.  

 

 

 

Figure 11. Morphology of different vesicle structures. 

Vesicles formed by double tailed surfactants: Vesicles are normally formed by double 

tailed surfactants. Double chain amphiphiles with anionic head groups, such as 

sulfonate, phosphate and carboxylate form stable bilayer membrane when the alkyl 

chain contains more than 10 carbon atoms [46]. Mortara et al. reported vesicle 

formation from dihexadecyl phosphate [47]. Hoffman and co-workers have shown the 

formation of vesicles in diethylammonium perfluorooctanoate solution by small angle 

neutron scattering (SANS) studies [48]. In 1977, Kunitake et al. demonstrated that 

tetraalkylammonium salts with two long alkyl residues form vesicles similar to those 

of phospholipids [49]. They have further shown that synthetic surfactants, 

didodecyldimethylammonium bromide (D12DAB), can also form vesicles. In fact, this 

is the first example of a totally synthetic bilayer membrane [50]. Recently 

Bhattacharya and coworkers have synthesized double chain cationic surfactants that 

form vesicles in water. Another synthetic surfactant, dioctadecyldimethylammonium 

bromide (DDOAB), is reported to form vesicles in the presence of excess of water 

[51]. Dioctadecyldimethylammonium chloride and bromide (DODAC and DODAB) 

self-assembled spontaneously, above their gel-to-liquid crystalline phase transition 
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temperature, Tm (~480C and 450C respectively) at low concentration (e.g., 1.0 mM) 

form large unilamellar vesicles [52-54]. These vesicles have cylindrical shape with 

packing parameter close to 1 [55,56]. 

Vesicles formed by cationic mixtures: Now-a-days, researchers are attracted by the 

spontaneous formation of vesicles because of their simplicity of preparation and good 

dispersibility in water. Classical example of spontaneous formation of vesicles are 

“cationic” mixtures, also called “ion-pair-amphiphile”(IPA). In these cases, vesicles 

are simply formed by mixing cationic and anionic surfactants [57-61]. In fact, 

spontaneous vesicle formation by mixing of cationic and anionic surfactants also 

more economical. Cationic vesicles appeared as fascinating objects, and their 

synthesis, theoretical modeling, physicochemical characterization and trans-

membrane properties have been extensively investigated using different methods [62-

65]. The discovery of spontaneous formation of vesicles in mixtures of cationic and 

anionic surfactants is a particularly fascinating consequence of controlling and 

modulating interfacial curvature through interactions. These have been extensively 

investigated because of their possible applications in medicine, biology and pharmacy 

[66-73]. Characterization of the ability of cationic vesicles to encapsulate different 

types of probes is important factor for their application as carriers of molecules. 

Temperature is an important factor in the case of investigation of vesicular properties, 

emphasizing their stability and ability of incorporation and exemption of drugs. 

Investigation of the spontaneous vesicle formation has been described for many 

systems. Cationic mixtures with single chain surfactants are mostly investigated. 

Common examples of such mixtures are SDS/DTAB [74-77], CTAT/SDBS [78-89], 

CTAB/SOS [90-93] and DeAC/SdeS [94]. Preparation within the equimolar ratio of 

cationic and anionic surfactants is typical of such mixtures. However, in the excess of 

one surfactant, stable unilamellar vesicle formation occurs. The area of the vesicular 

phase in the phase diagram depends on cationic surfactant as well as anionic 

surfactant. In case of equimolar ratio of surfactants, the areas of the vesicular phase 

are appearing to be different or asymmetric due to the presence of different chain 

length of the surfactant molecules. In addition, precipitation was much stronger with 

increasing chain length [95]. In case of equal chain lengths but oppositely charged 

heads, precipitation appeared even much stronger compared to the phenomena 

appearing in case of a big difference in chain lengths. The exchange of Cl- with Br- 
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ions in the DTAB/SDBS mixture leads to the spreading of vesicular phase area [64]. 

These investigations indicate that counterion is an important factor in formation of the 

vesicular phase. 

Spontaneous vesicle formation of vesicles was observed in the mixture of double 

tailed didodecyldimethylammonium bromide (D12DAB) and single tailed SDS 

[75,96,97-102]. Kondo et al. published the phase diagram of that mixture; the sizes of 

aggregates are determined by dynamic light scattering (DLS) studies [104]. Besides, 

they investigated their ability of glucose entrapment. Different areas are found in the 

phase diagram, i.e., homogeneous solutions, liquid crystals, multiphases etc. Within 

the area of a great excess of SDS, spherical micelles are found. The vesicular phase 

are present within the area of excess of D12DAB. Spontaneous formation of vesicles 

was observed in the highly diluted area of surfactants (ω surfactant <0.001). Addition of 

D12DAB to the spherical micellar solution of SDS induces growth and transition of 

spherical to cylindrical micelles. Marques et al. investigated the DTAB/SDBS mixture 

using cryo-TEM, they determined the stability and sizes of vesicles. Vesicles in the 

aq. D12DAB/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 diameter, d = 40-50 nm and d = 500-

600 nm. Also intact vesicles, vesicles with ruptured membranes, small bilayer disks, 

and globular micelles are visualized by cryo-TEM [96,97,104]. 

Vesicle formation by single chain surfactants: Stable bilayer membranes are also 

being produce from single-chain amphiphiles. The conformations of these 

amphiphiles are associated with the incorporation into the aromatic moiety, such as 

biphenyl unit, azobenzene unit, diphenyl azomethine unit, etc [46,105]. Amphiphiles 

with a hyperextended alkyl chain [106] or a perfluorinated chain [107] or 

monoglycerides [108] can also form stable bilayer membranes. It is also seen that 

single-chain alkylamine oxides, and aldonamides also form vesicles in solution [109]. 

The simplest single-chain surfactants, which can form vesicles are the long chain 

alkyl carboxylates [110-115]. The strong hydrophobic attractions between the 

hydrocarbon tails, the driving force able to increase the packing parameter which 

results in formation of vesicles. Gebicki and Hicks reported the formation of 

spontaneous vesicles in mixtures of fully ionized and unionized oleic acid and linoleic 

acid at pH 8-9 [116]. Hargreaves and Deamer prepared liposomes from mixtures of 
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partially ionized fatty acids of alkyl chain length eight to eighteen above a certain 

temperature, Tm [117]. They also reported that liposomes formed spontaneously in 

mixtures of decanoate-decanol, dodecanoate-dodecanol, and oleic acidcholesterol in 

the pH range 10-12 [117]. Long-chain fatty acids (oleic and linoleic) are very much 

spontaneous in the formation of vesicles in aqueous solutions, which is pH dependent 

[116-118]. The vesicles are monodispersed in nature. Vesicle formation is a 

consequence of charged and uncharged surfactant molecules coexisting at certain pH 

values. The hydrogen bond caused the formation of dimers, which have the 

appropriate geometry structure to engender bilayer vesicles [119]. In recent times, 

much attention has been paid to pH-sensitive vesicles. 

I.5.4 Reverse Micelles and microemulsion 

When surfactant aggregate in non polar solvents, their polar or charged head groups 

are located at the interior, or core, while their hydrocarbon tails are extended together 

into the bulk solvent. These aggregates are termed as reverse micelles. Reverse 

micelles are now-a-days the subject of interest because of its applicability in (1) 

chemical (organic or inorganic), biological, electron transfer reactions, (2) water 

encased in these aggregates is thought to mimic water close to the bioligical 

membranes or proteins, (3) surfactant such as 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 non-polar 

medium [120]. The solvent pool is defined over a wide range of solvent and surfactant 

concentration by a single parameter, 

ωs=[H2O]/[surfactant] 

This confinement makes the polar solvent different in behavior from pure solution. 

Thus, studies of many interesting photophysical works, charge transfer, energy 

transfer, exciplex formation, etc. have been carried out in reverse micelles [121,122] 

(Fig 12). 
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Figure 12.  Schematic representation of a reverse micelle formed from a double tailed 

surfactant. 

The name of “microemulsion” was first introduced by Hoar and Schulman in 1943 

[123]. These are isotropic, thermodynamically stable dispersions of oil, water, 

surfactant and often cosurfactant (usually alcohols). Their thermodynamic stability is 

due to sufficiently low interfacial tension that compensates the dispersion entropy. 

The microemulsions have diverse structures: oil droplets dispersed in a water-rich 

phase (O/W), water droplets dispersed in an oil-rich phase (W/O), or bicontinuous 

phase. In all cases the oil and water components are located in domains that have a 

characteristic dimension on the order of 10 nm i.e., the solubilized  aqueous micellar 

systems and inverted micellar systems can be rationalized as O/W and W/O 

microemulsions respectively (Fig 13). However, these states refer to rather low 

amounts of the solubilized oil and water. In the case of inverted micellar or reverse 

micellar systems, both the water content and amount of surfactant are very less 

compared to that of the oil phase. With the increase of water content the size of 

reverse micelles increases finally forming W/O microemulsion droplet. Thus, a ‘true’ 

microemulsion represents a state where the amounts of water and hydrocarbon are 

each in the range 35 to 45 wt% and the rest is surfactant. The variety of structures and 

the ability of microemulsions to solubilize both polar and nonpolar compounds have 

generated huge interest in these systems [124,125].  
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Figure 13. Schematic representation of O/W and W/O microemulsions. 

In order to have a better understanding of their equilibrium and dynamic behavior, 

and stability, most studies on W/O microemulsions are mainly focused on correlating 

the changes of various properties of these systems as a function of ω (= 

[water]/[surfactant]), surfactant chain length and oil chain length [126-133]. 

Microemulsions stabilized by fluorinated surfactant systems have attracted a lot of 

academic interest and have been studied extensively [134]. Various experimental 

techniques such as conductivity [126,128,130-132], time-resolved fluorescence 

quenching (TRFQ) [126,128,130-132], NMR [133] and quasi-electric light scattering 

(QELS) [130,131] have been used to characterize the systems. The electrical 

conductivity was used to show the occurrence of percolation phenomenon. The TRFQ 

was used to determine the size of the water droplets as well as the rate at which these 

droplets can exchange materials by collisions with temporary and partial merging. 

The QELS and self-diffusion NMR studies were found to perform the intensity of 

interactions between the droplets and the water self-diffusion coefficiency, 

respectively. It is now well established that the microemulsion droplets undergo 

continual partial coalescence followed by reseparation on the time scale of 

millisecond to microsecond, depending on the system investigated. It is observed that 

the droplet size and interdroplet interactions increase as the surfactant chain length 

decreases [130]. Studies of water/n-alkane/Aerosol OT (AOT) microemulsion 

systems showed that the droplet size and interactions increase with the oil chain 

length. The role of cosurfactant in determining the stability and behavior of ternary 

W/O microemulsions has also been investigated [124,125]. It has been shown that the 

effect of cosurfactant (alcohol) on water solubility, droplet size, electrical 
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conductivity and the rate of exchange of material between droplets are quantitatively 

similar to the effect of the surfactant chain length.  

HLB of surfactants: The hydrophilic lipophilic balance (HLB) has been used as a 

guiding tool for the formulation of surfactants [135]. Ionic surfactant for e.g. SDS, 

having HLB value greater than 20, often require the presence of a cosurfactant to 

reduce the effective HLB to a value within the range required for microemulsion 

formation. Here it must be noted that, though microemulsion formation require certain 

careful conditions, and the HLB of the surfactant can only be used as a starting point 

of selection of the components that will form a microemulsion. Griffin proposed to 

calculate the HLB of a surfactant from its chemical structure and to match that 

number with the HLB of the oil phase [136]. The system employs certain empirical 

formulae to calculate the HLB number within a range of 0 to 20. Hydrophilic 

surfactants that possess high water solubility and generally act as good solubilizing 

agents, detergents and stabilizers for O/W emulsions lie at the higher end of the scale. 

Whereas, surfactants with low water solubility, as solubilizers of water in oils and are 

good W/O emulsion stabilizers at the lower end of the scale (Fig 14). The 

effectiveness of a given surfactant in stabilizing a particular emulsion system depends 

on the balance between the HLB value of the surfactant and the oil phase involved. 

Although, the HLB system proposed by Griffin has been useful in most of the useful 

in most of the general applications by guiding the chemist to a choice of surfactant 

most suited to individual needs, others have been suggested that HLB can be 

calculated based on polar and non-polar contributions [137,138]. In the past, Griffin 

proposed the semi-empirical scale, but his original method for determining HLB 

number is a long and laborious experimental procedure [139,140].  
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Figure 14. Schematic representation of hydrophilic lipophilic balance. 

I.6. Aggregation study towards the non-aqueous media 

Surfactant molecules aggregate in the solvent medium, especially in water, to form 

micelles, vesicles, lamelle, bilayer type of aggregates. The different properties of 

water such as high hydrogen bonding ability, high dielectric constant, high cohesive 

energy, surface tension, structural characteristics are the governing parameters for the 

formation of micelles in the afore mentioned medium [141-145]. Polar solvents 

having above mentioned properties are able to form micelles. However, in order to 

study micellization in non-aqueous medium water is gradually replaced by another 

polar solvent. Although, micelle formations in non-aqueous medium are much less 

studied subject compared to the formation of micelle in aqueous medium, 

nevertheless, few reports on micellization of surfactant in non-aqueous medium are 

available in literature [146,147], which explores the effect of non-aqueous polar 

solvent on the micellization in mixed solvent medium.   

Among the three different classes of liquid solvents such as molecular liquids, ionic 

liquids and atomic liquids solvents, the molecular liquid solvents other than water are 

generally known as non-aqueous solvents. Sometimes these non-aqueous solvents 

mixed with water or other non-aqueous solvents give mixture of solvents, termed as 

mixed solvents. 

For solvents the electrostatic interaction is an important parameter that influences the 

solute-solvent, solute-solute interaction, as well as dissolution and dissociation of 
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electrolytes. Solvents having high permittivity are called polar solvents and those 

having low permittivity are termed as non-polar solvents. It is found that the relative 

permittivity of N-methylformamide, and N-methyl acetamide are exceptionally high 

at 182 and 191, respectively therefore these are considered as highly polar solvents. 

This high polarity is due to the fact that the molecules of solvents mutually interact by 

H-bonding and are linearly arranged which causes the high permittivity. 

Polarity of solvent is assessed by dipole moment of solvent molecules. Solvents with 

high dipole moments e.g., μ ≥ 2.5 D are called dipolar solvents. While those with low 

dipole moments are called apolar or non-polar solvents. Solvents those having strong 

proton accepting ability usually has strong hydrogen bond accepting, electron pair 

donating and electron donating ability. However, solvents with a strong proton 

donating ability usually has strong hydrogen bond donating, electron pair accepting 

and electron accepting abilities. 

On the basis of the presence of hydrogen, solvents are being divided into the groups 

of protic and aprotic solvents. In the case of protic solvent, hydrogen atom is joined to 

an electronegative atom such as oxygen (O), nitrogen (N) and halogen (X). Where as 

in case of aprotic solvents, the hydrogen atom is not joined to an electronegative 

atom, rather this hydrogen atom is joined with the carbon atom. So that, for protic 

solvents the proton donating ability and H-bond formation ability is found to be very 

weak. Protic solvents having high permittivity (Ɛr ≥ 15 or 20) or large dipole moment 

(μ ≥ 2.5 D) are often called dipolar protic solvents.   

Solvophobic interaction is a descriptive parameter in determining the micellization of 

surfactants in the solvent medium other than water. There is nothing but hydrophobic 

interactions which causes micellization in aqueous medium. These interactions are 

important in maintaining the conformations of proteins and macromolecules. The 

changes in free energy are entropic in nature, and enthalpy changes are found to be 

unfavorable at low temperature, ΔH>0. It is believed that around the non polar parts 

of the surfactants which are present in contact with water there is an increased 

ordering of water molecules due to the formation of H-bond and due to the formation 

of hydrophobic bond the order is diminished, so that there is a positive entropy 

change. The formations of micelles in polar non-aqueous solvents are due to the 

solvophobic interaction and are similar in many respects, to the formation of micelles 

in aqueous medium. Although, the formation of micelle in non-aqueous medium is 
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not favored due to the low dielectric constant compared to that of water for a given 

surfactant system [148-151]. 

Micelle formed in the solvent medium is stabilized by its thermodynamic parameters. 

Formations of micelle include both the electrostatic and hydrophobic contributions to 

the overall Gibbs energy of the system. The limited solubility of hydrocarbon species 

in water can be attributed to the hydrophobic effect. The Gibbs energy, which is 

hydrophobic in nature, can be defined as the Gibbs energy for the transferring of 

hydrocarbon solute from the hydrocarbon solvent to water. In terms of entropic and 

enthalpic point of view, in the case of hydrophobic effect the entropy term is 

dominant, i.e., the transfer of hydrocarbon solute from the hydrocarbon solvent to 

water or other solvent medium, which is accompanied by an increase in Gibbs transfer 

energy. In the case of aqueous system, the decrease in entropy is thought to be the 

result of breakdown of normal H-bonded structure of water around the hydrocarbon 

chain. In order to minimize the large change in entropy, the clustering of solvent 

molecules take place, such clustering is enthalpically favorable but entropically 

unfavorable. The overall process has the tendency to bring the hydrocarbon molecules 

together, which is termed as hydropobic interaction [152,153].  

Below cmc negligible aggregation of the surfactants takes place, where as above the 

cmc extensive aggregates are formed. Literature shows that presence of excess 

monomers within the solution after cmc give rise to the formation of another 

aggregate, known as second cmc [154]. A second cmc appear in order to decrease the 

electrical repulsion among the micelles and to gain the positional ordering. Scientist 

Porte et al (1984) inferred that the second cmc appeared due to the transition of 

geometry from sphere to rod. 

Micelles monomer units are when introduced in the aqueous solution, the H-bonding 

network of water molecules are being disrupted. Micelles monomer units, when 

introduced in the aqueous solution, disrupt the H-bonding network of water 

molecules. The water molecules orient or arrange themselves around the surfactant 

entity to satisfy their H-bonds. Due to disruption of H-bonds in water, entropy in the 

bulk water phase decrease, which is an unfavorable phenomenon. Further addition of 

surfactant monomer to water drives the surfactant molecules to aggregate in water 

medium and form micelles. In this association, the entropy change is positive. So that, 

the formation of micelles is assisted or rather favored from thermodynamic point of 

view [155-157]. 
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From the above discussions on the various parameters on which the aggregation of 

surfactants are dependent, it is evident that properties of the solvent play vital role in 

determining the type of aggregation of surfactants. Thus based on the solvent 

properties water is gradually replaced by non-aqueous polar solvent, in which 

surfactants may self-assemble to form aggregates. A large number of aggregation 

studies are done where water is gradually exchanged with another polar solvent. A 

study of cmc of the surfactants Brij 30, Triton x-100 etc. in the solvents of benzene, 

carbontetrachloride, eyhylene glycol are done by spectroscopic technique [158,159]. 

Micellization of cetylpyridiium chloride (CPC), dodecylpyridinium bromide (DPB) 

and myristyltrimethylammonium bromide (MTAB) is the first report about the 

existence of micelles in pure polar organic solvent i.e., in pure ethylene glycol [160]. 

Study on the refractive indices of solutions of sodium oleate, sodium stearate, sodium 

palmitate, sodium deoxycholate, and cetyltrimethylammonium bromide measured in 

formamide, N-methylacetamide (NMA), N,N'-dimethylformamide (DMF), and N,N'-

dimethylacetamide (DMA) at 300C and different concentrations indicate that micelle 

formation takes place in formamide and NMA but not in DMF and DMA. The results 

point to the fact that above surfactants form charged micelles in strongly hydrogen-

bonded solvents of high dielectric constant, namely, formamide and NMA similar to 

that in water, but not in the solvents of medium dielectric constant and weak hydrogen 

bonding like DMF and DMA [161]. The SDS/formamide model system studied via 

surface tension measurements indicate its lower stability in micellar states in 

formamide solvent [25,162]. It has been also seen from NMR relaxation 

measurements on deuterated surfactant that small aggregates are present at 600C, but 

it grows moderately with increasing concentration of surfactant. The small angle 

neutron scattering (SANS) analysis shows that the micellar aggregates gradually grow 

from 9 to 17 monomers in the concentration interval studied (9.2-20.4 wt%). The 

progressive aggregation is interpreted in terms of multiple equilibrium of aggregation 

[162,166,167]. Evans and coworkers established that micellization in hydrazine 

satisfy the requirement of micelle formation and also implies that the specific 

properties of water are not the only requirement for aggregate formation 

[163,164,165]. Alkyltrimethylammonium surfactants are also still commonly used 

model systems in surface chemistry. Studies on hexadecyltrimethyl ammonium 

bromide (CTAB) in formamide, ethylene glycol and glycerol, respectively, suggested 

higher cmc as determined from surface tension, conductivity measurements, as well 
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as smaller aggregates, determined from lH NMR relaxation rate measurements [146]. 

In a study of the micellization of hexadecyltrimethylammonium surfactants with 

varying counterions (chloride, bromide, tosylate) in formamide, it is concluded that 

standard methods for determining cmc viz., surface tension, conductivity, density, 

calorimetric measurements, give similar values of the cmc. A smaller size of the 

micelles as well as a higher cmc in formamide as compared to water has also been 

established, for e.g., for cetylpyridinium chloride in formamide, using ultrasonic 

relaxation measurements [165,168-170]. SDS and CTAB both are showing higher 

Krafft temperature value in formamide than water, because of the low melting fused 

salt structure of formamide in the micellar system [25]. Another novel solvent used 

for studying micellization is molten acetamide, which has been used in studies of 

aggregation of anionic surfactants at moderately high temperature. From conductivity 

measurements, it is revealed that micellar aggregates are formed at very low 

surfactant concentrations [171,172]. These reports are in contrast to other literature, in 

which the cmc is at most comparable but generally much higher than the cmc in 

water. Studies have also been performed on mixtures of acetamide in water; the 

results show a decrease in cmc when adding acetamide in moderate concentrations 

(<10 Wt%) to water. This seems due to the incorporation of acetamide into the 

micelles [173]. In the consideration of solvophobic effect, solvent interaction, mutual 

head group interaction or counterion binding interaction the aggregation of 

alkyltrimethylammonium and alkylpyridinium bromides in ethylene glycol-water, 

diethylene glycol-water system have been investigated. Aggregation is further 

examined for cetylpyridinium chloride, as well as for tetradecyltrimethylammonium 

bromide in water/ethylene glycol mixtures. Increasing amount of ethylene glycol 

leads to an increase in the dissociation of counterions, which implies the higher value 

of cmc [174-179]. Akhter et.al. investigated the solvophobic effect of various solvents 

on micellization of surfactants, such as sodium caprylate, sodium laurate, sodium 

palmitate and sodium stearate mainly using n-alkanols and acetamide derivative type 

of solvents. In N,N-dimethyl acetamide, the cmc value of above mentioned 

surfactants are found to be high because of the ion-solvent interaction since the ability 

of nitrogen to participate in resonance with the carbonyl group is more likely in N,N-

dimethyl acetamide than N-methyl acetamide and acetamide. Also in the case of n-

alkanols it is seen that with the increase of methylene group in the alkanol chain 

except in ethanol on moving from methanol to n-pentanol the critical micellization 
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value are found to decrease. This decrease in cmc is due to the inter-micellar 

solubility of long chain alcohols which in turn changes the hydrophilic balance of the 

micelle during the inclusion of alcohol within it [180-182]. Micellization of some 

surface active metal complexes are also studied in some non-aqueous system 

[177,183]. In recent years micellization of surfactants are also studied in 1,4-dioxane, 

dimethylsulfoxide, acetonitrile and other non-aqueous solvents. Kabir-ud-din et. al. 

have shown that the variation of cmc of tetradecyldimethylammonium bromide in 

acetonitrile-water mixed solvent system changes with increased percentage of 

acetonitrile solvent and also micellization of gemini surfactant using 

dimethylsulfoxide solvent [153,184]. On the other hand the formation of ion-pair and 

triple ion are found in the study of aggregation of SDS in 1,4-dioxane-water and 

methanol-water mixed solvent system. This behavior is also found in the mixed 

solvent of tetrahydrofuran and formamide with water [185,186]. In the study of 

systems of nonionic surfactants in water mixed with ethylene glycol, sorbitol or 

glycerol, using SANS study, the size of the micelles are found to increase with 

addition of polar solvent. This has been interpreted in terms of decreasing hydration 

of the polar head group due to the interaction between water and the polar solvent, 

resulting in the decrease of the curvature of the aggregates. 
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