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Abstract 

Surfactants form aggregates, particularly in aqueous solutions, via hydrophobic and 

hydrophilic interactions occurring within the same molecule. These exotic molecules have 

generated a great deal of interests because of their various industrial applications. While the 

formation of micelles is the consequence of interplay between hydrophobic and hydrophilic 

parts of the surfactant molecules with water, it is mainly triggered to avoid loss of entropy due 

to the formation of ordered water cages around hydrophobic part disrupting the hydrogen 

bonds between water molecules. There are many factors which influence critical micelle 

concentration (erne), size, shape and the aggregation number of ionic micelles. Among these 

factors, the surfactant head group characteristics, including the counter ion interactions, is 

perhaps the least studied facet, yet one of the pivotal issues which control the shape and size of 

the micellar aggregate. Strong binding counter ions favorably influence aggregate formation 

and decrease the erne via effective charge screening of the head groups. The formation of an 

ionic micelle from monomeric ions results in a balance between hydrophobic interactions 

between the hydrophobic part of the micelle-forming ions, electrostatic interactions between 

their hydrophilic charged parts, as well as with and between the counterions. 

Sodiumdodecylbenzene sulfonate (SDBS) is a well known anionic surfactant widely 

used in the industry for manufacturing detergents, emulsions, degreaser and deinking agents 

and also for assisting dying processes in textile factories. Therefore, this work is concerned with 

dodecylbenzene sulfonate micelles with a view to investigate the effect of a series of alkali metal 

counterions, such as Li+, Na+, K+ and NH4+ on the micellization of DBS. It may be mentioned 

that the erne and other thermodynamic parameters of DBS having different counterions have 

not yet been reported in the literature. Therefore, the present aim is to determine the erne of DBS 

with different counterions within the temperature range of 10°C to 40°C and to determine the 

relevant thermodynamic parameters of micellization, such as flG~, flHJiv flS~ and flmC~ along 

with maximum surface excess concentration (r max), and the minimum area per molecule (A min) 

at the surface as a function of hydrated counterion size. Symmetrical tetraalkyl ammonium 

counter ions with varying alkyl chain length demand special attention because one can study 

two opposing effects in this series of ions viz., the effect of progressively enhanced 

hydrophobicity and the effect of increasing dimension of the ions. Counter ion specific 



interactions (hydrophobic or hydrophilic) along with change in hydration energy are also very 

important and this has been discussed in a number of recent reports. 

To undertake an in-depth study of the effect of size of the counter ion vis-a-vis its 

hydrophobicity on the aggregation behaviour of sodiumdodecylbenzene sulfonate, the set of 

symmetrical tetraalkyl ammonium counter ions with progressively larger groups may be an 

excellent model which one strives to investigate. This prompted us to synthesize 

dodecylbenzene sulfonates with tetramethyl, tetraethyl, tetrapropyl and tetrabutyl ammonium 

counter ions to study their aggregation properties along with the ammonium counter ion. 

This thesis contains six chapters. In the first chapter, a general introduction has been 

given. The second chapter contains the scope and object of the thesis. The third chapter of the 

thesis presents the result of the effect of alkali metal and organic counterions on the aggregation 

behaviour of dodecyl benzene sulfonate surfactant. The fourth chapter presents aggregation 

behaviour of all the surfactants containing alkali metal counter ions and organic counter ions in 

presence of symmetrical bromide salts and also in presence of an organic additives viz., 

ethylene glycol. In the fifth chapter, aggregation number has been determined for all the 

surfactants and dye-surfactant interaction has been studied with an oxazine dye by 

spectroscopic method. And in the last chapter, effect of cetyltrimethylammonium bromide on 

the aggregation behaviour of sodium dodecyl benzene sulfonate is presented, since compared 

to single surfactant, the mixed surfactant exhibits superior interfacial properties such as higher 

surface activity and lower critical micelle concentration (erne). 

The lithium, potassium and ammonium salts of dodecylbenzene sulfonic acid have been 

prepared from the pure sodium salt by applying ion-exchange technique. The critical 

micellization concentrations (cmc) of the surfactants with four different counterions have been 

determined in a temperature range 10°C to 40°C using surface tension as well as electrical 

conductivity measurements. 

Different tetraalkylammonium viz., N+(CH3}4, N+(C2Hs)4, N+(C3H7)4, N+(C4H9)4 along 

with simple ammonium salts of dodecylbenzene sulfonic acid were prepared by ion-exchange 

technique. The cmcs' of dodecylbenzene sulfonate salts with varied counterions were 

determined by electrical conductivity and surface tension measurements within the 
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temperature range 283 - 313 K Counterion ionization constant, a, the surface parameters f."nax 

and Amin and also the thermodynamic parameters of micellization process viz., llG:it, llHi:r and 

llS:it in aqueous solution have been determined by using pseudo-phase model. The order of erne 

in aqueous solution is found to be NH4+ > N+(CTh)4 > N+(C2Hs)4 > N+(C3H7)4 > N+(C4H9)4 at any 

given temperature. On the other hand, aggregation number increases with alkyl chain length 

first due to increasing hydrophobic interactions and then decreases as a function of counterion 

size passing through a maximum for N+(C2Hs)4. Spontaneity of micellization in aqueous 

solution is supported by large negative llG:it as well as the positive entropy change for the 

micellization process for all the above counterions. At a given temperature, ilG:h_ for surfactant 

with different counterions followed the order N+(CH3)4 > NH4+ > N+(C2H5)4 > N+(C3H7)4 > 

N+(CH9}4. Electrostatic interaction along with effective charge screening and hydrophobicity of 

the surfactant head group together may give an explanation for the observed variation 

aggregation behaviour and the energetics as a function of the nahue of counterion. 

To study dye-surfactant interaction as influenced by counter ion characteristics, we have 

taken an oxazine . dye (Cresyl fast violet) with dodecylbenzene sulfonate with varying 

counterions. Due to the dye-surfactant interactions, the changes in spectral characteristics are 

observed. At concentration below the normal erne, surfactants and dyes may interact to form a 

mixed micelle of the two species, lowering the resultant erne. Above the erne, a change in the 

molecular environment of the dye due to incorporation into the micelle interior is observed. The 

fluorescence spectra of all the surfactant show similar behaviour with the change of surfactant 

concentrations. The order of the ion pair formation or duster formation for alkali metal counter 

ions is as follows: Li+ > K + > Na+ and for tetraalkyl ammonium counter ion along with 

ammonium ion is as follows: NHt+ > (CiH9)4N+ > (C3H7)4N+ > (C2Hs)4N+ > (CHJ)4N+. The trend 

can be explained as the consequences of the increased charged screening and higher counter ion 

binding capacity via stronger hydrophobic interactions with the micelles. Anisotropy 

measurement was done with the same surfactants. The value of the erne derived from 

polarization value is in good agreement with the value determined by surface tension and 

conductometically for each of the surfactant. In the present experiment, time resolved 

fluorescence studies were carried out to determine the emission decay parameters of all the 

surfactants with different surfactant concentrations. The concentration of the dye used was 5 x 

10-6 (M). The lifetime values did not change significantly or in a regular manner with the change 
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in surfactant concentration suggesting single exponential fluorescence decay curve for all the 

surfactants. 

Mixtures of cationic and anionic surfactants show not only synergistic effect of the 

aggregation properties but also triggered micellar growth in one dimension to form long worm

like micelles. In the first part, the synergistic effect of the mixing of cetyltrimethylammonium 

bromide (CT AB, a cationic surfactant) with SDBS (an anionic surfactant) is studied under 

Newtonian flow regime. In the second part, the formation of viscoelastic worm-like micelles is 

examined and the rheological behavior of the system is investigated under non Newtonian flow 

regime. Here the erne's were determined for the mixed surfactant systems of various mole ratios 

at a particular temperature. The results indicate that the added cationic surfactant (CT AB in this 

experiment) is assisting in the micelle formation of the anionic surfactants. 

The reason for the non-ideal behaviour among surfactant molecules upon mixing are 

then various types of molecular interactions. The purely energetic effects usually are much 

smaller for surfactants mixtures like CTAB and SDBS which explains comparatively lower 

interactions parameter. When the concentrations of the individual component of the mixtures 

are increased (e.g., CTAB = 100 mM and SDBS = 20 mM), a viscoelastic gel is formed and the 

flow becomes non-Newtonian in nature. The observed viscoelasticity is related to worm-like 

micdle (WLM) formation. No cross over point is displayed beyond the temperature range of 

303 K- 313 K, except at 281 K 

The plots for the present system fit to a good extent to a simple Maxwell model 

particularly at 303 K. The large deviation from Cole - Cole plot with high angular viscosity is 

indicative that of a less structured system with poor viscoelastic behaviour. From the zero-shear 

viscosity of the surfactant mixtures, it is clear that with increase in temperature, 11o increases 

indicating an increase in the curvature energy for surfactant aggregates which leads to an 

increase in micellar length and the formation of wormlike micelles. In summary, all these 

results support a fascinating and complex rheology to exist in the present system is a structural 

evolution from a spherical micelle to a worm like micelle. Finally, the shift in cross over 

freequency w to higher values indicate that the relaxation time 1: decreases with temperature. 
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Chapter I 

Surfactant aggregation in solution 

1.1. General introduction 

The "Surface Chemistry" is the branch of chemistry deals with the nature of 

the surfaces and also changes occurring on the surfaces of substances which may 

liquid, gas or solid. The study of surface chemistry is not applicable for only academic 

interest but also for various technical applications of industry our daily 

including different biological fields. In surface chemistry, we are concerned with the 

term "Surfactants" which comes from the common contraction of the term "Sul'face

active-£!gents". As the name suggest, they are the versatile chemical substances that 

modify the surfaces or interfaces of the systems in which they are contained. 

Surfactants have the ability to locate at the surfaces thereby altering significantly the 

physical properties of the interfaces [1, 2]. The interface at which a surfactant is 

adsorbed can be between two immiscible liquids, the liquid-gas (air) surface or 

between a solid and a liquid. This is due to the characteristics molecular structure of 

the surfactant molecules. Surfactant molecules have two parts in their molecular 

structure: a hydrophilic (polar) part which likes water or other polar molecules, and a 

hydrophobic (non-polar) part which does not like any other polar molecules but likes 

non-polar molecules. They are often also called amphiphiles. In short, the 

characteristic molecular structure of surfactants is amphiphilic in nature (from the 

Greek amphi meaning 'on both sides' and phileen meaning 'to love') within the same 

molecular unit. The common schematic representation of the surfactant molecules is 

shown in Figure 1.1. 

Hydrophobic tail Hydrophilic head 

Figure 1.1 A common schematic representation of a surfactant molecule. 



The non-polar part (water repelling or hydrophobic part) which generally consists of 

long chain hydrocarbon is also called a 'tail' whereas the polar part (water attracting 

or hydrophilic part) is termed as 'head'. 
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The hydrophobic part is of many different types, viz., aliphatic, aromatic or the 

mixture of both which generally originates from natural fats and oils, petroleum 

fractions, relatively short synthetic polymers, or relatively high molecular weight 

synthetic alcohols. The hydrophobic part is also less often halogenated or oxygenated 

hydrocarbon or sometime bears siloxane chain, where as the hydrophilic part is, in 

general, of four types, viz., cationic, anionic, nonionic and zwitterionic {2]. 

(a) Anionic: In anionic surfactants, generally the carboxylates (soap), 

sulphates, sulfonates and phosphates are present with the 

hydrophobic part as hydrophiles which here acts as a surface active 

portion, e.g., RCOO-Na+ (soap), RC6aso,-Na+ (alkyl benzene 

sulfonate). All of these still feature extensively in cleaning 

formulations. 

(b) Cationic: In cationic surfactants, generally some forms of amines are 

present with the hydrophobic part as hydrophiles which here act as 

a surface active portion, e.g., RNH3+ (salt of long chain amine), 

RN(CH3)3+Br (quaternary ammonium bromide). The positive 

charge on the head group gives the surfactants a strong 

substantivity on negatively charged fibres, such as cotton, and they 

are, therefore, used in fabric. 

(c) Non-ionic: In non-ionic surfactants, the surface active portion bears 

no apparent ionic charges, e.g., RCOOCHzCHOHCH20H 

(monoglyceride or long chain fatty acid), RG&(OCzl--Lt)xOH 

(polyoxyethylenated alkyl phenol). They are used extensively in 

low-temperature detergency and as emulsifiers. 

(d) Zwitterionic: Zwitterionic surfactants often referred to as amphoteric 

surfactants. In this types of surfactants, there are both positive and 

negative part with the hydrophobic part as hydrophiles. These are 

often found in the form of -N+(CH3)zCHzC002· (betaines), -

N+(CH3)zCH2S03· (sulphobetaines) and -O-P03·CHzCHz- N+(CH3)3 

(lecithins/phosphatidyl cholines). 
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Apart from these four major types of surfactants, combinations of the above 

head group types are increasingly being used within a single surfactant. The most 

common are those that have both non-ionic and anionic groups such as the -

(OCH2CH2)nOS03- (alkyl ethoxy sulphates). Surfactants of this type are mild on the 

skin and are, therefore, used in formulations where skin contact is not usually 

avoided. 

In double chain surfactants, two hydmcarbon chains are attached to a polar 

head. On the other hand, Gemini surfactant contains two hydrophobic and two 

hydrophilic groups. Amphiphilic molecules can also have two head groups which 

may be both anionic, both cationic or one anionic and the other cationic, joined by 

hydrophobic spacer {2]. These types of molecules are termed "bola-ampltiphiles" 

commonly knmvn as "bolaforms" {3]. Surface activity of these molecules depends on 

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

1.2. Aggregation of surfactant Molecules 

Self-assembled surfactants or surfactant aggregates become popular to the 

researchers in recent years due to a huge benefit achieved in many industries 

producing detergents, cosmetics and pharmaceuticals which have surfactants as one of 

their constituents [4-6]. The spontaneous organization of molecules driven by 

intermolecular interactions into stable aggregates is the self-assembly of surfactants 

which is well recognized in biological systems, e.g., lipid bilayers, the DNA duplex, 

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 

investigations. The best known example of aggregation in every-day life is the 

formation of "micelle" by surfactant or detergent molecules as has already been 

explained. The term micelle is used for an entity of colloidal dimension (radius of the 

colloid molecules 10·5 - 10-7 em), in dynamic equilibrium with the monomer solution 

from which it is formed. The concentration at which the ions (head groups) are pulled 

into the bulk of the solution and form a cluster of molecules in which hydrophobic 

tails are in the interior of the cluster and ionic ends are at the surface of the cluster is 
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known as critical micelle concentration (erne). Above the critical micelle concenh·ation 

of the surfactant concentration, the addition of fresh monomer results in the formation 

of new micelles. Here the monomer concentration remains essentially constant and 

equal to the erne. Due to three dimensional hydrogen bonding of water molecules, it 

has an open structure which permits the existence of clusters of water molecules 

containing cavities with specific sizes which can accommodate non-polar chains [7-9]. 

Creation of the cavity restricts the motions of solvent molecules in the hydration shell 

of a non-polar solute. This restriction leads to loss of entropy, which is exceptionally 

large in aqueous solution due to the small size of water molecules [8-12]. For a given 

surfactant at a given temperature, only a certain amount of monomer can be 

accommodated in the cavities and any further addition of surfactant will result in the 

formation of micelles. In other words, the further addition of surfactant provides a 

driving to minimize contact of the monomer hydrocarbon chains with water. 

Therefore, according to Langmuir's principle of differential solubility, the 

hydrocarbon chains dusters to form a core (micellar core) while the polar groups 

interact with the water {13]. Each micelle consists of a certain number of monomer 

molecules (aggregation number, n) which determines its general size and shape. The 

exact size and shape of micelles is still uncertain but that of an ionic micelle in dilute 

salt-free conditions it is known to be spherical [10]. The region adjacent to the stern 

layer contains a high density of counter ions of the polar heads (Gouy Chapman 

double layer) and separates the hydrophobic interior from the bulk aqueous phase 

[14]. 

1.3. Structure and shape of micelles: The molecular packing parameters 

In solution, a dynamic equilibrium exists between surfactant monomers and 

micelles. Therefore, it may be to some extent unrealistic considering them to be rigid 

with precise structures and shapes. The spherical shape of the micelle was conceived 

by Hartley [15]. The micelle having regular shape are supported by different studies of 

micellar solutions, viz., dynamic light scattering (Dl.S) studies, Small-angle neutron 

scattering (SANS) studies, phase diagram studies etc [16-24]. The general assumption 

is that the micelles at critical micelle concentration are roughly spherical. The radius of 

a micelle cannot be greater than the stretched-out length of the surfactant molecule. 

Typically micelles may have average radii of 1.2 - 3 nm and can contain 5 - 100 
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monomer units. Other proposed structures of micelles are rod-like [2St lamellar 

model [26], cylindrical model [27] etc. Added electrolyte has great influence on the 

shape of ionic micelles. As the counterion concentration is increased, the shape of ionic 

micelles changes in the sequence spherical - cylindrical ..,.. hexagonal - lamellar [17 -18, 

21, 28-30] 

The molecular pack:Lng parameter allows a simple and also intuitive insight 

into the self-assembly phenomena and that is why it is most cited in different science 

subjects and tropics [31-32]. The packing parameter approach permits indeed to relate 

the shape of the surf~ctant monomer to the aggregate morphology [33-35]. The 

molecular packing parameter P is defined as the ratio vI ao L:, where v and L: 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. If we consider a 

spherical micelle with a core radius R, made up of Nagg molecules, then the volume of 

the core is V = Nagg x v = 4 nR3/3, the surface area of the core A = Nagg x ao = 4nR2• 

Hence, it can be deducted that R = 3 v / ao, from simple geometric relations. If the 

micelle core is packed with surfactants tails without any empty space, then the radius 

R cannot exceed the extended length L: of the tail. Introducing this constraint in the 

expression for R, one obtains 0 ~ v I ao lc ~ 113, 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 [33], i.e., 0 ~ vI ao k ~ 1 for 

bilayers. Inverted structures are formed when P > 1. This can be easily understood 

from a figure showing the critical packing parameter with head group area, extended 

length and the volume of the hydrophobic part of a surfactant molecule. From this 

figure, it can also be concluded that the radius of a micelle cannot be greater than the 

stretched-out length of the surfactant molecule. 
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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 aoL:. 

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 [32]. It is important to note that ao 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, although 

ao is actually an equilibrium parameter derived from thermodynamic considerations 

[32]. 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. For example, sodium dodecyl benzene sulfonate forms 

micelle in aqueous solution whereas bilayers structures are formed when alkali metal 

chlorides are added [35] resulting different 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 I 1: 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 ao depends 

only on the head group interaction parameter. The predicted aggregation 

characteristics of surfactants are presented in Table 1.1. 
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Table 1.1. Schematic representation of surfactant structures and shapes derived from 
various packing parameters. 

Possible surfactant type P (=vI ao Ic) Shape Structure formed 

Single-tail <1/3 cone ~phencalmiceli~ 

.. -Wj~ surfactants 

with large 

head groups 

Single-chain 1/3 < p < t::runeared e,one cylindrical mtcdte-s 

surfactants 1/2 

with small 

head groups 

Double-chain 1/2<P<1 t:rnru:ated <:ODe flexible 

surfactants vesi.des 

with large 

head groups 

and flexible 

chains 

Double-chain ~ P~l cyliader p:auru bilayers 

EJ surfactants 

with small . 
head groups 

or rigid, 

immobile 

chains 

Double-chain 

> 
P>1 it:verted truncated invert-ed rmceUes 

surfactants 
COM or wedge 

with small 

' 

H 
head groups, 

and bulky 

chains 
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1.4. Amphiphiles in aqueous medium 

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. They are 

loose, mostly spherical aggregates above their critical micellization concentration 

(erne) in water or organic solvents. The schematic representation of a spherical micelle 

in aqueous solution is shown in Figure 1.3. In this figure, the hydrophobic chains are 

directed towards the interior of the aggregates and the polar head-groups points 

towards water, hence allowing the stability/ solubility of the aggregate (no phase 

separation) [2]. 

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

As stated earlier, micelles are in dynamic equilibrium with the monomer from 

which it is formed. The physical properties of the surfactants are different in pre

micellar and post micellar region. It is interesting to note that although it is usually 

assumed that there are fairly well-defined water layers around the micelle surface, 

there is no agreement on the composition of the micellar core [36], i.e., whether it 

consists of pure hydrocarbon or of hydrocarbon mixed with water is not certain. The 

penetration of water molecules in the micellar core [37] is still a matter of controversy. 
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Figure 1.4. Schematic representation of the concentration dependency of some 
physical properties for solutions of a micelle forming surfactant. 

All types of surfactants viz., cationic, anionic, nonionic and also zwitterionic, 

can form micelles in aqueous solutions. An important criterion of a versatile solvent is 

to form hydrogen bonds as like water molecules. When the non-polar unit of the 

surfactants is introduced in water, the hydrogen bonding network of water molecules 

is (Figure 1.5) disrupted and the water molecules order themselves around the 

nonpolar part to satisfy hydrogen bonds resulting in an unfavourable decrease in 

entropy in the bulk water phase. 
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number of theoretical and experimental researches by different methods have been 

carried out to understand the structure and thermodynamic and other property of the 

micelles employing various methods [38-40]. 

The controversial "water exposure of micelles" concept [41, 42] discusses in 

terms of predictions of the main characteristics of the molecular conformation of 

micelles by using "phase separation model'' or "mass action model'' [43-45]. These 

models predictions are in agreement with the experimental data with the following 

assumption with some principal features of micellar structure. 

(I) The micellar core is virtually devoid of water, according to 

Langmuir's original principle of differential solubility. 

(II) Micellar chains are randomly distributed and steric forces 

determine the final structure. 

(III) Contact of the hydrophobic sections of the micelle with water 

results from a disordered structure in which the terminal groups 

or chain ends are near the micellar surface and thus exposed to 

bulk water [46]. 

The mass action model along with the related thermodynamics of micelle formation is 

discussed in chapter III. 

A lot of research work has been devoted by numerous workers to elucidate 

various factors responsible for erne [47]. Among the factors that are known to affect the 

erne in aqueous solutions are: 

(I) The structure of the surfactant 

(II) The presence of added electrolyte (in the case of ionic 

surfactants) in solution 

(III) The presence of various organic compounds in solution, and 

(IV) Temperature of the solution. 

Surfactant structure: Generally it is known that the non-ionic surfactants have lower 

erne values as compared to the ionic surfactants and this erne value decreases with the 

increase in hydrophobicity of the surfactant molecules. It is also known that the erne 

value becomes halved by addition of one methylene group to the hydrocarbon tail. But 

this decrease is not similar incase of nonionic and zwitterionic surfactants. It is known 
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that the erne decreases in case of nonionic and zwitterionic surfactants to one fifth of 

its previous value on addition of one methylene group to the hydrocarbon tail. The 

unsaturation of hydrocarbon chain has also great influence on the erne value. It is also 

known that the increase of unsaturation increases the erne of the surfactant. On the 

other hand, introduction of a polar group such as - 0 or - OH to the hydrocarbon 

chain increases the erne to a significant extent. However, replacement of hydrocarbon 

chain by a fluorocarbon chain of same length causes a decrease in erne values. For n

alkyl ionic surfactants, the erne decreases in the order ammonium salts> carboxylates 

> sulfonates > sulfates. It has also been found that in quaternary eationics, 

trimethylammonium compounds have higher erne's than the corresponding 

pyridinium compounds. 

Counterion: With changes of the counterion, the erne value of the surfactant changes 

significantly. The degree of counterion binding plays an important role in determining 

the value of erne. For alkali metal counterion and also for other counterions, with 

increase in the hydrated radius, erne increases. This erne increase is due to the weaker 

counterion binding with increase in hydrated radius of the counterions. In aqueous 

solution, the erne values of sodium dodecyl sulfate with different counterion shows 

the order: Li+ > Na+ > K+ > Cs+ >NI-L+> N(CH3)4+ > N(C2Hs)4+. Also similar variation 

is seen for the cationic surfactants with change in anionic counterions. For cationic 

dodecyltrimethylammonium and dodecylpyridinium salts, the order of erne in 

aqueous solution are F- > Cl- > Br- >I-. 

Electrolytes: With addition of electrolytes to a surfactant solution, the erne value 

decreases to a certain extent. But this decrease is very small for nonionic surfactant as 

compared to the cationic and anionic surfactants. Also for zwitterionic surfactant this 

decrease is much higher as compared to the anionic or cationic surfactants due to the 

stronger interactions of the surfactants and electrolyte present in the solution. 

Screening of charge by the ions of the added electrolyte to the head group of surfactant 

is mainly responsible for the decrease in erne values. Added electrolyte has great 

influence on the shape and aggregation number of the ionic micelles. As the 

counterion concentration is increased, the shape of ionic micelles changes in the 



sequence spherical- cylindrical -hexagonal- lamellar. The different forms of micelle 

are shown in figure 1.7. 

Cylindrical Structure of micelle 

A 

Hexagonal Structure of micelle 

c 

Wormlike Micelles 

B 

Hexagonal and lamellar stucture of same 

micelle 

D 

Figure 1.7. (A) Structure of a cylindrical micelle. (B) Microstructure of a typical 
wormlike micelle formed from cylindrical micelle. (C) Hexagonal shape micelle (D) 
Structural changes h-om hexagonal micelle to lamellar micelle. 

But the charge screening effect is not responsible for nonionic and zwitterioniL 

surfactants. Here, mainly "salting out" and "salting in" of the hvdrophobic group in 

aqueous solvents are responsible for decrease in erne. 
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Orgattic addith,es: Polar organic compmmds such as akohols with longer chains and 

water miscible properties generally decrease the cmc of surfactants to a much lower 

concentration than in aqueous solutions. But shorter chain length alcohols with high 

degree of polarity, the effect will be reverse. So, the effect of alcohols on the cmc of the 

surfactants depends on the chain length and the solubility of the alcohol present in the 

systems. Alcohols with short chain length are mainly adsorbed in the water-micelle 

interfacial region but alcohols with longer chain length are adsorbed in thf' outf'r 

portion of the micellar core. On the other hand, additive<> like urea, fom1amide, 

guanidiniwn salts, fructo<;e and xvlose increases the cmc to relatively higher 

concentrations by modifying the interaction of surfactant moleL'Ules with water. VV1wn 

the surfactants aggregate in non polar solvents, their polar or charged groups are 

located in the interior, or core, o! the aggregate, while th£>ir hydrocarbon tails ext£>nd 

into the bulk solvent. These aggregates are referred to as reverse micelles (figure 1.8). 

Figure 1.8. SchematiL representation of a reverse micelle tormed from a double tailed 
surfactant. 

Temperature: The effect of temperature on the erne of surfactants in aqueous solution 

is generally first to decrease with temperature and then to increase with temperature 

passing through a minimum in between these two. But there are also other types of 

variation observed in the literature, for example, with increase in temperature the L'lllL 

of the surfactant increases. Increase of temperature causes decreast:' of hydration of the 

hvdrophilic group, which favours micellization and also causes dismption ot the 

structured water sturounding the hvdrophobic group. This disfavors micellization. 



15 

The relative magnitude of these two opposing effects, therefore, determines increase 

or decrease of the erne value. Pronounced effect of temperature appeared in case of 

double chain surfactants. It is known . that turbid, liposomal dispersions of 

didecyldirnethyl ammonium bromide at room temperature become a clear solution 

when heated to 60°C due to formation of small micellar aggregates [48-49]. 

1.5 Aggregation number of micelle 

An aggregation number of a micelle is defined as the number of surfactant 

molecules present in a micelle once the critical micelle concentration (erne) has been 

reached. It is one of the most important and fundamental structural parameters of 

micellar aggregates [50]. Different methods are employed. to determine the 

aggregation number of the micelles. The value of the aggregation number contains 

information on the micellar size and shape, which may be important in determining 

stability and practical applications of the investigated systems [50-52]. Generally, 

aggregation number of a micelle can vary from 10 to 100. But in the literature, 

aggregation number of 3 is also reported. Further, the aggregation number changes 

with the solvent or electrolyte present in the systems. It has been observed by different 

researchers that the addition of electrolyte generally increases the aggregation number 

of the micelles. Among the different methods employed to determine the aggregation 

number, fluorescence probe method is one of the important techniques. In this 

method, a quencher is added from the outside to the system. And fluorescence 

intensity is measured with the change of quencher concentration. From these data, 

aggregation number can be calculated. This method is very popular due to easy 

availability and handling of the instruments (Fluorescence Spectrophotometer) and 

also simplicity of the technique. It has been found that the bile salts, which are the 

main products of cholesterol metabolism, has the aggregation number of 3 (three), as 

measured by different methods [53]. Similarly, the study of sodium dodecyl micelles 

in presence of aluminium salt shows the average number of 250 which is much higher 

than the aggregation number of the same surfactant in aqueous solution [54]. Large 

volume of the research has been carried out for anionic micelles with sodium dodecyl 

sulfate [55-58]. It is also known that surfactants with smaller aggregation numbers 

tend to form more spherical micelle while surfactants with larger aggregation 
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numbers tend to form ellipsoid micelles. In general, aggregation numbers increase as 

the length of the hydrocarbon chain increases. Aggregation numbers tend to decrease 

as the size of the hydrophilic group increases and upon the addition of hydrocarbons 

and polar compounds to surfactant solutions [59}. Increasing the temperature of 

solutions of ionic surfactants also causes an increase in the aggregation number. In 

short the factors that increase the aggregation numbers are (i) increasing number of 

methylene groups in the alkyl chain (ii) addition of counterions (for ionic surfactants) 

whereas the factors that responsible for decrease in aggregation number of a 

surfactants are (i) increasing size of hydrophilic head group (ii) polar organic additives 

{iii) Addition of hydrocarbons to solution. 

1.6. Oxazine Dye 

Photo-induced electron transfer processes in surfactant solutions are 

potentially important for efficient energy conversion and storage because surfactant 

micelles help to achieve the separation of the photoproducts by hydrophilic

hydrophobic interactions of the products with the micellar interface [60-63]. The 

visible absorption spectra of organic dyes exhibit a strong dependence on 

concentration in aqueous solution because of aggregation [64-65]. Aggregation affects 

colour, solubility and photophysical behaviour of dyes. Self association of fluorescent 

dyes often leads to self quenching. It plays key roles in many technological 

applications such as opto-electronic devices, optical logical elements etc. Important 

examples include sensitization of silver halide nanocrystals in photographic processes 

and nonlinear optical materials [66-71]. A systematic study of the aggregation 

characteristics of dyes from spectrophotometric data has become a useful field of 

research because of its possible application in understanding such phenomena on 

energy transfer in biological systems, metachromatia, hypochromism, conformation of 

polypeptides, and staining properties of dyes for biological specimens. The force 

responsible for holding the component molecules in the dimer or in polymer is not yet 

well understood. Nevertheless, it is dear that for ionic dyes, aggregation would be 

possible if there exists some very strong attractive interaction, which first of all 

overcomes the coulombic repulsion and then brings the component molecules to a 

reasonable distance to form dimers and subsequently high polymers. Photochemical 
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systems for photoreduction of water and photoinduced electron transfer reaction in 

surfactant solutions are of considerable interest as models for understanding of 

photobiology [72-73] and the conversion of solar energy [74-75]. Compared to 

inorganic complexes, organic dyes have been investigated only rarely as sensitizers for 

the photo-reduction of water [74-76]. 

The properties of oxazine dye aggregates at liquid/ solid interfaces have been 

of interest for long time. It was suggested that solar energy harvesting with wide band 

gap semiconducting photoconductors may be improved by covering with this dyes to 

expand the wave length range [68]. The oxazine dyes display surprisingly long wave 

length absorption and emission maxima given their small sizes and as such have been 

shown to be important fluorescent probe for biological systems [69-70]. They can be 

exited with simple laser sources such as solid state laser diodes. Oxazine dyes are also 

finding increasing applications in the field of electrocatalysis of electrochemical redox 

processes. Oxazine dye modified electrodes have been shown to be useful in 

electrocatalytic oxidation of coenzyme NADH in the context of enzyme based 

biosensors [71]. Examples oxazine dyes are: oxazine 1, oxazine 170, cresyl fast violet 

etc. These types of dye have similar sh·ucture as that of methylene blue which is one of 

the most investigated substance in the relevant field of research. The structure of 

cresy 1 fast violet is given in figure 1. 9: 

Figure 1.9.: Schematic representation of Cresyl fast violet. 

Oxazine dyes are known to form non-fluorescent H-aggregates, which have the 
• 

dimers stacked on top of each other (rr-stacked dimers). In H aggregates, only 

transitions to the higher of the two states are allowed which means that the light 

05 2016 279287 
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absorbed by these dimers to make this transition will be of higher energy, and 

therefore blue-shifted from the light absorbed by the monomer. 

1.7. Dye-Surfactant Interactions in Aqueous Medium 

Surfactants exert profound effects on many chemical reactions and interactions 

arise mainly from change in the local environments and concentrations of interacting 

species due to the interactions with the surfactant micelles. In order to elucidate the 

nature of effects of surfactants and to design desirable surfactant systems, it is 

essential to understand the nature of interactions between probe molecules and 

surfactants [77]. The dye-surfactant systems have attracted considerable amounts of 

interest in recent The enhanced energy transfer between dyes in· dye-surfactant 

systems made them good model membrane systems of chloroplast [78-81]. The 

peculiar behavior in both absorption and fluorescence spectra of dyes in the presence 

of surfactants of opposite charge were attributed to the formation of a continuum of 

dye - surfactant aggregates: dye ratio (S/D) [82-86]. Photoinduced electron transfer 

processes in surfactant micelles help to achieve the separation of the photoproducts by 

hydrophilic-hydrophobic interactions of the products with the micellar interface. Dye 

surfactant interactions are generally complex [87]. In dye surfactant interactions, 

molecular complexes having specific and characteristics physicochemical features may 

be formed. Also, physico-chemical properties of the adsorbed dye can be controlled 

with ease by the incorporation of some oppositely charged surfactant assembly. The 

very high polarity (large dielectric con.<ttant) of water arises principally from the 

extended hydrogen bond network and mutual polarization of the water molecules in 

dose proximity. Because of polarization, the dipole moment of water in the liquid 

phase (2.6 D) is higher than that in vapour (1.85 D). A water molecule bound to a dye 

molecule cannot polarize another water molecule. This causes a marked reduction in 

the dielectric constant of the hydration layer of an organized assembly compared to 

bulk water and hence the dye-surfactant interactions in aqueous solution is also 

important to know the interaction thoroughly. From early times, the colour changes of 

ionic dyes in presence of surfactants in aqueous solution have led many researchers to 

propose dimer and multimer formation of dye molecules in the surfactant micelle, this 

area is still important and interesting for theoretical, ecological and technological point 

of view [88-89]. The interest in fluorescent dyes for qualitative and quantitative assays 
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has increased considerably during the last few decades. The sensitivity, simplicity and 

selectivity of fluorescent-based techniques make them particularly attractive for in 

vitro and in-vivo cellular and molecular biology studies. There are several major 

advantages of using fluorescent dyes that absorb in the red over those that absorb at 

shorter blue and green wavelengths. The most important of these advantages is the 

reduction in background that ultimately improves the sensitivity achievable. There are 

three major sources of background: (I) elastic scattering, i.e., Rayleigh scattering, (ii) 

inelastic scattering, i.e., Raman scattering and (III) fluorescence from impurities. The 

efficiencies of both Rayleigh and Raman Scattering are dramatically reduced by 

shifting to longer wavelength excitation. Likewise, the number of fluorescent 

impurities is significantly reduced with longer excitation and detection wavelength. 

Besides reduced background, a further advantage is that of low-cost and energy 

efficient system. A recent report demonstrates that the use of red-absorbing 

fluorescent labels and diode laser excitation at 635 run provides sufficiently low 

autofluorescence of biological samples so that individual antigen and antibody 

molecules can be detected in human serum samples [90-95]. Among other things, the 

investigations into the behaviour of different dyes in surfactant aqueous solutions, 

give useful information about the mechanisms according to which surfactants operate 

as leveling agents and provide information on the influence of dye-surfactant 

interactions on the thermodynamics and kinetics of dyeing process. This may directly 

affect the quality of dyeing, which is one of the goals of textile finishing. To 

understand the chemical equilibrium, mechanism and kinetics of surfactant sensitized 

colour reactions, the knowledge of dye-surfactant interaction should also be a great 

value. Surfactants are also used as solubilizers for dyes which are insoluble in water, 

to break down aggregates of the dye in order to accelerate adsorption process on fiber, 

as auxiliaries for improving dye adsorption and as leveling or dispersing agents [96-

98]. According to the structures of dye and substrate, surfactants used as leveling 

agents operate by different mechanisms. It seems probable that once the electrostatic 

forces have brought together the oppositely charged molecules, hydrophobic 

interactions take place, dramatically changing the microenvironment experienced by 

the chromophore. Therefore, a great deal of research work focused on dye-surfactant 

interactions in binary mixtures including the interactions between ionic dyes and ionic 

surfactants of the opposite and the same charges, ionic dyes and nonionic surfactants 
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as well as between nonionic dyes and ionic or nonionic surfactants in the submicellar 

and micellar concentration ranges of surfactants have been performed [98-104]. 

It has been observed by Carroll et. al. that sodium dodecyl sulfate in presence 

of different oxazine dye displays evidences of intermolecular interactions via 

spectrofluorometric method. The absorption spectra and the emission spectra change 

with the concentration of the surfactant in different ways. Also with the change of dye, 

the premicellar and postwJceUar spectrophotometric characteristics changes showing 

different types of interactions with different dyes. 

1.8. Effect of addition of a surfactant to the aggregation of another surfactant. 

Above the critical micelle concentration (erne), hydrophilic surfactants form 

small globular micellar aggregates and the solutions show Newtonian flow behaviour. 

Compared to single surfactant, the mixed surfactant exhibits superior interfacial 

properties such as higher surface activity and lower critical micelle concentration 

(erne). Various such surfactant mixtures have been studied including cationic/ anionic, 

non ionic/non ionic, cationic/non ionic, anionic/non ionic, cationic/cationic 

surfactants etc. Surfactant mixtures are commonly preferred in medicinal and 

pharmaceutical formulations and industrial preparations due to the purpose of 

suspension, solubilization and dispersion. Ionic surfactants can also self assembled to 

long thread-like or worm-like micelles in presence of certain organic ions e.g., sodium 

salicylate. Under certain conditions such as concentration, salinity, temperature, 

presence of counterions, etc., the globular micelles may undergo uniaxial growth and 

form very long and highly flexible aggregates, referred to as "wormlike" or 

"threadlike" micelles [105 - 112]. Wormlike micelles [106] are long, self-assembled, 

semi-flexible, breakable polymers with surfactant heads on the outside and tails in the 

core and display a striking range of dynamical properties, including anomalous 

relaxation, shear banding, and rheological chaos [113-114]. Due to this reason, 

wormlike micelles have received considerable attention from theoretician and 

experimentalist during the past few decades. A dramatic influence on the viscosity of 

wormlike micelles in aqueous solutions of CT AB was shown for trans-ortlw

methoxycinnamic acid [115]. Through this development it became clear that by mixing 

surfactants (hydrotropes) of opposite charges, cationic and anionic, but with varying 

chain lengths, one can control the degree ofprecipitation of the surfactants to produce 



21 

different supramolecular structures like vesicles and polymeric micelles {116]. The 

transition from one structure to another is also well known facts in recent studies. A 

temperature-induced vesicle to micelle transition has been claimed for a system of 

cationic surfactant e.g., cetyltrimethylammonium 3-hydroxy naphthalene 2-

carboxylate [117]. 
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Chapter II 

Scope and object 

In solutions of paraffin-chain salts the critical concenh·ation for micelle 

formation (erne) is determined by a number of factors. It is markedly dependent upon 

the size and shape of the paraffin chain and on the nature of the polar group. 

Temperature usually has complex effect on the erne value [1]. Polar organic additives 

have been shown to alter it appreciably. In general_ factors that increases erne of a 

surfactants are (I) carbon-carbon double bonds (II) polar groups within the 

hydrophobic tail and (III) ionic head groups whereas,. the factors that decreases the 

erne are (I) increasing number of methylene groups in the alkyl chain (II) introduction 

of phenyl rings in the alkyl chain (III) fluorocarbons within the hydrophobic tail and 

(IV) addition of electrolytes to solutions of ionic surfactants. The solutions of these 

colloidal electrolytes (i.e., soaps, detergents, etc.) change their properties abruptly at 

critical micelle concentration. The osmotic pressure and the electrical conductivity 

become much lower than the values predicted by the theory of Debye-Hlickel, and 

viscosity and the turbidity are increased. A considerable number of research works 

have been devoted recently about the amphiphilic aggregates mainly due to three 

reasons. First, one can consistently and easily prepare aqueous micellar solutions 

which have aggregates of colloidal dimensions with, characteristics size, shape and 

surface properties. Hence micellar systems have been employed as a model system in 

investigations concerned with understanding colloidal physico-chemical phenomena 

(2-3]. Second, it has been found that micelles can act as unique reaction media. And 

finally, the similarities between self-assembled surfactant aggregates, such as micelles 

and vesicles, and biological lipid membranes prompted researchers to employ micelles 

and vesicles as model biological systems [4-7]. Bales et al. showed that changing of 

counterions have great influence on the properties of micelle [8-10]. A complete 

understanding of the micellization phenomena, its fundamental aspects, use of related 

studies for technological developments, and understanding molecular behaviour 

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 the effect of additives, especially electrolytes and organic solvents, on the 

micellization characteristics of ionic surfactants. The recent advances in micellar 
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chemistry have demonstrated the effect of macromolecules in micellar systems and 

their major applications in the fields of oil recovery, pharmacology, medicine and the 

food industry [11-13]. They have major applications in surface activity, detergency, 

wetting, spreading, foaming etc. The effect of different kinds of additives, including 

various glycols on the micellization of single tail surfactants has also been widely 

studied [14-16]. Apart from pure water, micelle formation has also been reported in 

pure non-aqueous solvents such as ethylene glycot glycerot formamide and 

hydrazine [17-22]. All these solvents have high cohesive energies and considerable 

hydrogen-bonding capability, which favour the aggregation of surfactant monomers 

to micelles. These aggregates in nonaqueous media are of nanometer size and being 

almost spherical can solubilize large amount of water, forming water-poot whose 

properties have been determined with different techniques [23-25]. 

The erne value is usually determined from the abrupt change of a certain 

physical property over a very small concentration range. It is possible to distinguish 

between methods examining the behaviour of a bulk solution property such as surface 

tension, conductivity, light scattering etc. and those using some spectroscopic 

property. In most cases, the choice of the methods depends on the availability of 

various techniques or the personal preference of the worker. Usually, the erne is 

obtained from the graphical procedures, and often one finds that it is difficult to 

determine the exact break point providing the erne value. As a consequence, 

sometimes the reported value depends, in some measure, on the good judgment of the 

researcher. A frequent problem arises when the conductance method is used in the 

erne determination of surfactants with a small aggregation number. In these cases, it is 

very difficult to determine the break in the conductance-concentration curves and, 

consequently, the erne is affected by a great uncertainty. To solve this problem, the one 

preferred procedure is to plot differential conductance against concentration of 

surfactant [26]. Mana be et al. have obtained erne at the shoulder point of the first 

derivative versus concentration plots [27]. Sugihara et al. used plots of the first 

derivative of specific conductivity versus the square root of the surfactant 

concentration, thus reducing the range of the independent variable where the 

variation of specific conductivity occurs [28-29]. The other preferred way is to 

determine erne of a surfactant with small aggregation number by two or more 

different methods to solve the above said problem. With this viewpoint an attempt 

has been made to correlate most of the erne value of the surfactants presented here in 



two or more different way to avoid the possible errors as these one values and 

systematic information regarding thermodynamics are not as readily available in the 

literature as sodium dodecyl sulfate, cetyl trimethyl ammonium bromide or Triton X-

100 etc. 

Linear alkyl benzene sulfonates are known as the work horse of the detergent 

industry and have good foaming property [30-31]. Alkyl benzene sulfonate contains 

fluorescing group as part of their molecular architecture which exhibit eximer

monomer emission [32]. The alkyl benzene sulfonate is also applied to a typical 

commercial petroleum sulfonate (TRS 10-80) which is one of a family of su:rfactants 

used in chemical flooding oil recovery and is obtained by direct sulfonation of a huge 

variety of aromatic petroleum feed stocks [33]. The surfactant sodium dodecyl 

benzene sulfonate is also used in chemical, biochemical and industrial works, and it is 

an effective surface-active compound. It can conveniently interact with neutral and 

cationic polymers forming solutions of different constituencies. It has antifungal 

properties and has a low cost of production. So far, the solution properties of this 

surfactant have not been critically examined although few reports are available in 

literature [34-36]. These considerations prompted us to make elaborate and critical 

study of the micellization and interfacial properti~s of SDBS as a function of counter 

ion size and hydrophobicity and their interaction with cationic dye. Major advantage 

of the sulfonate surfactants over the carboxylates is their greater tolerance of divalent 

metal ions in hard water. 

In recent years, attention has been focused on the interactions surfactants 

with hydrophobic counter ions and to this effect symmetrical tetraalkyl ammonium 

cations 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, ammonium dodecyl sulfate is less hydrolyzed in acidic solutions 

and less skin-irritative than SDS [37]. For this reasons, the use of ammonium dodecyl 

sulfate in the cosmetic and toiletry industry has been expanding. In view of the 

growing importance and very limited number of studies on different tetraalkyl 

ammonium dodecyl benzene sulfonates, viz. tetramethylammonium dodecyl benzene 

sulfonate, tetraethyl ammonium dodecyl benzene sulfonate, tetrapropyl ammonium 

dodecyl benzene sulfonate and tetrabutyl ammonium dodecyl benzene sulfonate, 
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investigation on their aggregation behaviour in aqueous solution have been 

undertaken with the other counter ions of alkali metals. 

TI1e erne and other physico-chemical properties such as surface property, 

thermodynamic properties etc. change with the change in temperature of the medium. 

Also the stabilities of surfactant systems with respect to temperature prior to their 

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

Keeping the above in view, physico-chemical properties of different surfactants are 

determined with varying temperature to get an overall view of the energetics of the 

process. Moreover, a series of work done previously in our laboratory to understand 

the effect of counter ions of the aggregation behaviour of sodium dodecyl sulfate and 

bis (2-ethylliexyl) sulfosuccinic acid. Therefore, we have undertaken the present study 

on the characterization of the different properties of dodecyl benzene sulfonate such 

that we can compare and make a generalized view of the three compounds having 

different hydrophobic and hydrophilic character. 

Linear alkyl benzene sulfonates (ABS) are arguably the most important class of 

commercial surfactant, used in many industrial applications as described above. 

Commercial ABS surfactants are generally produced by using a process that results in 

a mixture of alkyl chain homologues with a range of head group positional isomers. 

The positional isomers have a molecular structure where the benzene sulfonate head 

group is attached at different positions along the alkyl chain [3]. For example, the 

polydispersity of one commercial linear ABS surfactant is illustrated by the numerous 

peaks in its HPLC chromatogram highlighting the alkyl chain length distribution and 

the different isomeric components produced for each chain length. Not only are such 

complex mixtures difficult to characterize, and hence predict functional performance, 

the situation is even more complex as nominally the same surfactant, manufactured by 

different suppliers, may contain varying proportions of the individual isomeric 

components. Dodecyl benzene sulfonates are known to form micelles in dilute 

solution and display an array of liquid crystalline phases at higher concentrations [38]. 

In particular, it is already known that a micelle to vesicle aggregate transition can be 

induced by a change in ionic strength, resulting in a reduction of the air-aqueous 

solution interfacial tension [39-40]. This behaviour is important from practical 

perspective, as the ability of surfactants to reduce interfacial tension is often key to 

their performance. The ability to control the self-assembly aggregate structure and 

related solution rheology can also be desirable from a formulation and consumer 
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acceptability perspective. Furthermore, added electrolytes have significant effect on 

the properties of smfactants with the nature of counter ions, its radius and valence [41-

49]. Keeping in view of the above physico-chemical shtdies of all the surfactant in 

presence of corresponding bromides have done to understand the changes in 

properties as mentioned above. 

The photochemistry of dyes has contributed to the understanding of the 

mechanism of electron transfer reactions in photo electrochemical devices [50-55]. 

Photo induced electron transfer processes in surfactant solutions are potentially 

important for efficient energy conversion and storage because surfactant micelles help 

to achieve the separation of the photoproducts by hydrophilic-hydrophobic 

interactions of the products with the micellar interface [56-59]. Dye-surfactant 

interactions are generally complex [60]. Molecular complexes having specific and 

characteristic physicochemical features may be formed. The dyes aggregation 

phenomena have attracted attention in the past and are nowadays receiving novel 

consideration [61-63] in view of possible new technical applications such as opto

electronic devices, optical logical elements, sensitizing agents in color photography, 

photoconductors, electroluminescent devices and electro optically active centers in 

photogalvanic systems, solar energy conversion, semiconductor photo catalysis, 

pollutant control, photodynamic therapy, pharmaceutical preparation, besides the 

more traditional ones. The properties of oxazine dye aggregates at liquid/ solid 

interfaces have been of interest for long time [64]. The solar energy harvesting with 

wide band gap semiconducting photoconductors may be improved by covering with 

this dyes to expand the wave length range [65]. The oxazine dyes display surprisingly 

long wave length absorption and emission maxima given their small sizes and as such 

have been shown to be important fluorescent probe for biological systems. They can be 

excited with simple laser sources such as solid state laser diodes. Oxazine dye 

modified electrodes have been shown to be useful in electrocatalytic oxidation of 

coenzyme Nicotinamide Adenine Dinucleotide (NADH) in the context of enzyme

based biosensors (66]. A study of the photophysical behaviour of one of the oxazine 

dye, cresyl fast violet, has been carried out to understand the dye-surfactant 

interactions present in the system. 

Surfactant mixtures are commonly preferred in medicinal and pharmaceutical 

formulations and industrial preparations due to the purpose of suspension, 

solubilization and dispersion as compared to single surfactant. The mixed surfactant 
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exhibits superior interfacial properties such as higher surface activity and lower 

critical rrricelle concentration (erne). Generally, it has been observed that with anions 

that associate strongly with the surfactant cations, worm-like micellar growth occurs 

rapidly at low surfactant and salt concentrations. The rheological behaviour exhibited 

by these systems is viscoelastic and analogous to that observed in solution of flexible 

polymers. These surfactant solutions undergo similar rheological behaviour whether 

they are prepared directly from surfactant salts with a strongly associating anion or by 

addition of strongly associating anions to solutions pTepared from surfactant salts 

with weakly associating anions. The rheological behaviour observed for wonnlike 

rrricelles in the surfactant solution is similar to that for flexible polymers, and 

therefore, aqueous solutions of entangled wormlike micelles are often called "living 

polymer systems". The research of wormlike rnicelles has drawn considerable interest 

owing to their superior properties and wide applications [67- 70]. 

Main objectives in this present investigation would, therefore, be 

1. To investigate the self association behaviour of dodecyl benzene 

sulfonate with varying counter ion at different temperatures in 

solution to know the physico-chemical properties and to compare the 

same properties with the well investigated anionic surfactants SDS and 

AOT containing identical counter ions. 

2. To extend investigation on the influence of salt or solvent on the micelle 

formation, especially when a third component was added to 

calculate the change in heat content for the process: sm·factant molecule 

in solution ~ surfactant molecule in the micelle using different 

component in aqueous solution. 

3. To know the aggregation number of each of the surfactant in aqueous 

solution, and also. 

4. To know the types of interactions present with the oxazine dye, viz., 

cresyl fast violet. 

5. To investigate the microstructural change of micelle formed in presence 

of mixed surfactants by using conductance, surface tensiometry and 

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

including conductometry, tensiometry, rheology, spectrophotometry and 

spectrofluoTometry measurements are made. 
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Chapter III 

Physico - chemical behaviour of dodecylbenzene 
sulfonate micelles as influenced by counter ion 
characteristics 

3.1 Introduction and review of the previous work 

The study of surface chemistry is not applicable for only academic interest but 

also for various technological applications in industry and our daily lives including 

different biological fields. Surfactants modify the surfaces or interfaces of the systems 

in which they are contained. Surfactants have the ability to locate at the surfaces, 

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

characteristics molecular structure of the surfactant molecules they can be adsorbed 

betvveen two immiscible liquids or between the liquid-gas or between a solid and a 

liquid. A surfactant molecule must contain hvo different parts in their structures, a 

hydrophilic part which likes polar molecules and a hydrophobic part which does not 

likes polar molecules but likes non-polar molecules. So, they are often called 

amphiphiles. The non-polar part which generally consists of long chain hydrocarbon is 

also called a 'tail' whereas the polar part is termed as "head". Their composite 

character is described by a property known as "hydrophobic lipophilic balance" i.e., 

HLB. It is the HLB which primarily decides their miceHization, dispersion and 

emulsification activities [2-8]. Usually the long chain hydrocarbon acts as the 

hydrophobic part with which the hydrophilic part is attached and the latter 

determines the general classification of the surfactant molecules. Generally, the 

hydrophilic part is of four types, viz., cationic, anionic, nonionic and zwitterionic [9]. 

As has already been mentioned, surfactant aggregates become popular to the 

researchers in recent years due to a huge benefit achieved in many industries 

producing detergents, cosmetics and pharmaceuticals which have surfactants as one of 

their constituents [10-12]. Surfactant molecules in aqueous media form micelles above 

their critical micelle concentration (erne), accompanying striking changes in the 
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various physico-chentical properties f13-14]. With increasing surfactant concentration 

the micelles undergo a special set of structural transitions, transforming from spherical 

shape into cylindrical, rodlike or long threadlike, disk-like vesicles and other 

supramolecular shapes [15}. The shapes of the micelles depend upon the environments 

of the surfactants as well. 

1. Spherical nticelles are formed with the interior composed of hydrocarbon 

chains and a surface of polar head groups facing water. Spherical micelles 

are characterized by a low aggregation number (critical packing parameter) 

and the hydrocarbon core has a radius close to the length of the extended 

alky 1 chain. 

2. Cylindrical micelles with an interior composed of the hydrocarbon chains 

and a surface of the polar head groups facing water. The cross section of 

the hydrocarbon core is similar to that of spherical micelles. The micellar 

length is highly variable to these micelles are polydisperse in nature. 

3. Surfactant bilayers which build up lamellar liquid crystals for surfactant 

water systems having a hydrocarbon core with a thickness of about 80% of 

the length of two extended alky 1 chains. 

4. Reverse or inverted micelles having a water core surrounded by the 

surfactant polar head groups. The alkyl chains together with a non-polar 

solvent make up the continuous medium. 

5. A bicontinuous structure with the surfactant molecules aggregated into a 

connected films characterized by two curvature of opposite sign. The mean 

curvature is small (zero for a minimal surface structure). 

6. Vesicles are built from bilayers similar to those of the lamellar phase and 

are characterized by two distinct water components, with one forming the 
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core and the one the external medium. Vesicles may have different shapes 

and there are also reversed-type vesicles. 

The shape and size of a micelle is a function of the molecular geometry of its surfactant 

molecules and solution conditions such as surfactant concentration, temperature, pH 

and ionic strength [16-17]. In water, the hydrophilic "heads" of surfactant molecules 

are always in contact with the solvent, regardless of whether the surfactants exist as 

monomers or as part of a micelle formation. However, the lipophilic "tails" of 

surfactant molecules have less contact with water when they are part of a micelle - this 

being the basis for energetic drive for micelle formation. Those miceUes which are 

composed of ionic surfactants have an electrostatic attraction to the ions that surround 

them in solution, the latter known as counterions. Although the closest counterions 

partially mask a charged micelle, the effects of micelle charge affect the structure of the 

surrounding solvent at appreciable distances from the micelle. Adding salts to a 

colloid contai.Ping ionic micelles can decrease the strength of electrostatic interactions 

and lead to the formation of larger ionic micelles [18]. This is more accurately seen 

from the point of view of an effective charge in hydration of the system. Since 

surfactant solutions can have certain aggregation structures which are responsible for 

giving the solution its physical properties, they are sometimes defined as complex 

fluids. However, Gruen has described a realistic model for micelle which involves a 

rather sharp interface between a dry hydrophobic hydrocarbon core and a region 

filled with surfactant head groups, part of the counterion.<> and water, viz., the stern 

region [19]. 

Over a very small concentration range, the erne value is usually determined 

from the abrupt change in physical properties. It is possible to distinguish between 

methods examining the behaviour of a bulk solution property such as surface tension, 

conductance, light scattering etc. and those using some spectroscopic property. 

Counterion binding and diffusion coefficient of a micelle, compared with that of a 

single surfactant molecule, together explain the sudden decrease in equivalent 

conductivity of a surfactant solutions beyond the erne. Micelles only form when the 

concentration of surfactant is greater than the erne, and the temperature of the system 

is greater than the critical micelle temperature or Krafft temperature. Micelles can 

form spontaneously because of a balance between entropy and enthalpy. In water, the 

hydrophobic effect is the driving force for a micelle formation, despite the fact that 
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assembling surfactant molecules together reduces their entropy. Above the nne, the 

entropic penalty of assembling the surfactant molecules is less than the entropic 

penalty of caging the surfactant monomers with water molecules. Also important are 

enthalpic considerations, such as the electrostatic interactions that occur between 

charged parts of surfactants. The parameters that illustrates the temperature 

dependence of hydrophobic effect is the heat capacity of micellization (llmiccg) which 

is generally highly negative and mainly reflects the amount of non-polar 

accessible area buried on micellization [19]. 

Spherical micelles are formed by ionic surfactants since the electrostatic 

repulsion between adjacent head groups result in a large value for optimal 

area. Direct visualization was made by Bellare et in a cryo-TEM image 

solution of ditetradecyldimethyl-ammonium acetate with a micelle radius of 3.0 ± 

nm [4]. The most precise dimension of spherical micelle has been established small 

angle neutron scattering technique. 

There are so many different studies of counterions on the aggregation 

behaviour of surfactants to understand the adsorption kinetics and surface rheology 

[20-21]. In these studies, it been proved that various parameters, viz., Gibbs 

elasticity (Ec) etc., determined by theoretical and experimental way differs very much 

from each other which perhaps due to counterion bindings with the surfactant 

molecules. Further study proves that the effects are less important in case of non-ionic 

surfactants. The counterion binding alters the interactions in surfactant adsorption 

monolayer and the average surface charge density [20]. In the old literature, ionic 

micelle's counterion binding was not considered importantly [22-23}. In so many 

recent works, the importance of counterion bindings have been recognized as a 

important factor for the micellization process and the mole fraction scale have been 

used to evaluate the energetics of the process [24-26]. It has been shown by researchers 

that the counterion has also pronounced effects on the various properties of the 

micelles of anionic and cationic surfactants [27-29]. The study of the effect of 

counterions eliminates some of the complications by leaving the properties of the 

amphiphilic ion as a constant factor and thus simplifies some of the interpretation of 

the experimental results. But it often leads to complications connected with limited 

stability and preparative difficulties of the surfactant containing different counterions. 

It has been shown that the shape of micelle of cetyltrimethyl ammonium bromide 

(CT AB) is spherical over a large concentration range and also in presence of additives 
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[30]. The most of the work for containing counterion has been carried out for the single 

tail anionic surfactants mainly on sodium dodecyl sulfate [31-33]. Though there is 

some amount of work done on the counterionic properties of double h·ailed surfactant, 

AOT [34]. 

Surfactant molecules show dramatic temperature dependability. For many 

ionic surfactants, the solubility is very low at low temperature but increases with 

increase in temperature by orders in a narrow temperature range. The phenomenon is 

generally known as Krafft Phenomenon and the temperat-ure is known as the Krafft 

Temperature [13, 35]. The effects shown by the surfactant at Krafft temperature is 

described as due to micellization of the surfactant molecules. 

3.2. Effect of counter ion in aqueous medium 

The aggregation number of ionic micelles depends on the counterions at a 

constant temperature in the aqueous phase. Surfactants having more tightly bound 

counterions with the hydrophobic part show more non-ionic nature than those 

surfactants with loosely bound counterions. As we know, the more non-ionic 

character, the less is the solubility in water and more non-spherical shape in aqueous 

solution. It was observed that most of the counterions interact with the surfactant by 

electrostatic interaction only; no chemical interactions are present in between 

surfactant molecules and counterions [24, 26-28, 36]. Zana et al. have reported that the 

degree of binding of counterion is related to the surface area per head group in the 

micelle in a number of experiments on cationic surfactants with varying counterions 

[14]. The surface area per head group decreases with degree of binding of counter 

ions. Ionic micelles grow in response to increase in the value of whether the 

counterions are provided by the added electrolytes or the surfactant alone [37]. 

Counterion binding also increases with the addition of electrolyte to the surfactant 

system and it will also increase with the increase of surfactant concentration because 

increasing concentration of the surfactants produces micellar growth in the solution 

[26, 28]. As stated above, the aggregation number of ionic micelle depends only upon 

the concentration of ionic surfactants in aqueous phase which can be defined below by 

the equation: 
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(3.1) 

where, St and Sm are the total concentration of the surfactant and monomeric 

1 
concentration of the surfactant respectively. The factor F(Sa = -( --), where e is 

1-0 

related to the volume fraction occupied by the micelle. 

In this present work, a series of counterionic activity of DBS moiety was 

measured by preparing surfactants with respective counterions in the temperature 

range 283 K to 313 K with an interval of 5 K. The counterions investigated are 

monovalent alkali metals counterion, viz., , Na+, K+ and also ammonium and 

different tetraalkyl ammonium counterions, viz., tetramethyl ammonium, tetraethyl 

ammonium, tetrapropyl ammonium and tetrabutyl ammonium counterions. The 

objective of this present work is to determine the erne of the surfactant as a function of 

counter ion size and hydrophobicity at various temperatures in aqueous medium and 

to find out the different thermodynamic parameters and surface parameters, viz., 

standard Gibb' s free energy of micellization (L'lG~), standard enthalpy of micellization 

(llH~) , standard entropy of micellization (llSih_) , heat capacity of micellization 

(llmicC$), minimum surface area per molecule (Amin) and maximum surface excess 

concentration (fmax) at the air / water interface. This is a part of the series of work 

done in our laboratory on the influence of counter ions of dodecyl sulfate, AOT and 

DBS moiety to understand the effect of different alkali metal ions and organic ions 

with hydrophobic chain length on the micelle formation. Since very little work of this 

type is reported in the literature [38], a comparative data for three surfactants with 

varying hydrophobic chain length is also presented to understand the effect. 

3.3. Thermodynamics of micellization: The Mass-Action model 

Among many theories proposed and reviewed by different researchers [39-42], 

mass action model has wide acceptance. In the mass-action model [34], the micelle 

formation is followed as a chemical equilibrium between free surfactant and micelle. 
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In solution, the formation of aggregates from free surfactant can be represented, as 

shown in equation (3.2). 

(3.2) 

where n is the number of free surfactant molecules (S), which form a micelle (Sn)· 

Both micelles and free surfactants are treated as solutes in an aqueous solution. In the 

mass-action modet the thermodynamic formulations are slightly different for non

ionic and ionic surfactant solutions. Such thermodynamic formulations may be 

described as follows {Blandamer and et al.): 

For non-ionic (neutral) surfactant solutions, at equilibrium, we have: 

P.i,micelle (3.3) 

where fli.mon is the chemical potential of monomer (free) surfactant i, fli,micelle is the 

che:mical potential of surfactant i in the micelle form, n9 is the aggregation number. 

The chemical potentials of monomeric surfactant and surfactant in :micelle are given 

as: 

Pi,mon = ll?.mon + RTln xi,monYi,mon (3.4) 

Pi,mtcelle = #?,micelle + RT In Xt,micelle Y i,micelle (3.5) 

Now, we have 

0 1 0 0 1 
f:lGi,m =-;-- Jli,micelle- Jli,mon = RT In xi,monYi,mon- n RT ln Xt,micelleYi,micelle 

g g 

(3.6) 
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where Xi,mon and xi,micelle are the mole fraction of monomeric surfactant and 

surfactant in micelle, respectively, where Yi,mon and Yi,micelle are the activity 

coefficients and J1?,mon and 11?,micelle are the standard state chemical potential of the 

same, t1Gfm is the standard Gibbs energy of micellization. 

For a dilute solution, the activity coefficients of monomeric surfactant and 

surfactant in micelle are set equal to 1. Then, equation (3.6) becomes 

LlGrm = RTlnximon _ _!_RTlnximicelle 
, ng , 

(3.7) 

In surfactant solution, the total concentration of surfactant, Xtov which is a sum 

of free surfactant, xi,mon and surfactants in micelles, xi,micelle· Assuming a sufficiently 

high value for n91 the second term in the above equation become very small and can be 

neglected. Then xi,mon can be approximated to erne. 

But for ionic surfactants the micellization equilibrium can be expressed as: 

(3.8) 

where (SMp)x is the micelle composed of x surfactant monomers and x{J counterions 

bearings- and M+ as the monomer and counterion of the surfactant forming micelles. 

The value of fJ may corresponds the fraction of bound counterion in the micelle. But 

for nonionic surfactants monomers and micelles are obviously uncharged and M+ 

does not enter to the equation and the model approaches to a limiting case having 

fJ = 0. However, applying the mass action law to the monomer-micelle equilibrium for 

the ionic surfactant, and taking into account the charges of counterion along with the 

other parameters, the Standard Gibbs free energy, flG~ can be expressed as [24, 39, 43]: 

(3.9) 
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for an ionic uni-univalent surfactant. Here, Xcmc is the erne epressed in mole fraction 

scale and a = 1 - P. 

The standard thermodynamic parameters, !1G 0
, !1H0 and !1S 0 indicate what is 

happening in a process. The standard free energy change upon micellization, llG;h tells 

us whether the process is spontaneous (!1Gih_ < 0) or not and the magnitude of the 

driving force. The standard enthalpy change upon micellization, llH;h, on the other 

hand shows whether bond making (11H:h < 0) or bond breaking (!1H~ > 0) 

predominates in the micellization process. The standard entropy chailge, LlS~ , 

indicates whether the system becomes more structured (!1S~ < 0) or more random 

(t.S;h > 0). 

Because of the characteristics behaviour of surfactants to orient at surfaces and 

to form micelles, their applicability varies with the phase as fomning agents, 

emulsifiers, solubilization, suspension, wetting detergency and dispersants. The type 

of surfactant behaviour, whether acting as emulsifiers or dispersant or otherwise, 

depends on the structural groups on the molecule. So, the functions and properties of 

the surfactant systems depend on their structural type, concentration, and composition 

in addition to environmental conditions such as pH , temperature, pressure and 

presence and absence of additives. It has been a long term goal of surfactant chemists 

to devise a quantitative way of correlating the chemical structure of surfactant 

molecules with their surface activity to facilitate the choice of material for a particular 

use. 

Anionic surfactants, among which the alkyl benzene sulfonates form a major 

constituent of synthetic detergents, are widely used in various industrial process, such 

as in paper industries, electroplating, cosmetics, food processing, laundry, vehicle 

washing. Commercial alkyl benzene sulfonate (ABS) surfactants are generally 

produced by using a process that results in a mixture of alkyl chain homologues with 

a range of head group positional isomers. The positional isomers have a molecular 

structure where the benzene sulfonate head group is attached at different positions 

along the alkyl chain [44]. In Table 3.1 the structure of different SDBS positional 

isomer along with their erne values in literature is given: 
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Table 3.1 
Different positional isomers of SDBS with their erne values at 298 K 

Name Structure erne Reference 
Na-1-DBSa [45] 

Na-2-DBS 1.04 [45] 

Na-3-DBS 138 [45] 

Na-4-DBS 1.65 [45] 

(4<PG2) 

Na-5-DBS 1.94 [45] 

Na-6-DBS 2.78 [46] 

3.10 This work 

aThe erne of Na-1-DBS could not be determined due to its very high Krafft temperature 
rendering it insoluble at 25°C even at very low surfactant concentrations. 

Sodium dodecyl benzene sulfonates are known to form micelles in dilute 

solution and display an array of liquid crystalline phases at higher concentrations [47]. 

Also, this reagent is employed in floatation application (as collectors). In this process, 

these reagents have a high specificity for a given mineral surface and are utilized in 
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relatively low dosages [48]. In particular, it is already known that a micelle to vesicle 

aggregate transition can be induced by a change in ionic strength, resulting in a 

reduction of the air-aqueous solution interfacial tension [49-50]. The ability to control 

the self-assembly aggregate structure can also be a desirable from a formulation and 

consumer accessibility perspective. Very recent developments in nanotube research 

indicated that the SDBS is the substance used to stabilize Single-Walled Carbon 

nanotubes (SWNT) dispersions with varying effectiveness [51-58]. Alkyl benzene 

sulfonate contains fluorescing group as part of their molecular architecture which 

exhibit eximer-monomer emission [59]. The alkyl benzene sulfonate is also applied to a 

typical commercial petroleum sulfonate (TRS 10-80) which is one of a family of 

surfactants used in chemical flooding oil recovery and is obtained by direct 

sulfonation of a large variety of aromatic petroleum feed stocks [60]. The dodecyl 

benzene sulfonate moiety is an effective surface-active compound. It can also 

conveniently interact with neutral and cationic polymers forming solutions of different 

constituencies. It has antifungal properties and has a low cost of production. So far, the 

solution properties of this surfactant have not been critically examined although few 

reports are available in the literature [46,61-62]. These considerations prompted us to 

make elaborate and critical study of the micellization and interfacial properties of DBS 

moiety with varying counterions. 

3. 4. Materials and methods 

3. 4. 1. Materials and ion-exchange procedure 

Surfactants with the desired counterions were prepared from a sample of 

purified sodium dodecyl benzene sulfonate (SDBS) (from Across Organics, 88%, USA) 

by the technique used by Eastoe and et al. [39] and the extended work of Ternsamani 

and et al. (64] and Benrraou and et al. [65]. The procured sample produced no minima 

in surface tension vs. concentration plot indicates good purity of the sample. 

Surfactants with different counterions were prepared from purified SDBS by ion

exchange techniques using a strong ion-exchange resin (Amberlite IR-120, 20-50 mesh, 

Loba Cherne, India) using following process: 
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About 2 gm sample of SDBS was dissolved in 20 m1 of a 1:1 (v/v) mixture of 

water and ethanol. The solution was passed through the column of 40 em x 2 sq. em 

size of a strong cationic ion exchanger in the H+ form very slowly. The resin was put in 

the acid form by using a large excess of a 0.20 M aqueous hydrochloric acid solution 

and washed with water until the complete removal of the excess acid takes place. The 

free sulphonic acid formed on passing the aqueous sodium dodecyl benzene sulfonate 

solution through the resin was then immediately neutralized with an aqueous solution 

of the hydroxides of desired counterions viz., Li+, K\ NHf1-1 (CH3)4N+, (C2Hs)4N+, 

(C3H7)..N" and (C4H9)4N+. All the hydroxides of high purity were procured from Fluka, 

Switzerland and Merck, India. The solvent water was then removed first by 

drying and then keeping under vacuum (bath temperature 313 K) for several days 

waxy solid was finally dried i..T1 vacuum over PzOs. The water 

sample was finally removed by the action of PzOs (from Loba Cherne, lndia) on a 

solution of surfactant in isooctane (~ 99.5% from Merck India). Controlling the flow 

rate of the solution through the ion exchange column had optimized the extent of 

Na+ jH+ ion exchange and H+ content of the surfactant solution (acid form) was 

measured by titrating with standard NaOH to determine the extent of exchange. The 

extent of exchange was found to be more than 99%. Doubly distilled water having 

conductivity of 2 f1S cm- 1 was used throughout experiment. Among all the ion

exchanged surfactants TBADBS did not crystallize at room temperature even after 

keeping at low temperature for several months. It appeared as a highly viscous, 

colourless semi-solid material. 

Commercial SDBS may contain five different isomers viz. 2 ~C12, 3 ~Cn, 4~C12, 

Stj>C12 and 6tj>C12 depending upon the number of carbon atoms in the branched chain 

(46] as stated earlier. However the supplier of the product which was used in the 

present study (sodium dodecyl benzene sulfonate, 88%; Acros, USA, Product Code 

325912500) did not mentioned the isomeric identification of their product. While the 

separation of isomers from their mixtures and their identification are difficult, the erne 

and other parameters indicate the presence of 6tj>C12 as the major component of the 

present surfactant system. Further, the recrystallised product of SDBS was subjected to 

ion exchange treatment in order to prepare surfactant with different counterions, 

followed by repeated recrystallization to ensure adequate purification. Therefore, it 

may be argued that the major component of each of SDBS, LDBS, PDBS, ADBS, 
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TMADBS, TEADBS, TPADBS and TBADBS was essentially 6¢C12 isomers as shown in 

Figure 3.1 [66]. 

- + 
S03 Na 

Figure 3.1. Schematical general molecular structure of DBS (6¢C12 isomer) where I= 
j = 6. 

3. 4. 2. Methods of measurement 

The erne and other thermodynamic parameters were determined from the 

surface tension as well as specific conductance data. The surface tension 

measurements were done by a calibrated Tensiometer (K9, KRUSS; Germany), to 

measure the surface tension at the air I water interface of the solution by the platinum 

ring detachment methods at different temperatures. The ring was cleaned by washing 

with doubly distilled water followed by burning in an alcohol flame. Solutions of 

known concentration were progressively diluted in water solutions. The accuracy of 

the measurements was within ± 0.1 mNm-1• Temperature of the system was 

maintained by circulating auto-thermostated water through a double-wall glass vessel 

containing the solution to keep the temperature constant within ± 0.1 K. similar 

studies were also done conductometically by using an electrical conductivity bridge 

(METTLER TOLEDO, Switzerland). The conductance values were uncertain within the 

limit of ±1 %. Each measurement was repeated several times at each temperature in the 

range of 283 to 313 K. Measurements were made at 5 K intervals of temperature. 
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3. 5. Results and discussions 

3. 5. 1. Critical micelle concentrations (erne) 

Since, the erne data are not available in the literature (except sodium dodecyl 

benzene sulfonate, SOBS) for the present system and also to maintain the adequate 

accuracy of the results for this systems, erne values were determined in both surface 

tension as well as in specific conductance methods for each surfactant with varying 

counter ions throughout the temperature range of 283- 313 Kat 5 K intervals (Figure 

3.2- 3.17). The value of erne was determined from these figures at the break points 

and post micellar region in the usual manner. At the intersection of almost 

each plot nonlinearity in a very small range is present which be to traces 

surface-active impurities or some small aggregation of surfactant molecules [67-68]. 

Ignoring this nonlinearity, the erne values are determined by drawing two straight 

lines through the two straight portions of the plot In table 3.2 and table 3.3, we present 

the erne values of all the surfactant systems at various temperatures with varying 

counterions along with different surface parameters and degree of binding of 

counterions, a. The changes of erne values with varying temperatures of different 

surfactants are very small but dearly detectable. At a specific temperature, the erne 

values of the surfactants follow the order Na+ > U+ > NH,~+ > K+ > N+(CH3)4 > 

N+(C2Hs)4> N+(C3H7)4 > N+(C4H9)4. So, it can be said from the results that the erne 

values of the DBS moiety depends on the counterions with the above order. For the 

present purpose the surfactants having different counterions have been classified into 

two categories: one containing different alkali metal counterions along with NTh+ and 

the other having various tetraalkyl ammonium counterions. It is apparent that the 

hydrodynamic radii along with the accessibility of the counterion towards the head 

group play an important role in micellization. For the tetraalkyl ammonium 

counterions, the binding ability of the counterions with the head group of the micelle 

can explain the relative erne values of the surfactants. Among tetraalkyl ammonium 

cations along with ammonium cations, the binding ability is highest for N+(C4H9)4 and 

decreases in the following order N+(C4H9)4 > N+(C3H7)4 > N+(C2Hs)4 > N+(CH3)4 > 

N~+. As a result, the reduction of the electrostatic intermicellar repulsive force occurs 

which leads to the formation of the micelle in the lower concentration range which is 

shown in the figure 3.18. 
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Figure 3.2: Surface tension, y, of Lithium dodecyl benzene sulfonate (LDBS) in 

aqueous solution as a function of the logarithm of the surfactant concentration (mM) at 

different temperatures (A: temperature 283K 293K, 303K, 313K), (B: temperature 
288K, 298K, 308K). 
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Figure 3.3: Surface tension, y, of Sodium dodecyl benzene sulfonate (SOBS) in aqueous 

solution as a function of the logarithm of the surfactant concentration (rnM) at 
different temperatures (A: temperature 283K, 293K, 303K, 313K), (B: temperature 

288K, 298K, 308K). 
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Figure 3.4: Surface tension, y, of Potassium dodecyl benzene sulfonate (PDBS) in 

aqueous solution as a function of the logarithm of the surfactant concentration (mM) at 
different temperatures (A: temperature 283K, 293K, 303K, 313K), (B: temperature 

288K, 298K, 308K). 
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Figure 3.5: Surface tension; y, of Ammonium dodecyl benzene sulfonate (ADBS) in 

aqueous solution as a function of the logarithm of the surfactant concentration (mM) at 

different temperatures (A: temperature 283K, 293K, 303K, 313K), (B: temperature 
288K, 298K, 308K). 
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Figure 3.6: Surface tension, y, of Tetramethylammonium dodecyl benzene sulfonate 

(TMADBS) in aqueous solution as a function of the logarithm of the surfactant 

concentration (mM) at different temperatures (A: temperature 283K, 293K, 303K, 

313K), (B: temperature 288K, 298K, 308K). 
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Figure 3.7: Surface tension, y, of Tetraethylammonium dodecyl benzene sulfonate 

(TEADBS) in aqueous solution as a function of the logarithm of the surfactant 

concentration (mM) at different temperatures (A: temperature 283K 293K, 303K 

313K), (B: temperature 288K 298K, 308K). 
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Figure 3.8: Surface tension, y, of Tetrapropylammonium dodecyl benzene sulfonate 

(TPADBS) in aqueous solution as a function of the logarithm of the surfactant 

concentration (mM) at different temperatures (A: temperature 283K, 293K, 303K, 

313K), (B: temperature 288K, 298K, 308K). 
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Figure 3.9: Surface tension, y, of Tetrabutylammonium dodecyl benzene sulfonate 

(TBADBS) in aqueous solution as a function of the logarithm of the surfactant 

concentration (mM) at different temperatures (A: temperature 283K, 293K, 303K, 

313K), (B: temperature 288K, 298K, 308K). 
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Figure 3.10: Conductance, A, of Lithium dodecyl benzene sulfonate (LDBS) in aqueous 

solution as a function of the surfactant concentration at different temperatures (A: 

temperature 283K, 293K, 303K, 313K), (B: temperature 288K, 298K, 308K). 
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Figure 3.11: Conductance, A, of Sodium dodecyl benzene sulfonate (SDBS) in aqueous 

solution as a function of the surfactant concentration at different temperatures (A: 

temperature 283K, 293K, 303K, 313K), (B: temperature 288K, 298K, 308K). 
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Figure 3.12: Conductance, A., of Potassium dodecyl benzene sulfonate (PDBS) in 

aqueous solution as a function of the surfactant concentration at different 

temperatures (A: temperature 283K, 293K, 303K, 313K), (B: temperature 288K, 298K, 

308K). 
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Figure 3.13: Conductance, 1\, of Ammonium dodecyl benzene sulfonate (ADBS) in 
aqueous solution as a function of the surfactant concentration at different 

temperatures (A: temperature 283K, 293K 303K, 313K), (B: temperature 288K, 298K, 
308K). 
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Figure 3.14: Conductance, /\, of Tetramethylammonium dodecyl benzene sullonate 

(TMADBS) in aqueous solution as a function of the surfactant concentration at 

different temperatures (A: temperature 283K, 293K, 303K, 313K), (B: temperature 

288K, 298K, 308K). 
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Figure 3.15: Conductance, A, of Tetraethylammonium dodecyl benzene sulfonate 

(TEADBS) in aqueous solution as a function of the surfactant concentration at different 
temperatures (A: temperature 283K, 293K, 303K, 313K), (B: temperature 288K, 298K, 
308K). 
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Figure 3.16: Conductance, A of Tetrapropylammonium dodecyl benzene sulfonate 

(TPADBS) in aqueous solution as a function of the surfactant concentration at different 

temperatures (A: temperature 283K, 293K, 303K, 313K), (B: temperature 288K, 298K, 

308K). 
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Figure 3.17: Conductance, A of Tetrabutylammonium dodecyl benzene sulfonate 

(TBADBS) in aqueous solution as a function of the surfactant concentration at different 

temperatures (A: temperature 283K, 293K, 303K 313K), (B: temperature 288K, 298K, 

308K). 
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It has been also reported that the N~+ binds more strongly to the dodecyl 

head group compared to Na+ thus a lower value in erne observed [69]. The observed 

erne values are also in good agreement with the literature values [38,45-46,70-73]. The 

hydrated radius along with hydration number of alkali metal ions with N~+ ion 

derived from corrected ionic radii is given in the table 3.4. In the present case of 

dodecyl benzene sulfonate, there is a branched carbon chain in the molecular structure 

of the anion. Though the actual nature of dependency of hydrophobic tail on the 

interaction of the hydrated counterions is not still well understood, it can be said that, 

"branched chain molecular structure" of DBS makes the environment around more 

hydrophobic in nature, where Li+ along with its large hydrated volume binds more 

readily than that of Na<- with the hydrophobic head. But NI-L+, which has the lowest 

hydration number shows anomalous behaviour towards its accessibility to the head 

group [74]. 
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Table 3.2 
Micellization and Surface parameters of Dodecyl benzene sulfonate having 
different alkali counterions along with NH4+ ion at various temperatures (T/K): erne, 
maximum surface excess concentration~ minimum areas per molecule and ionization 
degree. 

Counterion TjK cmcaj (mol dm· r max/ mol Arnin/nm2x a 
3 X 10·3) cm-2 x 106 102 

283 2.50 (2.41) 3.10 0.54 0.75 
288 2.60 (2.54) 2.98 0.57 0.71 
293 2.83 (2.76) 3.18 0.52 0.72 

Li+ 298 2.82 (2.80) 3.22 0.52 0.72 
303 2.79 (2.84) 3.22 0.51 0.72 
308 2.91 (2.90) 3.27 0.51 0.71 
313 3.21 (3.17) 3.29 0.50 0.71 
283 2.82 (2.77) 2.99 0.56 0.76 
288 2.91 (2.86) 3.16 0.53 0.70 
293 2.98 (2.95) 3.21 0.52 0.71 

Na+ 298 3.10 (3.13) 3.25 0.51 0.72 
303 3.21 (3.20) 3.27 0.51 0.74 
308 3.27 (3.31) 3.27 0.50 0.76 
313 3.33 {3.36) 3.32 0.48 0.77 
283 2.11 (2.14) 3.40 0.49 0.70 
288 2.18 (2.19) 3.46 0.48 0.70 
293 2.25 (2.24) 3.52 0.47 0.69 

K+ 298 2.38 (2.32) 3.55 0.47 0.71 
303 2.42 (2.41) 3.54 0.47 0.70 
308 2.50 (2.52) 3.58 0.46 0.71 
313 2.61 (2.60) 3.61 0.46 0.70 
283 2.28 (2.23) 3.12 0.53 0.74 
288 2.39 (2.36) 3.17 0.52 0.74 
293 2.41 (2.40) 3.23 0.51 0.73 

NH,+ 298 2.52 (2.48) 3.28 0.51 0.74 
303 2.68 (2.62) 3.38 0.49 0.78 
308 2.81 (2.82) 3.41 0.49 0.74 
313 2.80 (2.82) 3.49 0.47 0.74 

aThe values in the parenthesis represent erne determined by conductivity method. 
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Table 3.3 
Micellization and Surface parameters of Dodecyl benzene sulfonate having 
different tetraalkylammonium counterions at various temperatures (TfK): erne, 
maximum surface excess concentration, minimum areas per molecule and ionization 
degree. 

Counterion T/K cmcaj (mol dnr r max/ mol A.run/nm2x a 
3 x 10-3) cm-2 x 106 102 

283 1_31 (1.28) 3.11 0.53 0.71 
288 1.34 (1.29) 3.14 0.53 0.73 
293 1.34 (1.30) 3.17 0.52 0.74 

(CH3)4N+ 298 1.37 (1.31) 3.20 0.52 0.73 
303 1.39 (1.34) 3.28 0.51 0.74 
308 1.45 (1.37) 3.30 0.50 0.75 
313 1.49 (1.45) 3.36 0.49 0.73 
283 1.27 (1.27) 3.05 0.55 0.76 
288 1.28 (1.32) 3.03 0.55 0.77 
293 1.27 (1.22) 3.02 0.55 0.79 

(C2Hs)4N+ 298 1.30 (1.24) 3.10 0.54 0.79 
303 1.32 (1.25) 3.14 0.53 0.80 
308 1.32 (1.27) 3.19 0.52 0.79 
313 1.37 (1.29) 3.26 0.51 0.81 
283 1.08 (1.10) 3.02 0.55 0.79 
288 1.17 (1.15) 3.04 0.55 0.81 
293 1.18 (1.17) 3.07 0.54 0.81 

(C3H7)4N+ 298 1.22 (1.19) 3.08 0.54 0.82 
303 1.23 (1.20) 3.11 0.53 0.82 
308 1.25 (1.23) 3.16 0.53 0.82 
313 1.31 (1.25) 3.19 0.52 0.82 
283 0.79 (0.75) 2.93 0.57 0.87 
288 0.84 (0.81) 2.96 0.56 0.84 
293 0.99 (0.96) 2.99 0.55 0.84 

(C4H9)4N+ 298 1.05 (1.02) 2.99 0.56 0.83 
303 1.05 (1.03) 3.00 0.55 0.83 
308 1.10 (1.05) 3.01 0.55 0.82 
313 1.01 (0.82) 3.05 0.54 0.83 

aThe values in the parenthesis represent erne determined by conductivity method. 
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Table 3.4 
Ionic and Hydrated radius along with Hydration number of ions derived from 

corrected ionic radii 
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Ion Hydration number Ionic Radius (A) Hydrated Radius 
(A) 

N~+ 4.6 1.48 3.31 
K+ 5.1 1.37 2.23 

Na+ 6.5 0.99 2.76 
Li+ 7.4 0.59 3.40 

It has been also reported [75] that the binding tendency of alkali metal cations to 

polyethylene oxide (PEO) follows the order K+ > Cs+ > Na+. However, among all the 

alkali ions under investigation in the present study, K+ binds most strongly to DBS 

resulting in the lowest cmc at a particular temperature. Figure 3.19 represents the 

variation cmc with temperature for DBS containing different alkali metal 

counterions along with N~"·. 

3. 5. 2. Surface parameters 

The maximum surface excess concentrations (f max) in the aqueous-air interface 

are calculated by using Gibb' s adsorption equation since the f max is a useful measure 

of the effectiveness of adsorption of the surfactant at air-solution interface, since it is 

the maximum value that adsorption can attain. It is well known that the 

intel'face of a surfactant solution is well populated by the adsorbed molecules. 

general trend off max with increase of temperature is a slight decrease in its value for 

both nonionic and anionic surfactants but there is some other cases where opposite 

trend is also observed [76-78]. For 1:1 ionic surfactant in the absence of any additives, 

r max has the following expression [76-77,79]: 

r - ( 1 )( ay) 
max - 2.303n'RT - iJlogC (3.10) 

where y, C and n' are the surface tension, molar concentration and number of particles 

per molecule of surfactant respectively. y vs. log C plot was fitted to a second order 



74 

polynomial to measure the r max value and also all the surfactants behave like a unj

univalent electrolyte for which n' value is taken equal to 2. 

The area per molecule at the air I water interface gives us the information on 

the packing degree and also the adsorbed surfactant molecules orientation when 

compared with the dimensions of the molecule as obtained by the use of molecular 

models. The minimum area per molecule (Amm) can be easily obtained from the 

expression of surface excess concentration by using the following relations: 

(3.11) 

where rmax is in molfcm2 and N is the Avogadro's number. So, with increase in 

temperature, the Am in value generally shows the inverse trend as that of r max· 

A closer look at the table 32 and table 3.3 show that the r max values of all the 

counterions change in the opposite way from general trend. However, the result can 

be explained in the following way. The fmax values generally decreses due to the 

increased thermal motion with a consequent decrease in the effective adsorption 

process. But for dodecyl benzene moiety with varying counterions, a slight increase 

may be due to the lower hydration effect of the dodecyl benzene sulfonate surfactants 

at higher temperature and hence increasing tendency to move the molecules to the air

liquid interface [80-84]. The benzene ring in the surfactants may also be partially 

responsible for this result via steric inhibition during adsorption process. Similar type 

of result is also reported in the literature [81]. At a particular temperature, with 

changes in counterions, the r max value shows some irregularities due to the enhanced 

hydrophobicity of the anionic part of the surfactant molecules depending upon the 

accessibility of their corresponding counterions. Some part of the tetraalkyl 

ammonium counterion in the dodecyl benzene sulfonate layer may be responsible for 

the gradual decrease fmax value. This type of penetration is found in the literature [83] 

also. With increase in temperature, amphiphilic molecule tend to form a closely 

packed monolayer film of the hydrocarbon chain at the air I solution interface owing 

to the decreased repulsion between the oriented head groups indicated by the value of 
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3. 5. 3. Thermodynamic parameters 

The temperature dependency of DBS micelles having different counterions also 

enables one to determine the thermodynamic parameters of micellization. According 

to the pseudo-phase separation model the standard Gibbs free energy of micelhzation, 

i:!.GJh for ionic uni-univalent surfactant can be expressed as [21,24,85]: 

LlG! = (2 - a) RT In Xcmc (3.12) 

Here, Xcmc is the erne expressed in mole fraction scale and a , the ionization degree or 

counterionic ionization constant of the micelle, can be expressed by a= p, where p 
n 

and n are the effective charge and the aggregation number of the micelle respectively. 

It is well known that the value of a can be determined from the ratio of the slope of 

the two linear fragments of conductivity-concentration plot above and below erne [85-

86]. 

The standard enthalpy change i:!.H:h can be obtained from Gibb's-Helmholtz 

equation [25]: 

However, as the variation of a with temperature is not well defined due to 

polydispersity of micelle and does not follow any general trend, it is difficult to 

estimate the second term in the parenthesis experimentally [87-88]. The term, however, 

is small in comparison with the first one, and therefore, to gain quantitative 

information regarding the thermodynamics we neglect the second term of the 

equation (3.13), and the expression now becomes: 
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(3.14) 

The enthalpy of micellization may be obtained if the dependency of the erne on 

the temperature is known. The llS;h and llmiccg are also determined as essential 

thermodynamic parameters from the common expressions: 

( liH~ -fiG~) 
AS!!t = 

T 
(3.15) 

A . co = (iMH~) 
mzc p iJT p 

(3.16) 

In table 3.5 and table 3.6, the various thermodynamic data 

micellization are presented. These parameters are found to vary with temperature and 

also with the nature of the associated counterions. Negative sign of llH~ suggests 

surfactant aggregation is an endothermic process. The variation of the standard 

thermodynamic parameters with different counterions at a particular temperature can 

also be explained by the size and the hydration of the counterion. In the figure 

the variation of enthalpy with the variation of counterion of alkali metaL<> along with 

ammonium ion is given. From the plot, it is dear that the enthalpy first increases from 

LDBS to SDBS and then decreases to a very low value in all the temperatures for PDBS 

and after that it will further increases to the higher values close to LDBS. Similar plot 

of enthalpy with tetraalkyl ammonium counterions are presented in the Figure 3.21. 

From these two tables it is clear that the counterionic activity is more pronounced in 

the case of alkali metal ions. The tetraalkyl ammonium surfactants have their enthalpy 

of micellization relatively close to each other. The enthalpy value first decreases with 

increase in chain length, reaches a shallow minimum for tetrapropyl ammonium 

counterions and then increases. 
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Figure 3.21. Enthalpy Change with the change in Alkyl Chain Length of R in "RIN + 

counterion. 
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In figure 3.22 and 3.23, the entropy changes as a function of counterions are given. The 

opposite trend of what is observed in enthalpy changes is attributed to the fact that in 

a normal micellization process the contribution of both entropy and enthalpy 

ultimately makes the process spontaneous according to the Gibbs-Helmholtz equation. 

Different researchers often attempted to represent the thermodynamic 

variables of micellization into additive contribution of two factors: (1) interactions 

between hydrocarbon chains with water and (2) interactions between head groups, 

counterions and surfaces [89-90]. It is, therefore, logical to suppose that the second 

factor is important for the present work. A close look on the thermodynamic 

parameters support the view that in order to form micelle the gain in entropy is the 

major factor leading to negative change in Gibb' s free energy [91-92]. But for the alkali 

metals counterions, the fact that though the free energy changes are not very different, 

the entropy change is significantly higher and the enthalpy changes are much lower 

for K + counterion containing DBS compared to all other systems. This suggests that the 

entropy contributes as a major driving force in micellization. Less hydration and 

higher binding capacity of K + ion may cause higher contribution of llS~ in aggregation 

process. With increasing temperature, llS:h decreases systematically for a particular 

type of counterion, suggesting a disruption of ordered arrangement of water dipoles 

around the amphiphilic part of the surfactant molecules [5,7,44]. Conceptually, llG:h 

may be imagined to be divided into an electric contribution, F~1 arising from the ionic 

head groups and a hydrocarbon contribution, F~c· 

(3.17) 

Where Fe~ is positive and its contribution to the totalllG-!it value is generally small 

(about 3 ~ 4%). The F~c value may be divided into the free energy components 

llG!:.cHz- (contribution of -CH2- groups) and llG!:.cH
3 

(contribution of terminal -CH3 

groups). llG!:.cH
3 

is constant however, llG~CHz- depends upon the chain length. The 

reported value for ionic surfactants is approximately 2.93 ~ 3 kJ mol-1 [5,7,44]. Though 

the free energy change is not very different for all the systems, the enthalpy change is 

relatively higher. 
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Figure 3.24. Gibbs Free Energy Change with the change in alkali metal counterions 
along with NH4+ ion. 
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Figure 3.25. Entropy Change with the change in Alkyl Chain Length of R in R4N+ 
counterion. 
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Table 3.5 
Thermodynamic parameters of micellization for Dodecyl benzene sulfonate with 
different alkali counterions along with NH4+ at various temperatures: Standard 
Gibb's free energy, Enthalpy, Entropy and standard heat capacity. 

Counterion T/K -~Gm0 (kJ mol- -~Hm0 (kJ ~Sm0 (J mol- -~Cpm0 (J 
1) moJ-1) 1) mol-lK-1) 

283 32.4 5.7 94.3 409 
288 31.3 7.2 83.7 480 
293 30.8 10.1 70.6 551 

Li+ 298 31.1 12.9 61.1 622 
303 31.5 17.7 45.5 693 
308 31.5 20.8 34.7 764 
313 30.7 24.3 20.4 835 
283 32.3 7.8 86.6 382 
288 32.0 9.0 79.9 474 
293 31.8 12.2 66.9 566 

Na+ 298 32.5 14.9 59.1 658 
303 31.0 19.0 39.6 750 
308 31.0 22.9 26.3 842 
313 31.1 26.7 14.0 934 
283 31.2 2.1 102.8 127 
288 31.7 2.6 101.0 117 
293 32.2 3.1 99.3 107 

K" 298 32.3 4.4 93.6 97 
303 33.0 4.7 93.4 87 
308 33.1 5.2 90.6 77 
313 33.8 5.7 89.8 67 
283 39.9 6.3 118.7 405 
288 30.3 7.7 78.5 488 
293 31.0 11.1 67.9 571 

NHt+ 298 31.3 13.2 60.7 654 
303 30.5 18.0 41.2 737 
308 32.0 21.1 35.4 820 
313 32.6 25.2 23.6 903 

aThe values in the parenthesis represent erne determined by conductivity method. 



82 

Table 3.6 
Thermodynamic parameters of micellization for Dodecyl benzene sulfonate with 
different tetraalkyl ammonium counterions at various temperatures: Standard 
Gibb's free energy, Enthalpy, Entropy and standard heat capacity. 

Counterion TJK -L\Gm0 (kJ mol- -L\Hm0 (kJ L\Sm0 (J mol- -1\Cpm 0 (J 
1) moP) 1) mol-lK-1) 

283 32.4 21.5 38.34 141 
288 32.5 22.4 35.05 159 
293 32.8 23.3 32.21 177 

(CH3)4N+ 298 33.4 24.6 29.46 195 
303 33.7 25.6 26.47 213 
308 33.8 26.6 23.17 231 
313 34.7 28.3 20.41 249 
283 31.1 12.2 66.68 108 
288 31.5 12.8 65.09 116 
293 31.4 13.1 62.50 124 

(C2H5)4N+ 298 31.8 13.8 60.81 132 
303 31.2 14.3 59.08 140 
308 32.9 15.1 58.02 148 
313 33.0 15.6 55.53 156 
283 30.9 8.5 79.05 81 
288 30.8 8.7 76.50 87 
293 31.1 9.1 75.00 93 

(C3H7)4N+ 298 31.5 9.5 73.71 99 
303 31.9 9.9 72.76 105 
308 32.4 10.3 71.64 111 
313 32.7 10.7 70.26 117 

283 29.7 17.6 43.07 245 
288 30.9 18.9 41.71 241 
293 30.9 19.8 38.01 237 

(~H9)4N+ 298 31.6 20.9 35.79 233 
303 32.0 21.8 33.60 229 
308 32.7 23.1 31.38 225 
313 33.3 24.0 29.90 221 

aThe values in the parenthesis represent erne determined by conductivity method. 
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for tetramethyl ammonium ion compared to the other counter ions. It can, therefore, 

be conclude that for the present system, enthalpy contribution is the major factors for 

micellization. Loosely bound water dipole with the N+(Cl-L)4 ion may cause lower 

contribution of ilS}h in aggregation process. 

The effective interactions associated with hydrocarbon chains may be 

expressed by standard heat capacity of micelle formation, ilmiccg. In all the surfactant 

systems, the standard heat capacity changes linearly with temperature, as shown in 

figure 3.26. 
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Figure 3.26. Variation of Heat capacity of the surfactants as a function of temperature. 

The calculated values of ilmiccg for DBS with varying counterions fall between a wide 

range of value viz., -67 to -934 J mol-1 K-1, for the variation of temperature between 283 

K and 313 K. For all the counterions except K+, ilmiccg's do not change significantly at 

lower temperatures (<25°C); but at higher temperatures, llmiccg values follow the 

order Na+ > NH4+ > Li+ > K+. Potassium ion, however, shows anomalous behaviour, 

which may be due to its strong tendency of ion-pair formation. For the tetraalkyl 

ammonium counterions, the order of llmiccg values at a particular temperature is as 

follows: (CH3)4N+ > (C4H9)4N+ > (C2H5) 4N+ > (C3H7)4N+. This irregularity in behaviour 
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may also be explained by the tendency to form ion pair with the DBS moiety. 

Counterion binding also reduces the number of water molecules in the solvation shell 

of the counterion as well as the negatively charged head groups of DBS. At high 

temperatures, LlmicC$' s give large negative values due to solvation of ions upon 

demicellization, and this is quite reasonable because as the temperature is increased 

erne value also increases in all the present systems. 

Enthalpy and entropy change in the micellization process show a linear 

relationship for all the surfactant systems at a particular temperature and this is 

known as the enthalpy-entropy compensation and it is true for any other following 

processes, viz., oxidation-reduction, hydrolysis, protein unfolding etc. The entropy

enthalpy compensation plot is given in the figure 3.27 for different surfactant system 

at 298 K [25,77-78]. 
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Figure 3.27. Entropy-enthalpy compensation plot of surfactant with different 

counterions at 298 K temperature. 
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The importance of this value lies in the fact with hydrophobicity of surfactant which 

leads to stable micelle formation. The compensation phenomenon between the 

enthalpy change, ilH~, and the entropy change, ilS~, in various processes can be 

described in the form of [83-84] 

(3.18) 

The compensation temperature can be calculated from the slope of the enthalpy

entropy compensation plot, which is a straight line. The slope and intercept of the 

straight line has different meanings, slope interprets a measure of desolvation part of 

micellization which means a characteristic of solute-solute and solute-solvent 

interaction whereas the intercepts interprets solute-solute interactions. From the figure 

3.27, the intercepts ( IJ.H:n_) has been found to be -32.6 kJ mol-1 for DBS which 

correspond to the driving force of micellization where the entropy does not contribute 

the process at that particular temperature. 

3.6. Effects of counterions on the micellization of dodecyl benzene sulfonate, 

dodecyl sulfate and bis-(2-ethyl-1-hexyl) sulfosuccinate: A brief comparison 

Present work constitutes a part of the series of research performed in our 

laboratory on the effect of counterions and temperature on the rnicellization of various 

anionic surfactants; some of them are already published [80- 82]. The work has been 

carried out mainly on the three anionic surfactants viz., dodecyl benzene sulfonates, 

dodecyl sulfate and bis-(2-ethyl-1-hexyl) sulfosuccinate with varying counterions. The 

reason for selecting these surfactants stems from their structural differences at the 

hydrophobic ends. The general structure of dodecyl benzene sulfonate with sodium 

ion is given in figure 3.1. As discussed earlier, the DBS moiety contains a benzene ring 

attached with the sulfonate group and also the C2-hydrocarbon tail is branched in the 

present system of the study. Furthermore, the literature concerning DBS surfactant is 

not so huge as compared to SDS or AOT. This may be due to the presence of several 
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isomeric forms of DBS moiety. Sodium dodecyl sulfate is probably the most 

researched anionic surfactants possibly due to its simple structure [36-37,74,93-94]. It 

shows many other properties like interactions with dyes, electrophoresis and 

electrokinetics or methane hydrate formation reactions (95-97]. The schematic 

molecular structure of SDS is in Figure 3.28. 
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Figure 3.28: Schematic molecular structure of SDS 

AOT (Aerosol-OT, sodium bis-(2-ethy]-1-hexyl) sulfosuccinate), a double tailed 

anionic surfactant, used mainly h1 medicinal and pharmaceutical purposes due to it<; 

non-toxic property, It can form microemulsion and has the rich phase behaviour in 

solution [98-99]. Figure 3.29 shows the schematic molecular structure of AOT. 

~0 
0 

0 

0 

Figure 3.29: Schematic molecular structure of AOT 

In tables 3.7, 3.8, 3.11 and 3.12, the erne values were determined by surface 

tension and conductivity measurements, are given. The range of erne values of the 

following three surfactants with varying counterions are 3.33 mM to 0.79 mM, 9.21 

mM to 1.10 mM and 3.55 mM to 0.75 mM for DBS, DS and AOT respectively. The 

insertion of a phenyl ring and the branching of hydrophobic tail lowered the erne 

values of DBS and AOT compared to DS. On the other hand, benzene ring with 

branching hydrocarbon chain brings more hydrophobicity to the surfactant than 

double strand structure of AOT and as a result, the erne values are less than as 

compared to AOT. 
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In all the three surfactants, the change of erne values with temperature is small 

but it is in detectable range. In potassium salts of DS and AOT, it was found that at a 

concentration of 10 times the erne, they are immiscible in water at room temperature. 

The solution contains hydrated crystals dispersed in a micellar phase. So, the 

micellization property can be studied for K-AOT in the temperature lower than 313 K 

and we have studied the erne within the temperature range 283-308 K. Potassium 

dodecyl sulfate has the Krafft temperature of 307 K [100-102] at the erne. So, it is 

impossible to investigate the miceUization process in our temperature range for KDS 

since the temperature leading to a dear solution was too high. But for DBS moiety, no 

such problem arises in the temperature range 283 - 308 K. 

For all the surfactant systems with tetraalkyl ammonium counterions, erne 

decreases with increase in tetraalkyl arrunonium chain length. The order of alkali 

metal cations ion is not same for the three surfactants. The orders are: 

NH..;~+ > Li* >Na+ for dodecyl sulfate, NH4+ > Na+ > Li+ > K+ for AOT and Na+ > > 

N}L+ > K+ for DBS. This trend can be explained by the counterion binding to micelles. 

K + gives anomalous results owing to its tendency towards ion-pair formation in K

AOT. Li+ has the highest hydrated radius can modify the internal structure of double 

trailed structure of AOT micelle resulting a lower erne values. The general tendency of 

erne change with temperature is parabolic in nature [103-106]. These are true to the 

micelles of surfactants viz., LDS, SDS, ADS, Na-AOT, NHt-AOT, TMA-AOT, TEA

AOT. Other surfactants of DS and AOT have very low temperature dependency. 

However, the present DBS with different counterions show linear types of 

temperature dependency. 
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Table 3.7* 
Surface properties of dodecyl sulfate having different alkali counterions along with 
N~+ ion at various temperatures (T/K): erne, maximum surface excess 
concentration, minimum areas per molecule at the surface. 

Counterion T/K cmcaj (mol dm-3 rma,J mol AmiJnm2x a 
X 10-3) cm-2 x 1010 102 

283 9.11 (9.06) 3.22 0.52 0.30 
288 8.87 (8.92) 3.10 0.54 0.29 
293 8.52 (8.55) 2.98 0.55 0.31 

Li+ 298 8.23 (8.18) 3.08 0.54 0.33 
303 8.43 (8.42) 2.94 0.56 0.34 
308 8.51 (8.52) 2.90 0.57 0.32 
313 8.47 (8.45) 2.91 0.57 0.33 

283 8.88 (8.96) 3.12 0.53 0.28 
288 8.15 (8.17) 3.01 0.55 0.30 
293 8.05 (8.01) 3.11 0.54 0.30 

Na+ 298 7.96 (7.94) 2.90 0.57 0.32 
303 8.58 (8.62) 2.88 0.58 0.35 
308 8.65 (8.67) 2.78 0.60 0.32 
313 8.77 (8.80) 2.73 0.61 0.34 
283 9.21 (9.16) 3.21 0.52 0.27 
288 9.07 (9.10) 3.18 0.52 0.29 
293 8.88 (8.90) 3.11 0.53 0.28 

N~+ 298 8.51 (8.62) 3.02 0.55 0.32 
303 8.39 (8.38) 2.93 0.57 0.30 
308 8.85 (8.76) 2.87 0.58 0.31 
313 8.92 ~8.88) 2.88 0.58 0.28 

aThe values in the parenthesis represent erne determined by conductivity method. 
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Table 3.8· 
Surface properties of dodecyl sulfate having different tetraalkylammonium 
counterions at various temperatures (T/K): erne, maximum surface excess 
concentration, minimum areas per molecule at the surface. 

Counterion T/K cmcaj (mol dm-3 r rna./ mol Ami./nm2 x a 
x 10-3) cm-2 x 1010 102 

283 5.92 (6.01) 3.34 0.50 0.21 
288 5.70 (5.66) 3.24 0.51 0.21 
293 5.58 (5.55) 3.18 0.52 0.23 

(CH3)4N+ 298 5.51 (5.52) 3.15 0.53 0.25 
303 5.49 (5.47) 3.20 0.52 0.22 
308 5.56 (5.60) 3.14 0.53 0.24 
313 5.80 (5.72) 3.08 0.54 0.23 
283 4.08 (4.10) 3.28 0.51 0.20 
288 3.98 (3.97) 3.25 0.51 0.21 
293 3.92 (3.91) 3.19 0.52 0.23 

(C2Hs)4N ,_ 298 3.86 (3.86) 3.11 0.53 0.24 
303 3.82 (3.85) 3.18 0.52 0.24 
308 3.87 (3.88) 3.09 0.54 0.22 
313 3.85 (3.85) 2.99 0.56 0.23 
283 2.32 (2.36) 3.35 0.49 0.20 
288 2.26 (2.30) 3.30 0.50 0.19 
293 2.22 (2.23) 3.22 0.51 0.20 

(C3H7)4N+ 298 2.23 (2.24) 3.19 0.52 0.21 
303 2.18 (2.21) 3.20 0.52 0.21 
308 2.23 (2.20) 3.17 0.52 0.19 
313 2.22 (2.21) 3.11 0.53 0.19 
283 1.34 (1.32) 3.33 0.50 0.19 
288 1.29 (1.28) 3.28 0.50 0.18 
293 1.22 (1.24) 3.20 0.52 0.20 

(C4H9)4N+ 298 1.17 (1.15) 3.14 0.53 0.20 
303 1.18 (1.21) 3.09 0.54 0.18 
308 1.15 (1.17) 2.91 0.57 0.18 
313 1.10 (1.11) 3.01 0.55 0.17 

aThe values in the parenthesis represent erne determined by conductivity method. 
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Table 3.9* 
Thermodynamic parameters of micellization for Dodecyl sulfate with different 
alkali counterions along with NH4+ at various temperatures: Standard Gibb's free 
energy, Enthalpy and Entropy. 

Counterion Temp/K -~Gm0 IDm0 ~Sm0 

283 34.9 27.2 219.2 
288 35.8 25.9 214.4 
293 36.2 24.1 205.7 

1 "+ ~1 298 36.5 22.2 196.9 
303 36.8 20.3 188.3 
308 37.8 18.6 182.9 
313 38.2 16.3 174.2 
283 35.4 -9.4 91.8 
288 35.9 -14.3 75.1 
293 36.6 -19.6 57.8 

Na+ 298 36.8 -25.0 39.5 
303 36.5 -30.4 19.8 
308 37.7 -37.4 1.2 
313 37.8 -43.5 -18.3 
283 35.4 -15.7 69.8 
288 35.7 -19.6 56.0 
293 36.6 -24.1 42.9 

NJ:-L+ 298 36.6 -28.0 28.6 
303 37.7 -33.2 14.7 
308 37.8 -38.1 -0.9 
313 39.1 -44.3 -16.5 
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Table 3.10* 
Thermodynamic parameters of micellization for Dodecyi sulfate with different 
tetraalkylammonium counterions at various temperatures: Standard Gibb's free 
energy, Enthalpy and Entropy. 

Counterion Temp/K -t\Gm0 AHm 0 ASm0 

283 38.5 -2.3 128.1 
288 39.4 -6.1 115.7 
293 39.7 -10.0 101.4 

(CI-b)4N+ 298 40.0 -14.0 86.9 
303 41.4 -18.9 74.2 
308 41.5 -23.4 58.6 
313 42.2 -28.7 43.2 
283 40.3 19.0 209.8 
288 40.9 18.4 205.9 
293 41.2 17.6 200.6 

(C2Hs)4N+ 298 41.7 16.8 196.4 
303 42.5 16.0 193.0 
308 43.6 15.3 191.3 
313 44.1 14.3 186.5 
283 42.7 21.1 225.4 
288 43.8 20.7 224.1 
293 44.4 20.0 220.0 

(C3H7)4N+ 298 44.9 20.0 215.4 
303 45.8 18.6 212.3 
308 46.9 18.0 210.7 
313 47.7 17.1 207.1 
283 45.3 14.0 209.4 
288 46.5 13.3 207.7 
293 47.0 12.3 202.6 

(C4H9)4N+ 298 48.0 11.4 199.5 
303 49.3 10.6 197.7 
308 50.3 9.5 194.0 
313 51.6 8.3 191.4 
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Table 3.11· 
Micellization and Surface parameters of AOT surfactants having different alkali 
counterions along with Nlli+ ion at various temperatures (T/K): erne, maximum 
surface excess concentration; minimum areas per molecule and ionization degree. 

Counterion T/K cmcaj (mol dm-3 rmaJ mol Amn/nm2x a 
X 10-3) cm·2 x 1010 102 

283 3.35 (3.40) 1.63 1.02 0.73 
288 2.98 (3.15) 1.60 1.04 0.51 
293 2.82 (2.90) 1.59 1.04 0.49 

Li+ 298 2.66 (2.63) 1.59 1.44 0.58 
303 2.40 (2.37) 1.56 1.06 0.70 
308 2.24 (2.19) 1.61 1.03 0.68 
313 2.39 (2.23) 1.60 1.05 0.77 
283 3.55 (3.53) 1.42 1.17 0.61 
288 3.16 (3.20) 1.45 1.14 0.51 
293 2.88 {2.77) 1.49 1.11 0.46 

Na+ 298 2.63 (2.40) 1.57 1.06 0.70 
303 2.24 (2.20) 1.76 0.94 0.69 
308 2.37 (2.26) 1.70 0.98 0.70 
313 2.80 {2.69) 1.71 0.97 0.67 
283 2.97 (3.11) 1.84 0.90 0.74 
288 2.90 (3.01) 2.01 0.83 0.63 
293 2.82 {2.90) 2.22 0.75 0.58 
298 2.70 (2.62) 2.25 0.74 0.73 
303 2.44 (2.35) 2.30 0.72 0.85 
308 2.42 (2.32) 2.44 0.68 0.75 
313 
283 3.87 (3.85) 1.56 1.06 0.45 
288 3.31 (3.20) 1.58 1.05 0.58 
293 3.09 (3.12) 1.45 1.14 0.66 

N~+ 298 2.70 (2.65) 1.55 1.07 0.68 
303 2.59 (2.52) 1.80 0.92 0.77 
308 2.65 (2.60) 1.72 0.96 0.66 
313 2.82 {2.75) 1.76 0.94 0.71 

aThe values in the parenthesis represent erne determined by conductivity method. 
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Table 3.12* 
Micellization and Surface parameters of AOT surfactants having different 
tetraalkylammonium counterions at various temperatures (T/K): erne, maximum 
surface excess concentration, minimum areas per molecule and ionization degree. 

Counterion T/K 

283 
288 
293 
298 
303 
308 
313 
283 
288 
293 
298 
303 
308 
313 
283 
288 
293 
298 
303 
308 
313 
283 
288 
293 
298 
303 
308 
313 

cmcaj (mol dm-3 
X 1Q-3) 

4.76 (4.61) 
3.82 (4.10) 
3.24 (3.40) 
2.90 (2.90) 
2.05 (2.35) 
2.10 (2.20) 
2.26 (2.31) 
1.88 (2.10) 
1.78 (2.00) 
2.95 (1.85) 
2.45 (2.50) 
2.31 (2.43) 
2.37 (2.50) 
2.56 (2.63) 
1.18 (1.34) 
1.05 (1.20) 
0.93 (0.98) 
0.97 (0.95) 
0.92 (0.85) 
0.87 (0.90) 
0.74 (0.80) 
1.04 (1.11) 
0.87 (0.91) 
0.80 (0.83) 
0.77 (0.80) 
0.75 (0.78) 

r rna./ mol Ami./nm2x 
cm-2 x 1010 102 

1.68 0.99 
1.65 1.01 
1.53 1.08 
1.60 1.04 
1.80 0.92 
1.72 0.96 
1.67 0.99 
1.44 1.15 
1.33 1.25 
1.46 1.14 
1.43 1.16 
1.76 0.94 
1.31 1.27 
1.41 1.12 
1.67 0.99 
1.71 0.97 
1.85 0.89 
1.71 0.97 
1.77 0.94 
1.69 0.98 
1.93 0.86 
1.32 1.26 
1.40 1.18 
1.42 1.17 
1.63 1.02 
1.82 0.91 

a 

0.50 
0.51 
0.67 
0.74 
0.72 
0.76 
0.74 
0.42 
0.56 
0.65 
0.67 
0.80 
0.69 
0.66 
0.56 
0.69 
0.66 
0.65 
0.68 
0.75 
0.74 
0.57 
0.58 
0.59 
0.76 
0.67 

aThe values in the parenthesis represent erne determined by conductivity method. 
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Table 3.13* 
Thermodynamic parameters of micellization for AOT surfactants with different 
alkali counterions along with NH4+ at various temperatures: Standard Gibb's free 
energy, Enthalpy and Entropy. 

Counterion Temp/K -i1Gm0 L1Hm0 !J.SmO 
283 29.0 9.9 63.4 
288 35.1 12.1 80.0 
293 36.3 12.6 80.9 

Li+ 298 34.9 12.3 76.0 
303 32.8 11.6 69.9 
308 34.3 12.3 71.5 
313 32.1 12.0 73.3 
283 44.4 23.5 73.8 
288 37.2 25.3 41.3 
293 37.0 25.4 39.7 

Na+ 298 32.1 22.1 33.3 
303 33.5 23.1 34.1 
308 33.6 23.8 32.0 
313 34.2 24.3 34.4 
283 29.2 5.7 83.4 
288 32.4 6.4 90.5 
293 34.1 6.8 93.2 

K+ 298 31.3 6.3 84.0 
303 29.2 5.9 76.8 
308 32.3 6.7 83.3 
313 
283 35.0 16.5 61.3 
288 33.0 15.6 56.9 
293 32.0 14.3 50.2 

Nf-L+ 298 32.5 15.9 56.6 
303 30.9 15.8 52.0 
308 34.1 16.0 50.0 
313 33.2 16.3 53.5 
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Table 3.14* 
Thermodynamic parameters of micellization for AOT surfactants with different 
tetraalkylammonium counterions at various temperatures: Standard Gibb's free 
energy, Enthalpy and Entropy. 

Counterion Temp/K -AGm0 AHm0 ASm0 

283 33.0 29.1 13.7 
288 34.2 30.0 14.6 
293 31.7 27.9 13.3 

(CH3)4N+ 298 30.8 27.2 12.1 
303 33.0 28.6 14.5 
308 32.3 28.5 12.2 
313 33.1 29.0 12.8 
283 35.0 12.2 80.6 
288 33.0 11.7 74.0 
293 32.0 12.2 67.6 

(CzHs)4N+ 298 32.5 12.3 67.8 
303 30.9 11.9 62.7 
308 34.1 13.3 67.5 
313 35.2 13.7 67.7 
283 36.4 8.5 98.7 
288 34.7 8.1 92.3 
293 35.8 8.5 93.3 

(C3H7)4N+ 298 36.6 8.8 93.1 
303 36.6 8.9 91.2 
308 35.4 8.7 86.5 
313 36.8 8.8 90.6 
283 36.6 14.4 78.4 
288 37.6 14.9 78.8 
293 38.2 15.3 78.2 

(C4H9)4N+ 298 34.4 15.2 64.4 
303 37.7 15.5 73.3 
308 
313 

* Data are collected from our previous work [34,80-81 ]. 
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Surface parameters are also listed in the table as mentioned above for erne 

values. Among the r max values of DS, DBS a1:1d AOT, only the DS follows the general 

trend with temperature. The order of r max values is lower in the case of DBS as 

compared to DS and AOT suggesting weaker adsorption of this surfactant at air

solution interface is low. The lower Amin values for DS and AOT suggest that these 

amphiphiles tend to form a more closely packed monolayer film of the hydrocarbon 

chain at air / liquid interface as compared to DBS with same counterions. 

The thermodynamic parameters have been reported in the tables 3.9, 3.10, 3.13, 

3.14. From the tables, it is clear that the micellization process is spontaneous as 

indicated by large negative values of ilG~ for all the surfactant systems. A close look in 

all the systems in the table shows that at low temperature, the entropy gain is the main 

factor for the formation of micelle leading to the negative Gibb' s free energy change. 

Thereore, the magnitude and the signs of flG~ and LlS~ suggest t.l-te stability of the 

micelle. The ilG~ values of the three systems are almost in the same range and with 

increase in temperatures the ilG~ value generally increases for DS and DBS systems 

whereas for AOT some reverse trend is observed. The reverse trend may be due to the 

double trailed structure of AOT which facilitates more disruption of water structures 

at higher temperatures. In between the DS and DBS systems, the flG~ value is higher 

forDS systems, particularly more pronounced for the alkyl ammonium counterions. 

The enthalpy of micellization is negative for all the counterions in case of AOT and 

DBS. But for DS, there are both positive and negative value of enthalpy change of 

micellization suggests that both exothermic and endothermic process to occur at the 

micellization process. The lower enthalpy values are shown by potassium counterions 

for both AOT and DBS surfactants with higher enthalpy values. 

The effective interaction associated with hyillocarbon chains may be expressed 

by standard heat capacity of micelle formation, ilmiccg. The ilmiccg values for 

comparison are calculated for only SDBS and SDS systems due to their very similar 

molecular formula and also for the presence of a dodecyl moiety in hydrocarbon 

chains. In both the systems, the standard heat capacity changes with temperature are 

shown in figure 3.30. 
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Figure 3.30: Variation of standard heat capacity of micelle formation, Llmiccg as a 
function of temperature for SDBS and SDS. 

The calculated values of Llmiccg for SOBS fall between a wide range of value viz., -

381.8 to -933.8 J mol-1 K-1 for the temperature range 283-293 K. On the other hand, SDS 

which also yields LlmicC3 values between -607 and -644 J mol-l K-1. 
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Chapter IV 

Aggregation behaviour of dodecyl benzene 
sulfonate in presence of symmetrical bromide salts 
and ethylene glycol 

4.1. Dodecyl Benzene Sulfonate in presence of Symmetrical Bromide Salts 

4.1.1. Introduction and Review of Previous Works 

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

phenomenon. These micellar systems have hn.T.ense 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 of the 

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, 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 

solubilization 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 solubilization 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 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 
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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 dimeric surfactants (known as Gemini 

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

existing micelles correspond to the lowest free ene1·gy state of the system. Thus, the 

intense interest in determining the thermodynamic parameters of micelle formation in 

aqueous solutions, namely, the Gibbs free energy, D.G~ic' the enthalpy, D.H~ic, and the 

entropy, D.S1~ic' 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 from the temperature dependence 

of the critical micelle concentration (erne), though very highly accurate erne's are 

required in order to achieve satisfactory values of D.H~ic-

Among available techniques for studying surfactant aggregation, for example, 

conductivity, surface tension, NMR and calorimetry has a distinct advantage, for it is 

possible to calculate both the erne and D.H~ic 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 an.d 

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]. Also phase separation on heating is a general 

phenomenon that has been investigated in great detail in the context of non-ionic 

surfactants which is not included in our present study [21-23]. Ionic surfactant 

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

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

force. 

Over the years a considerable amount of literature on anionic surfactant

electrolyte system has been compiled, majority of which involved sodium dodecyl 
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sulfate (SDS) as the surfactant and NaCl as the electrolyte. However, in recent years, 

attention has been focused on the interactions of other surfactants with hydrophobic 

counterions and to this effect in many studies (7,16,24-32]. The alkali metal ions are 

heavily hydrated in aqueous solution and hence cannot approach to close proximity of 

the highly charged micellar surface (33,34]. These ions are, therefore, less effective in 

screening the charge on the micellar heads. Unlike the alkali metal halides the 

tetramethyl ammonium ion (T AA+) 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 [24]. 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 dearly evident from the previous study where it has been shown that 

micelles of sodium dodecylbenzene sulfonate interact more strongly with the T AA + 

ions than with the alkali metal ions [35]. 

In the present study, the surfactant chosen is again dodecyl benzene sulfonate 

(DBS) with different counterions, viz., Na+, Li+, K+, NH4+, (CH3)4N+, (C2Hs)4N+, 

(C3H7)4N+ and (C4H9)4N+ and the electrolytes are the symmetrical bromides and tetra 

alkyl bromides. The NH/ ion, in terms of size, is in fact an ion that stands between the 

largest common alkali metal ion Cs + and the smallest tetraalkyl ammonium ion, viz., 

TMA+ [36]. All the TAA+ ion.<; are fairly surface active, while TPA+ and TBA+ show 

signs of self-aggregation in aqueous solution [37]. TBA+ is one of the most effective 

additives for the occurrence of clouding in anionic surfactants. Hence the DBS with 

different counterions and the corresponding bromide salt systems seem to be an 

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

on the micellization of DBS with different counter ions in aqueous bromide salt 

solutions mainly by surface tension measurements and also by electrical conductivity 

measurements. The dependence of the thermodynamic parameters of micellization of 

DBS with different counterions on the corresponding bromide ions has been studied. In 

many applications, the stability of micellar solutions at elevated temperatures is of 

practical importance [38,39]. Therefore, the occurrence of temperature dependent 

thermodynamic study has also been reported. 
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4.1.2. Materials and Methods 

Materials 

A high grade purified sample of SDBS from Across Organics (New Jersey, 

USA) was used for the present study. Both of them produced no minima in the surface 

tension vs. concentration plots indicating good purity of the compounds. The samples 

are converted into the surfactants bearing different counterions by ion exchange 

technique using a strong ion exchange resin {Amberlite IR-120, 20-50 mesh, Loba 

Cherne, India). Surfactants with the desired counterions were prepared by following 

the technique of Eastoe and et al. [40] and the extended work of Temsamani and et al. 

[41] and Benrraou and et al. [42}. The process is same as discussed in the chapter III. 

Sodium bromide is of AR grade (LOBA-CHEMIE INDOAUSTRANAL CO., India). 

Potassium bromide is of AR grade (Sigma-Aldrich Co., St. Louis, USA). Lithium 

bromide and the other tetraalkyl ammonium bromides were of puriss grade (Fluka, 

Switzerland) and were purified by standard procedures. The recrystallised salts were 

dried in vacuum for 12 hours before use. 

Methods 

Electrical conductivity measurements: The erne values were determined from 

the surface tension as well as specific conductance data as discussed in chapter III, 

section 3.4.2. 

4.1.3. Results and discussions 

4.1.3.1. Critical micellization concentration (erne) 

The critical micellization concentrations of DBS with different counter ions in 

presence of corresponding aqueous bromide salt solutions in the concentration range 

of (5-0.5) mM were determined mainly by surface tension and partly also by the 

electrical conductivity method. (Conductivity measurement in the whole salt 

concentration range was not done to avoid the chance of merging surfactant 

conductivity data by the salt conductance at high concentration.) Figure 4.1-4.48 shows 
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the plot of surface tension value {y) with logarithm of the concentration of the 

surfactant solution in presence of varying concentrations of same bromide salt as that 

of the counter ion and figure 4.49- 4.56 also shows the plot of experimental values of 

conductivity (K) as a function of DBS concentration with different counter ions. From 

these figures, a substantial decrease in the erne of DBS with all counterions with 

increasing concentration of bromide salt is apparent. 

Increasing the concentration of a particular elecb·olyte 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 anior..ic 

surfactants is also observed in presence of all systenls with corresponding bromide 

electrolytes. 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 7.8mM to 2.3mM on the addition of 0.05M of NaCl [9]. while the identical 

concentration of TBAB could lower the erne to as low as 0.23mM at 298K [7]. In the 

present study, e.g., the erne of ADBS in water is 2.41mM at 293.15K and is lowered to 

1.82mM, 1.66mM, 1.59mM, 1.49mM, 1.40mM and 1.33mM in presence of 0.0005M, 

0.001M, 0.002M, 0.003M, 0.004M and 0.005M Ammonium Bromide solution 

respectively at the same temperature. The erne values of all the DBS moiety with 

different counterions in the presence of symmetrical bromide salts are given in Table 

4.1.1- 4.1.4. From these results one may be able to examine the role of the positive ions 

in modifying the aggregation properties of aqueous DBS moiety. This large decrease in 

erne value probably indicates the existence of strong hydrophobic interaction between 

the alkyl groups of the corresponding positive ions with the hydrocarbon tails of 

surfactant molecules along with the strong electrostatic interaction (due to weak 

hydration) with the surfactant head groups. 



55 

50 

";'s 45 

z s 
~ 40 

35 

I 
30 i . 

-3.5 -3 -2.5 -2 

Loge 

-1.5 

o 293 K 

<> 303 K 

t:. 313 K 
1 

109 

Figure 4.1: Surface Tension, y, vs. Log C (mM) plot of SDBS in temperature range 
293 - 313 K at 10 K intervals in the NaBr concentration 0.0005 M. 
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Figure 4.2: Surface Tension, y, vs. Log C (mM) plot of SDBS in temperature range 
293 - 313 K at 1 0 K intervals in the N aBr concentration 0. 001 M. 
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Figure 4.3: Surface Tension, y, vs. Log C (mM) plot of SDBS in temperature range 
293- 313 Kat 10 K intervals in the NaBr concentration 0.002 M. 
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Figure 4.4: Surface Tension, y, vs. Log C (mM) plot of SDBS in temperature range 
293 - 313 K at 10 K intervals in the NaBr concentration 0.003 M. 
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Figure 4.5: Surface Tension, y, vs. Log C (mM) plot of SDBS in temperature range 
293 - 313 K at 10 K intervals in the NaBr concentration 0.004 M. 
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Figure 4.6: Surface Tension, y, vs. Log C (mM) plot of SDBS in temperature range 
293- 313 Kat 10 K intervals in the NaBr concentration 0.005 M. 
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Figure 4.7: Surface Tension, y, vs. Log C (mM) plot of LDBS in temperature range 
293 -- 313 K at 10 K intervals in the LiBr concentration 0.0005 M. 
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Figure 4.8: Surface Tension, y, vs. Log C (mM) plot of LDBS in temperature range 
293 - 313 K at 10 K intervals in the LiBr concentration 0.001 M. 
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Figure 4.9: Surface Tension, vs. Log C (mM) plot of LDBS temperature range 
293 - 313 K at 10 K intervals in the LiBr concentration 0.002 M. 
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Figure 4.10: Surface Tension, y, vs. Log C (mM) plot of LDBS in temperature range 
293-313 Kat 10 K intervals in the LiBr concentration 0.003 M. 
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Figure 4.11: Surface Tension, y, vs. Log C (mM) plot of LDBS in temperature range 
293 - 313 K at 10 K intervals in the LiBr concentration 0.004 M. 
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Figure 4.12: Surface Tension, y, vs. Log C (mM) plot of LDBS in temperature range 
293 - 313 Kat 10 K intervals in the LiBr concentration 0.005 M. 
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Figure 4.13: Surface Tension, y, vs. Log C (mM) plot of PDBS in temperature range 
293 - 313 Kat l 0 K intervals in the KBr concentration 0.0005 M. 
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Figure 4.14: Surface Tension, y, vs. Log C (mM) plot of PDBS in temperature range 
293 - 313 K at 10 K intervals in the KBr concentration 0.001 M. 
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Figure 4.15: Surface Tension, y, vs. Log C (mM) plot of PDBS in temperature range 
293 - 313 K at 10 K intervals in the KBr concentration 0.002 M. 

46 

44 

42 

7 
40 

e z 38 
-€. 

;:..-;. 36 

34 

32 

30 

-4 

-------- ___ 1 ___ _ 

-3.5 -3 -2.5 

Loge 

-- - - -r--- --

-2 -1.5 

o 293K 

<> 303 K 

b. 313 K 

Figure 4.16: Surface Tension, y, vs. Log C (mM) plot of PDBS in temperature range 
293 - 313 K at 10 K intervals in the KBr concentration 0.003 M. 
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.Figure 4.17: Surface Tension, y, vs. Log C (mM) plot of PDBS in temperature range 
293- 313 Kat 10 K intervals in the KBr concentration 0.004 M. 
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Figure 4.18: Surface Tension, y, vs. Log C (mM) plot of PDBS in temperature range 
293 - 313 K at 10 K intervals in the KBr concentration 0.005 M. 
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Figure 4.19: Surface Tension, y, vs. Log C (rnM) plot of ADBS in temperature range 
293- 313 Kat 10 K intervals in the NH4Br concentration 0.0005 M. 
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Figure 4.20: Surface Tension, y, vs. Log C (rnM) plot of ADBS in temperature range 
293 - 313 K at 1 0 K intervals in the NR.Br concentration 0. 001 M. 
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Figure 4.21: Surface Tension, y, vs. Log C (mM) plot of ADBS in temperature range 
293 - 313 Kat 10 K intervals in the NH4Br concentration 0.002 M. 
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Figure 4.22: Surface Tension, y, vs. Log C (mM) plot of ADBS in temperature range 
293- 313 Kat 10 K intervals in the NH4Br concentration 0.003 M. 
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Figure 4.23: Surface Tension, y, vs. Log C (mM) plot of ADBS in temperature range 
293 - 313 Kat 10 K intervals in the NH4Br concentration 0.004 M. 
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Figure 4.24: Surface Tension, y, vs. Log C (mM) plot of ADBS in temperature range 
293- 313 Kat 10 K intervals in the NH4Br concentration 0.005 M. 
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Figure 4.25: Surface Tension, y, vs. Log C (mM) plot of TMADBS in temperature 
range 293 - 313 K at 10 K intervals in the TMABr concentration 0.0005 M. 
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Figure 4.26: Surface Tension, y, vs. Log C (mM) plot of TMADBS in temperature 
range 293 - 313 K at 10 K intervals in the TMABr concentration 0.001 M. 
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Figure 4.27: Surface Tension, y, vs. Log C (mM) plot of TMADBS in temperature 
range 293 - 313 K at 10 K intervals in the TMABr concentration 0.002 M. 
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Figure 4.28: Surface Tension, y, vs. Log C (mM) plot of TMADBS in temperature 
range 293 - 313 K at 10 K intervals in the TMABr concentration 0.003 M. 
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Figure 4.29: Surface Tension, y, vs. Log C (mM) plot of TMADBS in temperature 
range 293 - 313 K at 10 K intervals in the TMABr concentration 0.004 M. 
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Figure 4.30: Surface Tension, y, vs. Log C (mM) plot of TMADBS in temperature 
range 293-313 Kat 10 K intervals in the TMABr concentration 0.005 M. 
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Figure 4.31: Surface Tension, y, vs. Log C (mM) plot of TEADBS in temperature 
range 293 - 313 K at 10 K intervals in the TEABr concentration 0.0005 M. 
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Figure 4.32: Surface Tension, y, vs. Log C (mM) plot of TEADBS in temperature 
range 293 - 313 Kat 10 K intervals in the TEABr concentration 0.001 M. 
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Figure 4.33: Surface Tension, y, vs. Log C (mM) plot of TEADBS in temperature 
range 293 - 313 K at 10 K intervals in the TEABr concentration 0.002 M. 
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Figure 4.34: Surface Tension, y, vs. Log C (mM) plot of TEADBS in temperature 
range 293 - 313 K at 10 K intervals in the TEABr concentration 0.003 M. 
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Figure 4.35: Surface Tension, y, vs. Log C (mM) plot of TEADBS in temperature 
range 293 - 313 K at 10 K intervals in the TEABr concentration 0.004 M. 
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Figure 4.36: Surface Tension, y, vs. Log C (mM) plot of TEADBS in temperature 
range 293 - 313 K at 10 K intervals in the TEABr concentration 0.005 M. 
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Figure 4.37: Surface Tension, y, vs. Log C (mM) plot of TP ADBS in temperature 
range 293-313 Kat 10 K intervals in the TPABr concentration 0.0005 M. 
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Figure 4.38: Surface Tension, y, vs. Log C (mM) plot of TP ADBS in temperature 
range 293 - 313 Kat 10 K intervals in the TPABr concentration 0.001 M. 



42 

40 

38 
'i" e z 36 
~ ;-.;. 

34 

32 

30 

-4 

~~ -·---~~~ 

------------~---------
____ T ______ ---T- -----------

-3.5 -3 -2.5 -2 

Loge 

.5 

o 293K 

o 303 K 

ll 313 K 

-~--~-_j 

128 

Figure 4.39: Surface Tension, y, vs. Log C (mM) plot of TPADBS in temperature 
range 293 - 313 K at 10 K intervals in the TP ABr concentration 0.002 M. 
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Figure 4.40: Surface Tension, y, vs. Log C (mM) plot of TPADBS in temperature 
range 293 - 313 K at 10 K intervals in the TP ABr concentration 0.003 M. 
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Figure 4.41: Surface Tension, y, vs. Log C (mM) plot of TPADBS in temperature 
range 293 - 313 K at 1 0 K intervals in the TP ABr concentration 0.004 M. 
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Figure 4.42: Surface Tension, y, vs. Log C (mM) plot of TP ADBS in temperature 
range 293 - 313 K at 10 K intervals in the TP ABr concentration 0.005 M. 
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Figure 4.43: Surface Tension, vs. Log C (mM) plot of TBADBS in temperature 
range 293 - 313 K at 10 K intervals in the TBABr concentration 0.0005 M. 
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Figure 4.44: Surface Tension, y, vs. Log C (mM) plot of TBADBS in temperature 
range 293-313 Kat 10 K intervals in the TBABr concentration 0.001 M. 
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Figure 4.45: Surface Tension, y, vs. Log C (mM) plot of TBADBS in temperature 
range 293 - 313 K at 10 K intervals in the TBABr concentration 0.002 M. 
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Figure 4.46: Surface Tension, y, vs. Log C (mM) plot of TBADBS in temperature 
range 293 - 313 K at 10 K intervals in the TBABr concentration 0.003 M. 
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Figure 4.47: Surface Tension, y, vs. Log C (mM) plot of TBADBS in temperature 
range 293 - 313 Kat 10 K intervals in the TBABr concentration 0.004 M. 
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Figure 4.48: Surface Tension, y, vs. Log C (mM) plot of TBADBS in temperature 
range 293- 313 Kat 10 K intervals in the TBABr concentration 0.005 M. 
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Figure 4.49: Conductance, A, of Sodium dodecyl benzene sulfonate (SDBS) in 
aqueous NaBr solution [NaBr] = 0.0005(M) as a function of the surfactant 
concentration at different temperatures. 
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Figure 4.50: Conductance, A, of Lithium dodecyl benzene sulfonate (LDBS) in 
aqueous LiBr solution [LiBr] = 0.0005(M) as a function of the surfactant concentration 
at different temperatures. 
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F'igure 4.51: Conductance, A, of Potassium dodecyl benzene sulfonate (PDBS) in 
aqueous KBr solution [KBr] = 0.0005(M) as a function of the surfactant concentration 
at different temperatures. 
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Figure 4.52: Conductance, A, of Ammonium dodecyl benzene sulfonate (ADBS) in 
aqueous NJ-4Br solution [NH4Br] = 0.0005(M) as a function of the surfactant 
concentration at different temperatures. 
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Figure 4.53: Conductance, A, of Tetramethylammonium dodecyl benzene sulfonate 
(TMADBS) in aqueous KBr solution [TMABr] = 0.0005(M) as a function of the 
surfactant concentration at different temperatures. 
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Figure 4.54: Conductance, A, of Tetraethylammonium dodecyl benzene sulfonate 
(TEADBS) in aqueous TEABr solution [TEABr] = 0.0005(M) as a function of the 
surfactant concentration at different temperatures. 



40 

35 

{}'J 30 
{ 

25 ... 
Q) 
v 
,::::: 20 
!U -v 
::l 15 '"lj 
,::::: 
0 10 -u 

5 

0 

0 

~--- ---- ---- I--- -- - -- l --- --

1 2 3 4 

Concentration (mM) 

5 6 

o 293 K 

<> 303 K 

b. 313 K 

136 

Figure 4.55: Conductance, A, of Tetrapropylammonium dodecyl benzene sulfonate 
(TPADBS) in aqueous TPABr solution [TPABr] = O.OOOS(M) as a function of the 
surfactant concentration at different temperatures. 
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Figure 4.56: Conductance, A, of Tetrabutylammonium dodecyl benzene sulfonate 
(TBADBS) in aqueous TBABr solution [TBABr] = O.OOOS(M) as a function of the 
surfactant concentration at different temperatures. 

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

compared to that of the others in the group, viz., TEA+, TPA+ and TBA+. Therefore, the 
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hydration shell of TMA + ions limits the distance of closest approach to the micellar 

heads of DBS, thereby 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, interacting only with the TMADBS micelle surface and 

screening the ionic charge around that location. The higher homologues of the series, 

TPA+ and TBA+, have long 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 DBS 

in these electrolyte media favours a erne lowering in the order TMAB > TEAB > TP AB 

>TBAB. Interestingly this is also the order of their effectiveness in water structure 

breaking [3]. 
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Table 4.1.1. 
Micellization and surface parameters of SDBS and LDBS with symmetrical bromide 

salts at various temperatures (T/K): erne, maximum surface excess concentration, 
minimum areas per molecule and ionization degree. 

Surfactant Salt Temp./K Cone. of Cmcaf rmaxl A - x1019 
mon f3 

SaltjM mol dm-3 mol cm·2 

X103 x106 

Sodium NaBr 293 0.0005 1.45 2.92 0.57 0.288 
Dodecyl 0.001 1.41 3.12 0.53 
Benzene 0.002 1.26 3.73 0.44 
Sulfonate 0.003 1.19 3.09 0.54 
(SDBS) 0.004 1.13 3.16 0.53 

0.005 1.08 3.22 0.52 
303 0.0005 1.55 3.14 0.53 0.310 

0.001 1.51 3.18 0.52 
0.002 1.40 3.21 0.52 
0.003 1.30 3.29 0.50 
0.004 1.23 3.40 0.49 
0.005 1.15 3.44 0.48 

313 0.0005 1.63 3.40 0.49 0.352 
0.001 1.53 3.43 0.48 
0.002 1.47 3.50 0.47 
0.003 1.36 3.52 0.47 
0.004 1.29 3.63 0.46 
0.005 1.17 3.68 0.45 

Lithium LiBr 293 0.0005 1.91 2.66 0.63 0.145 
dodecyl 0.001 1.89 2.78 0.60 
benzene 0.002 1.82 2.91 0.57 
sulfonate 0.003 1.76 3.14 0.53 
(LDBS) 0.004 1.71 3.18 0.52 

0.005 1.67 3.38 0.49 
303 0.0005 1.94 3.30 0.50 0.115 

0.001 1.91 3.34 0.50 
0.002 1.86 3.41 0.49 
0.003 1.82 3.51 0.47 
0.004 1.77 3.56 0.47 
0.005 1.74 3.59 0.46 

313 0.0005 1.98 3.51 0.47 0.113 
0.001 1.96 3.56 0.47 
0.002 1.91 3.65 0.45 
0.003 1.86 3.60 0.46 
0.004 1.82 3.66 0.45 
0.005 1.78 3.69 0.45 

a The erne values determined by surface tension method. 
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Table 4.1.2. 
Mie'f!Uization and surface parameters of PDBS and ADBS with symmetrical 
bromi~e salts at various temperatures (TJK): erne, maximum surface excess 

,t;;oncentration, minimum areas per molecule and ionization degree. 

Surfactant Salt Temp/K Cone. Cmcaj rmaJ AminxlO 19 
f3 

of Salt/ mol dm-3 mol cm·2 

M xl03 xl06 

Potassium KBr 293 0.0005 1.70 2.68 0.62 0.420 
dodecyl 0.001 1.66 2.82 0.59 
benzene 0.002 1.50 2.88 0.58 
sulfonate 0.003 1.34 2.94 0.56 
(PDBS) 0.004 1.24 2.98 0.56 

0.005 1.17 3.03 0.55 
303 0.0005 1.74 2.98 0.56 0.397 

0.001 1.69 3.03 0.55 
0.002 1.54 3.10 0.54 
0.003 1.40 3.15 0.53 
0.004 1.30 3.24 0.51 
0.005 1.22 3.33 0.50 

313 0.0005 1.79 3.32 0.50 0.368 
0.001 1.73 3.39 0.49 
0.002 1.58 3.47 0.48 
0.003 1.47 3.55 0.47 
0.004 1.43 3.62 0.46 
0.005 1.27 3.67 0.45 

Ammonium NH4Br 293 0.0005 1.82 2.73 0.61 0.306 
dodecyl 0.001 1.66 2.81 0.59 
benzene 0.002 1.59 2.90 0.57 
sulfonate 0.003 1.49 2.95 0.56 
(ADBS) 0.004 1.40 2.99 0.55 

0.005 1.33 3.04 0.55 
303 0.0005 1.85 2.97 0.56 0.262 

0.001 1.77 3.05 0.54 
0.002 1.63 3.09 0.54 
0.003 1.54 3.15 0.53 
0.004 1.47 3.19 0.52 
0.005 1.42 3.23 0.51 

313 0.0005 1.89 3.18 0.52 0.254 
0.001 1.85 3.23 0.51 
0.002 1.70 3.28 0.51 
0.003 1.60 3.35 0.50 
0.004 1.52 3.42 0.49 
0.005 1.48 3.49 0.48 

a The erne values determined by surface tension method. 
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Table 4.1.3. 
j Micellization and surface parameters of TMADBS and TEADBS with symmetrical 

bromide salts at various temperatures (T/K): erne, maximum surface excess 

j concentration, minimum areas per molecule and ionization degree. 

Surfactant Salt Temp.f.K Cone. Cmcaj rmaxl Aminx10
19 

f3 j 
of Salt/ mol dm- mol 
M 3 x103 cm·2 

j 
X106 

Tetra (CH3)4NBr 293 0.0005 0.93 2.66 0.62 0.326 j 
methyl 0.001 0.87 2.72 0.61 

ammonium 0.002 0.76 2.76 0.60 j 
dodecyl 0.003 0.69 2.80 0.59 
benzene 0.004 0.64 2.85 0.58 j 
sulfonate 0.005 0.61 2.91 0.57 

(TMADBS) 303 0.0005 0.95 2.90 0.57 0.302 j 
0.001 0.89 3.01 0.55 
0.002 0.79 3.22 0.52 

j 0.003 0.72 3.35 0.50 
0.004 0.67 3.40 0.49 

j 0.005 0.64 3.46 0.48 -----
313 0.0005 0.98 2.83 0.59 0.306 

j 0.001 0.93 3.02 0.55 
0.002 0.84 3.15 0.53 

j 0.003 0.76 3.50 0.47 
0.004 0.71 3.44 0.48 

j 0.005 0.67 3.57 0.46 
Tetra ethyl (CzHs)4NBr 293 0.0005 0.71 2.67 0.62 0.163 

j ammo mum 0.001 0.68 2.71 0.61 
dodecyl 0.002 0.64 2.75 0.60 

j benzene 0.003 0.60 2.83 0.59 
sulfonate 0.004 0.58 2.86 0.58 

j (TEADBS) 0.005 0.56 2.93 0.57 
303 0.0005 0.75 2.91 0.57 0.169 

j 0.001 0.72 3.02 0.55 
0.002 0.67 3.25 0.51 

j 0.003 0.63 3.36 0.49 
0.004 0.61 3.42 0.49 

j 0.005 0.59 3.47 0.48 
313 0.0005 0.79 2.86 0.58 0.204 

j 0.001 0.76 3.03 0.55 
0.002 0.74 3.17 0.52 

j 0.003 0.66 3.45 0.48 
0.004 0.67 3.53 0.47 

j 0.005 0.60 3.59 0.46 
a The erne values determined by surface tension method. 

j 

j 

j 

j 
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Table 4.1.4. 
Micellization and surface parameters of TPADBS and TBADBS with symmetrical 

bromide salts at various temperatures (T/K): erne, maximum surface excess 
concentration, minimum areas per molecule and ionization degree. 

Surfactant Salt Temp/K Cone. cmcaj rmaxl A . xi019 
mm J3 

of Salt/ mol dm- mol 
M 3 xJ()3 cm·2 

X106 

T etrapropyl (C3H7)4NBr 293 0.0005 0.63 2.69 0.62 0.167 
ammonmm 0.001 0.60 2.74 0.61 

dodecy] 0.002 0.56 2.77 0.60 
sulfonate 0.003 0.52 2.83 0.59 

(TPADBS) 0.004 0.50 2.87 0.58 
0.005 0.49 2.96 0.56 

303 0.0005 0.65 2.92 0.57 0.147 
0.001 0.62 3.07 0.54 
0.002 0.58 3.20 0.52 
0.003 0.55 3.37 0.49 
0.004 0.53 3.45 0.48 
0.005 0.52 3.49 0.48 

313 0.0005 0.68 2.87 0.58 0.119 
0.001 0.66 3.06 0.54 
0.002 0.62 3.20 0.52 
0.003 0.60 3.46 0.48 
0.004 0.58 3.54 0.47 
0.005 0.57 3.61 0.46 

Tetrabutyl (C4H9)4NBr 293 0.0005 0.37 2.70 0.61 0.280 
ammonium 0.001 0.36 2.75 0.60 

dodecyl 0.002 0.33 2.79 0.60 
sulfonate 0.003 0.30 2.84 0.58 

(TBADBS) 0.004 0.27 2.89 0.57 
0.005 0.24 2.97 0.56 

303 0.0005 0.35 3.00 0.55 0.258 
0.001 0.39 3.09 0.54 
0.002 0.36 3.21 0.52 
0.003 0.33 3.38 0.49 
0.004 0.30 3.52 0.47 
0.005 0.27 3.70 0.45 

313 0.0005 0.39 2.96 0.56 0.142 
0.001 0.39 3.07 0.54 
0.002 0.38 3.21 0.52 
0.003 0.36 3.55 0.47 
0.004 0.34 3.60 0.46 
0.005 0.32 3.65 0.46 

a The erne values determined by surface tension method. 
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4.1.3.2. Degree of counter ion binding (J3) 

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 

Log (cmc) = k- PlogC (4.1) 

where k is a constant, f3 is the counterion binding constant and C stands for the total 

counterion concentration. The decrease in the erne values is mainlv due to the decrease 
J 

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 behveen the headgroups. The Corrin-Harkins plot gives an overall value for 

{3 in a chosen range of electrolyte concentration. The aggregation number is known to 

vary with electrolyte concentration; f3 is expected to vary with erne resulting in the 

nonlinearity of the above plot. However, in the study of the micellization of different 

dodecylbenzene sulfonate with symmetrical cations, it is observed that the plot of 

log cmc vs.log C is almost linear which envisages that both the aggregation number 

and the counterion binding to the DBS micelle vary in such a way that f3 remains 

constant. Such a rationale has also been put forward by Chatterjee et. al. for the 

micellization of three typical ionic surfactants, Sodium dodecyl 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 

quaternary ammonium (chloride and bromide) surfactants [44,45]. The parallel slopes 

of 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 f3 values with the increase in the size of the alkyl chain length of the TAA+ ions is 

observed from TEA+ to TBA+. The largest ion, TBA+, is the most strongly bound to DBS 

micelle with f3 value of 0.280 at 293 K (Table 4.1.1 - 4.1.4). As discussed earlier, a 

different order is observed for the TMA + ion which may be due to the smallest size 

among all the T AA' ions. Therefore, the hydration shell of TMA + ions limits the 
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distance of closest approach to the micellar heads of DBS, thereby causing a small 

increase in {J values as compared to TEA-+, TP A+ or TBA + ions. A high degree of 

counterion binding reduces th~ repulsive forces between the surfactant head groups of 

the ionic micelles to a great extent. As has been already mentioned, for the higher 

hornologues of tetraalkyl ammonium ions, the increasing hydrophobic interactions 

between the alkyl parts of the electrolytes and the DBS micellar core results in greater 

charge screening of the head groups and this leads to lower erne as well as higher {J 

values. The increase in the {J values on moving from TEA+ to TBA + is due mainly to the 

increased hydrophobic interaction between the alky 1 parts of both the surfactant and 

the added electrolyte. For inorganic ions including ammonium ions, similar result is 

observed due to the increase in size of the cations. The cation with largest size show 

highest f3 values ensures most strongly bound to DBS moiety. Here, the order of f3 

values is K+ > Na+ > NH.+ > U+. The hydration of the inorganic ions also has a definite 

:role in determine the counter ion binding constant values. Tne ions with higher degree 

of hydration, lesser will be the interaction with the micelle. This explains the 

anomalies between U+ and NH4 + ions in respect of the above. r max is a useful measure 

t.he effectiveness of adsorption of the surfactant at air-solution interface, since it is 

the maximum value that adsorption can attain. It is well known that the air-solution 

interface of a surfactant solution is well populated by the adsorbed molecules. The 

general trend of r max with increase of temperature is a slight decrease in its value for 

both nonionic and anionic surfactants but there is some other cases are also reported 

where opposite trend is observed {46-49]. In the present case, slight increase in the 

values of r max is observed which may be due to the effectiveness of adsorption. For 

dodecyl benzene moiety with varying counterions and in presence of symmetrical 

salts, a slight increase is observed which may be due to the lower hydration effect of 

the dodecyl benzene sulfonate part of surfactants at higher temperature and hence 

increasing tendency to move to the air-liquid interface. The benzene ring in the 

surfactants may also be partially responsible for this result causing steric inhibition 

during adsorption as has already been mentioned previously. The area per molecule at 

the air / water interface gives the information on the packing and orientation of the 

adsorbed surfactant molecules when compared with the dimensions of the molecule 

obtained from the molecular model data. The minimum area per molecule (Amin) is 

obtained following the same procedure as described in chapter IlL With increase in 

temperature, the Amin value shows the inverse trend as that of r max· 
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4.1.3.3. Thermodynamics of micellization in presence of salts 

Theory 

General trend of the plot of erne against temperature has the parabolic shape 

typical for ionic surfactants. The erne decreases, reaches a shallow minimum (erne*) 

and then increases as the temperature is raised. But other trend of erne is also 

observed for surfactant systems like sodium dodecyl benzene sulfonate where the erne 

increases with increase in temperature, as also reported in the literature [50]. For ionic 

surfactants, the erne is related to the standard Gibbs free energy change, il.G~ic' by the 

expression 

Ar'o - rt l P'RT 111- X uu mic - \ 1 J L L cmc (4.2) 

where Xcmc is the mole fraction of the surfactant in the liquid phase at the erne and Pis 

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, 

b.H~ic, can be evaluated from the Gibbs-Helmholtz relation, 

(4.3) 

Equation 4.3 assumes that {J does not vary much with temperature. However, {J is not 

strictly temperature independent and the more appropriate form of equation 4.3 

should be, 

0 
-f).Hmic = (l + p)R (iJlnXcmc) + R In X [d(l +P)] 

Tz aT erne iJT ( 4.4) 
p 

Because the variation of P with temperature is not well defined and is devoid of any 

general trend, the quantity [a(~;p)] is difficult to determine experimentally [54]. 

Therefore, at least to gain qualitative information regarding the thermodynamics of 

the present system, equation 4.3 has been applied at the appropriate {J. Moreover, 
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equation 4.3 has been widely used as an indirect method for the determination of 

C:!.H~ic as the values so calculated agree well with those obtained from the direct 

calorimetric measurement f51,52]. The term c)ln:;mc) is calculated by fitting a second

order polynomial to plots of alnXcmc vs temperature and taking the corresponding 

temperature derivative. Thus, 

dlnXcmc = b + ZaT 
dT 

(4.5) 

The entropies of micelle formation, D.S~ic' are determined from the equation 

(4.6) 
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Table 4.5 
Thermodynamic parameters of micellization for DBS with different counterions in 

presence of symmetrical bromide salts at various temperatures: erne, Standard 
Gibb's free energy, Enthalpy and Entropy. 

Surfactant Salt Cone/ T/K cmcb/ a. -AG0 
m -LiHo m L1So m 

M mol /(k}m /(kJm f(JK-
dm-3 ol-1) ol-1) 1mol-
x103 1) 

Sodium dodecyl NaBr 0.0005 293 1.53 0.7922 31.1 22.4 29.67 

benzene sulfonate 303 1.60 0.8378 30.7 23.7 23.06 

313 1.64 0.8795 30.4 25~1 16.94 
-------------·---·---·--~------------· --------· 

Lithium dodecyl LiBr 0.0005 293 1.89 0.8442 28.9 20.1 30.14 

benzene sulfonate 303 1.94 0.9077 28.2 20.8 24.48 

313 1.97 0.7945 32.1 25.1 22.42 
~----·-------·-----·----··---·--- - . ·-----·--------·----------

Potassium dodecv 1 KBr 0.0005 293 1.69 0.6913 33.1 29.0 6 
J 

benzene sulfonate 303 1.70 0.9233 28.1 26.2 6.50 

313 1.76 0.7770 32.9 32.5 1.31 
-·--------------------------------·--------- ----------·-----------~---

Ammonium dodecyl NHtBr 0.0005 293 1.64 0.8420 29.1 18.8 35.18 

benzene sulfonate 303 1.67 0.8571 29.7 20.4 30.67 

313 1.62 0.8572 30.6 22.3 26.46 
------~----·----------------·-----·----------

Tetra methyl (CI-h)4NBr 0.0005 293 0.91 0.8612 30.5 21.0 

ammonium dodecyl 303 0.94 0.8832 30.9 22.7 

benzene sulfonate 313 0.98 0.9047 31.2 24.5 
--·---------------------·---~----------·· 

Tetra ethyl (C2Hs)4NBr 0.0005 293 0.73 0.8075 32.7 13.0 

ammonium dodecyl 303 0.74 0.8027 33.8 14.3 

benzene sulfonate 313 0.79 0.7973 34.9 15.7 
·-----

Tetra propyl (C3H7)4NBr 0.0005 293 0.60 0.8260 32.6 9.0 

ammonium dodecyl 303 0.65 0.8183 33.8 9.9 

benzene sulfonate 313 0.69 0.8347 34.3 10.6 
-~------------~·---·--·----~-----------------------~·· 

Tetrabutyl (C3H7)4NBr 0.0005 293 0.29 0.6913 38.0 22.3 
ammonium dodecyl 303 0.27 0.7278 38.4 23.8 
benzene sulfonate 313 0.31 0.8023 37.7 24.5 

b The erne values determined by conductivity method. 

This theory is very much applicable for surfactant with high erne value where 

the temperature dependence of erne shows the parabolic nature. But in the present 

study, the surfactant with different counterions does not show this type of parabolic 

nature as a function of temperature. Furthermore, the erne of the dodecyl benzene 

sulfonate is very low (for sodium-DBS - 3.0 mM) and it further decreases with the 

addition of electrolyte and So, the determination of erne in high salt concentration with 

the help of conductivity is very difficult as because the conductivity due to the 
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electrolyte may merge that of the surfactant. In this chapter, we are mainly concerned 

with the surface activity of the surfactant at the air/ water interface only in presence of 

the electrolyte and also presented a general view of the different thermodynamic 

parameters with the help of mass-action model as described in the previous chapter 

only due to the fact that these are the systems which are not available in the literature 

except sodium dodecyl benzene sulfonate. At the time of calculating by the previous 

model, the concentration of the electrolyte is kept very low, viz., 0.0005 (M) so that the 

effect of conductivity of electrolyte is very small and we can get the general overview 

of the parameters of micellization of the surfactant. The values of ~G~ic, ~H~icand 

~Si:ric in the presence of 0.0005 M corresponding bromide salts have been presented in 

table 4.1.5. 

The temperature dependence of micellization of DBS with different 

counterions in presence of bromide salts (0.0005 M) has been studied to determine the 

thermodynamic parameters of micellization. The cha.'1ge in erne of DBS '>·Vith different 

counterions in pure aqueous solution as a function of temperature is smalL Such weak 

temperature dependence of erne in aqueous solution has been observed for all the 

dodecyl benzene sulfonate surfactant and already mentioned in the previous chapter. 

Recently it has been shown that the double tailed anionic surfactant, AOT, also display 

similar characteristics in presence of electrolytes [29]. The dependence of erne on 

temperature further weakens in solutions of symmetrical ions suggesting the 

solubilization of the additives in the hydrocarbon environment of the surfactant 

micelle. 

Addition of bromide salts to the corresponding surfactant show substantial 

decrease in the critical micellar concentration. The variation of ~G~ic with temperature 

is small for all the systems investigated. According to the pseudo-phase model the 

minimum in the erne in the In Xcmc vs. T plot should correspond to a minimum in the 

(~G~ic/T) curve. However, the absence of such a minima for the present dodecyl 

benzene sulfonate system may be due to the dominance of the RT term over In Xcmc in 

equation 4.3 [53]. 

The value of ~H~ic increases with the increase in temperature in all the case. 

The enthalpy of rnicellization shows negative values in all the cases indicating that the 

formation of micelles is an exothermic process. The higher negative values of enthalpy 

at higher temperatures probably suggest the importance of London-dispersion 

interactions as an attractive force contribution for micellization. 
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The entropy of micellization for different systems are all large and positive 

except potassium dodecyl benzene sulfonate, indicating that the micellization process 

is entropy dominated. The large positive values of t.S~-tic' 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 drivi."lg force 

for the process is the tendency of the hydrophobic groups of dodecyl benzene 

sulfonate to transfer from the T AA" rich solvent to the interior of the micelle. 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. 

4.1.3.4. Thermodynamic properties 

A critical examination of the Table 4.1.1 - Table 4.1.4 in dodecyl benzene 

sulfonate moiety, it is observed that the headgroups (-503-) are hydrated due to their 

polar nature. Water molecules can form stable hydrogen bonds with the head group of 

the surfactants, and the counterions are distributed dose to the air/water interphase. 

Presence of salt may screen electrostatic repulsion between headgroups and decrease 

the thickness of the interfacial water layer. The counterions may penetrate into the 

hydration shell of the surfactant headgroups and restrict the mobility of the water 

molecules situated in this area. It is known that the inorganic ions and also the 

ammonium ions interact very strongly with an anionic surfactant. Therefore, it is 

meaningful to investigate the interaction between an anionic surfactant and inorganic 

salt and also ammonium salts. It is observed by theoretical measurements of 

sodiumdodecylbenzene sulfonate that the counter ions are distributed dose to the 

air/ water interface, near the oppositely charged sulfonate head groups on the addition 

of salts to the surfactant systems. The headgroups are hydrated and localized in the 

water layer, whereas the tail groups (carbon chain) are excluded from the interface. In 

dodecylbenzene sulfonate, most of the sulfonate group is hydrated due to its polar 

nature. Only a small fraction of water molecules penetrate into the hydrocarbon tail 

part of the surfactants, suggesting that headgroups and benzene ring groups help 

water molecules penetrate into the monolayer film. In the bulk phase, water is a highly 

structured liquid due to an extensive network of hydrogen bonds, whereas water 

molecules at the interface region undergo volume expansion and a decrease of its 

density. The thickness of the interfacial layer is decreased when salts are added into 
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surfactant systems. The reason is that the positive ions of the salt can enter into the 

interfacial region and destroy the hydrated layer. Water molecules in the interfacial 

layer are displaced into the bulk phase. The volume effect is also important on the 

addition of salt to surfactant systems. Smaller positive ions may enter easily more into 

the region of headgroups as compared with larger ones. 

4.2. Dodecyl B-enzene Sulfonate in presence of Ethylene glycol in aqueous medium 

4.2.1 Introduction and review of the previous work 

The most interesting aspects of these microheterogeneous entities are their 

ability to accommodate organic molecules [54-57]. As we know, the London dispersion 

forces are the main attractiv-e forces in the formation of the micelle and the micelle 

formation is supposed to be the result of hydrophobic interaction. So, it is understood 

that the ionic surfactants form micelle by self-association due to the hydrophobic and 

electrostatic forces. Alcohols have the ability to solubilize hydrophobic molecules very 

easily due to the increased flexibility of the micellar membrane [58}. Several works on 

the effect of alcohols on the surfactant micellization have been carried out by different 

researchers with different types of alcohols. Also, the size and shape of micelle formed 

by a number of commonly used surfactants and co-surfactants have been investigated 

earlier [59,60]. 

The structural changes in presence of different alcohols are very interesting 

and are performed by many researchers for the surfactant sodium dodecyl sulfate. 

F0rland et al. reported that propanol successively breaks down the micelles while 

pentanol brings about a structural change towards large worm like aggregates of 

sodium dodecyl sulfate. Butanol shows a highly complex behaviour on the structure of 

the micelles and can decrease and increase the size of the aggregates, depending on 

the added alcohol concentration [61]. Many researchers became interested in mixed 

alcohol-water systems particularly due to their importance in the preparation of 

microemulsio:t;s [62,63}. Reports of Onori et at. [64-66) showed that the effects due to 

alcohols on two very different systems and processes, the thermal denaturation oft

RNA (transfer ribonucleic acid) and the micellization of several surfactant molecules 

were strikingly similar and were closely paralleled in simpler properties of alcohol

water mixtures themselves. These results support the hypothesis that the dominant 
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mechanism by which an alcohol affects this process is through its effect on structure of 

water. At higher concentrations some other effects like the alteration in the dielectric 

constants of the solvent or the partition of the alcohol molecules between bulk and the 

micellar phase may be more important. The behaviour of sodium dodecyl benzene 

sulfonate (SDS) and Triton X-100 micelles in the presence of alcohol was investigated 

by previous workers [67-72} but the works on the behaviour of sodium dodecyl 

benzene sulfonate with ethylene glycol are rare. Micellization studies with dials 

having the same number of carbons but different molecular structure have also been 

carried out [73,74]. Carnero Ruiz [75) reported the thermodynamics of micellization in 

tetradecyltrimethylammonium bromide in a dihydric alcohol, ethylene glycol-water 

binary mixtures, and showed that with increasing the percentage of alcohol in 

solvent both the erne and counter ion dissociation constant (a) increased to a 

considerable extent. But in case of other progressively long chain alcohols, (e.g. n

heptanol to n-decanol) opposite observations were reported in recent studies [76]. 

Similar reports are available for middle and short chain alcohols also [77-79]. It was 

suggested that for ionic surfactants, the erne is related by the following equation [80]: 

log(cmc) = Z(1 - p) log - logci + - z- n + B [ 
ZOOOno-2 

] [~G( en )] 
ErRT 2.303RT 

(4.7) 

where Z is the charge of the surfactant ion, pis the fraction of counter ions bound by 

the micelle in the case of ionic surfactant&, cr is the surfactants charge density on the 

micelle, cr is the dielectric constant of the solvent, Ct is the concentration of counter 

ions in the polar solution, n is the carbon number of the surfactant and B is an 

arbitrary constant depending upon the system. 

Equation 4.7 suggests that it is difficult to predict the effect of temperature on 

the erne. But an increase in temperature may also decrease {J, so the overall effect for 

an increase in temperature is to increase the erne. When the fJ parameter of the system 

increases with an increment in carbon number of alcohol, it also indicates that the erne 

of surfactant will also decrease. 

But when the fraction of long-chain alcohol increases, the extent of counterion 

binding to the micelle also increases and as a result erne is lowered. But due to the 

presence of alcohol the dielectric constant of the solvent decreases considerably, which 

predicts an easier denaturation of micelles and the erne of the surfactant should be 
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increased. In general all the factors mentioned above are reflected in the resulting erne 

and related thermodynamic parameters of micellization process in water-alcohol 

binary mixtures. In this respect ethylene glycol (EG) showed the reverse effect 

compared to the other alcohols and this may be explained by its higher dielectric 

constant, small hydrophobic surface and greater capability of hydrogen bond 

formation. Sjoberg [79] also observed that in strong polar solvents, such as formamide 

and EG, micel1es are found with qualitatively the same features as in water. It was 

found that the erne of hexadecyl -trimethylammonium bromide (C6TAB) is 

higher in formamide (100 mM) than water (lmM) at 333K temperature. Recently, there 

has been a considerable amount of research dealing with the effects of nonaqueous 

polar solvents on the micellization process [81,82]. It is a general feature, also 

exemplified by smaller micelle radii and aggregation numbers, that self-assembly is 

much less co-operative in alternative polar solvents. 

It has been proposed that the ability of a solvent to form hydrogen bonds is a 

necessary condition for the formation of micelles. However, the ability of water to 

form unique hydrogen-bonded networks is not a necessary condition for the 

aggregation process [83]. Ethylene glycol (EG) is of particular interest in that it has 

many characteristics similar to those of water. The molecule is small and can form 

hydrogen-bonded networks similar in nature to those of water but considerably 

different in the details of the structure. Ethylene glycol also possesses a high cohesive 

energy and a fairly high dielectric constant. Because of the similarities between water 

and ethylene glycol, the study of the latter is important from the point that it provides 

a better understanding of the structure of liquids on the micellization process [84]. In 

this connection the influence of very common short chain alcohols, viz. ethylene glycol 

on the rnicellization of DBS with different counterions in aqueous medium are studied 

in the present investigation within the temperature range of 293-313K. Though it is 

said that the highly water-soluble alcohols such as ethylene glycol dissolve mainly in 

the aqueous bulk solution [85-86], there are number of reports [87-88] supporting the 

influence of these short chain alcohols on micellization. The results of the investigation 

are relevant to several applied topics in colloids where micelles and microemulsions in 

alcohol-water mixtures have been used as an elution medium in micellar liquid 

chromatography [89]. In recent times, some surface active drugs are in use. The 

understanding of the thermodynamic aspects of the surface active drug is important 

from both fundamental as well as practical standpoints because the thermodynamic 

parameters governing the aggregate formation are the key to effective physical 

processing [90]. To elucidate the effects of ethylene glycol on the micellization process, 
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it is useful to study the behaviour of the molecule as a cosolvent on model 

compounds. Most of the investigation in recent times using ethylene glycol as a 

cosolvent or as a pure solvent were carried out with ionic surfactants [84,91-103]. 

Micellization of nonionic surfactants in non-aqueous polar solvents, and in particular 

ethylene glycol, has been less frequently investigated [104-108]. Sometimes, the size is 

also increased due to mixing of cosolvents which is due to decrease hydration of the 

polar head groups for the interaction between water and cosolvents resulting in a 

reduction of the curvature of the aggregate [108]. 

4.2.2. Materials and Methods 

As discussed earlier, to investigate the micellization properties conductivity 

measurements of the solutions containing different proportion of alcohols and 

surfactants are performed within the temperature range of 293K to 313K The 

temperature was maintained in a thermostated double-glass water jacket by the flow 

of constant temperature with in ±0.01K The alcohol (Merck) associated in the 

experiments are used after necessary distillation as described elsewhere [109]. To 

check the reproducibility of the results, SOBS with different proportion of the alcohols 

are performed in spectro-photometrically by an UV-visible Spectrophotometer. 

Absorption spectra were recorded on a double beam Jasco V-530 uv/vis 

spectrophotometer (Japan). The spectra were recorded with a quartz cell having lrnm 

optical path length. The temperature of the whole experiment was maintained at 20°C 

with a thennostatic anangement coupled with the spectrophotometer. 

4.2.3. Results and discussion 

Similar to the previous measurements the erne values of the DBS with different 

counterions in the presence of ethylene glycol, a hydrophilic alcohol, were determined 

by the 'break points' of the conductance vs. concentration plots (figure 4.57- 4.80). The 

erne and the other related thermodynamic parameters of DBS with different counter 

ions are given in Table 4.2.1 and Table 4.2.2 respectively. All the thermodynamic 

parameters including erne are determined by similar procedure as described in the 

previous section (chapter III). As expected, the erne values increase considerably upon 

addition of ethylene glycol. The larger erne at higher ethylene glycol content is a result 

of the presence of a structure-breaking solute. Structure breaking solutes in the 
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aqueous phase may disturb the hydrophobic group causing a decrease in hydrophobic 

effect. Ethylene glycol in the present study is acting as a cosolvent and a structure

breaking solute, decreases the hydrophobic effect and possibly that is the driving force 

for rr.icellization. The increase in erne values with temperature at a given concentration 

of ethylene glycol is attributed to the disruption of the solvent structure with the 

increase in temperature. For SDBS-ethylene glycol-water system [10%, 20% and 30% 

ethylene glycol (w jw)], the erne was determined conductometrically. At alcohol 

concentrations lower than 0.1mM, the change in conductivity is iess pronounced. As 

presented out above, to explain the deviations observed in the micellization 

parameters two factors, viz., lowering of dielectric constant with addition of alcohol 

and the effective hydrophobic area of the alcohol molecule must be considered. 

In all the cases the process of micelle formation is energetically favoured and 

this is supported by effective negative value of 6G:lt. With increase in temperature, the 

6G~ value becomes more negative, which is a general trend as found in Table 4.2.1 

and Table 4.2.2. This indicates that the micellization process is more favourable with 

increase in temperatures. With increase in temperature the erne values increases with 

the present additives. This indicates that the change in the magnitude of the logarithm 

of the erne term is more than compensated by the change in the values of the RT term. 

The other two thermodynamic parameters viz. L1H:lt and LiS~ also show their necessary 

contribution in favour of rnicellization process. The entropy of micellization is positive 

in water and becomes less positive in the presence of increasing amounts of ethylene 

glycol. In a prewater medium, the presence of hydrated ionic groups of the surfactant 

introduces structure in the liquid water phase. Removal of the surfactant monomers 

due to micellization results in an overall increase in randomness and high entropy 

values. In the presence of the additive, the entropy changes are not as pure water 

indicating that the additives lowers the energy of the three-dimensional water 

structure due to its structure breaking ability. Based on the relation between erne and 

the thermodynamic functions the effect of alcohols on micellization can also be well 

explained. Table 4.2.1 and Table 4.2.2 suggests that in aqueous-alcohol medium 

comparatively greater negative values of ~Hom contributes to the negative ~Gom for the 

rnicellization of DBS moiety with different counterions when compared with aqueous 

medium (Table 4.2.3). But this phenomenon is somehow comparatively less 

pronounced than other anionic surfactants due to its more hydrophobic benzene 

moiety [109]. 
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Figure 4.57: Conductance, A of SDBS in 10% ethylene glycol-water (w/w) solution as 
a function of the surfactant concentration (mM) at different temperatures ranging 293 K 
to 3 13 K with 10 K intervals. 
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Figure 4.58: Conductance, A of SDBS in 20% ethylene glycol-water (w/w) solution as 
a function of the surfactant concentration (mM) at different temperatures ranging 293 K 
to 313 K with 10 K intervals. j 
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Figure 4.59: Conductance, A of SDBS in 30% ethylene glycol-water (w/w) solution as 
a function of the surfactant concentration (mM) at different temperatures ranging 293 K 
to 313 K with 10 K intervals. 
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Figure 4.60: Conductance, A of LDBS in 10% ethylene glycol-water (w/w) solution as 
a function of the surfactant concentration (mM) at different temperatures ranging 293 K 
to 313 K with 10 K intervals. 
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Figure 4.61: Conductance, A of LDBS in 20% ethylene glycol-water (w/w) solution as 
a function of the surfactant concentration (mM) at different temperatures ranging 293 K 
to 313 K with 1 0 K intervals. 
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Figure 4.62: Conductance, A ofLDBS in 30% ethylene glycol-water (w/w) solution as 
a function ofthe surfactant concentration (mM) at different temperatures ranging 293 K 
to 313 K with 1 0 K intervals. 
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Figure 4.63: Conductance, ,A,c ofPDBS in 10% ethylene glycol-water (w/w) solution as 
a function of the surfactant concentration (mM) at different temperatures ranging 293 K 
to 313 K with 1 0 K intervals. 
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Figure 4.64: Conductance, A of PDBS in 20% ethylene glycol-water (w/w) solution as 
a function of the surfactant concentration (mM) at different temperatures ranging 293 K 
to 313 K with 10 K intervals. 
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Figure 4.65: Conductance, A ofPDBS in 30% ethylene glycol-water (w/w) solution as 
a function of the surfactant concentration (mM) at different temperatures ranging 293 K 
to 313 K with 1 0 K intervals. 
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Figure 4.66: Conductance, A of ADBS in 10% ethylene glycol-water (w/w) solution as 
a function of the surfactant concentration (rnM) at different temperatures ranging 293 K 
to 313 K with 10 K intervals. 
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Figure 4.67: Conductance, A of ADBS in 20% ethylene glycol-water (w/w) solution as 
a function of the surfactant concentration (mM) at different temperatures ranging 293 K 
to 313 K with 1 0 K intervals. 
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Figure 4.68: Conductance, A of ADBS in 30% ethylene glycol-water (w/w) solution as 
a function of the surfactant concentration (mM) at different temperatures ranging 293 K 
to 313 K with 1 0 K intervals. 
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Figure 4.69: Conductance, A of TMADBS in I 0% ethylene glycol-water (w/w) 
solution as a function of the surfactant concentration (mM) at different temperatures 
ranging 293 K to 313 K with 1 0 K intervals. 
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Figure 4.70: Conductance, A of TMADBS in 20% ethylene glycol-water (w/w) 
solution as a function of the surfactant concentration (mM) at different temperatures 
ranging 293 K to 313 K with I 0 K intervals. 
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Figure 4.71: Conductance, A of TMADBS in 30% ethylene glycol-water (w/w) 
solution as a function of the surfactant concentration (mM) at different temperatures 
ranging 293 K to 313 K with 10 K intervals. 
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Figure 4.72: Conductance,!\ ofTEADBS in 10% ethylene glycol-water (w/w) solution 
as a function of the surfactant concentration (mM) at different temperatures ranging 
293 K to 3 1 3 K with 10 K intervals. 
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Figure 4.73: Conductance, A ofTEADBS in 20% ethylene glycol-water (w/w) solution 
as a function of the surfactant concentration (mM) at different temperatures ranging 
293 K to 313 K with 10 K intervals. 
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Figure 4.74: Conductance, A ofTEADBS in 30% ethylene glycol-water (w/w) solution 
as a function of the surfactant concentration (mM) at different temperatures ranging 
293 K to 313 K with 10 K intervals. 
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Figure 4.75: Conductance, A ofTPADBS in 10% ethylene glycol-water (w/w) solution 
as a function of the surfactant concentration (mM) at different temperatures ranging 
293 K to 313 K with 10 K intervals. 
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Figure 4.76: Conductance, A ofTPADBS in 20% ethylene glycol-water (w/w) solution 
as a function of the surfactant concentration (mM) at different temperatures ranging 
293 K to 313 K with 10 K intervals. 
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Figure 4.77: Conductance, A ofTPADBS 30% ethylene glycol-water (w/w) solution 
as a function of the surfactant concentration (mM) at different temperatures ranging 
293 K to 313 K with 10 K intervals. 
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Figure 4.78: Conductance, A ofTBADBS in 10% ethylene glycol-water (w/w) solution 
as a function of the surfactant concentration (mM) at different temperatures ranging 
293 K to 313 K with 10 K intervals. 
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F'igure 4.79: Conductance, A ofTBADBS 20% ethylene glycol-water (w/w) solution 
as a function of the surfactant concentration (mM) at different temperatures ranging 
293 K to 313 K with 10 K intervals. 
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Figure 4.80: Conductance, A ofTBADBS in 30% ethylene glycol-water (w/w) solution 
as a function of the surfactant concentration (mM) at different temperatures ranging 
293 K to 313 K with 10 K intervals. 
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The effect of alcohol on the micellization process, given by ~G0t, was calculated 

using the following equation: 

J).G~ = J).G!!t(alcohol-water) - t\G!!.t(water) (4.8) 

It may be noted that, micellization process of DBS with different counterions 

are more favourable in water-alcohol binary mixture as compared to pure aqueous 

solvent, which is well supported by the positive values of llGP ,i.e., the positive values 

of llG? can be ru1derstood on the basis of a reduction of the hydrophobic interactions 

caused by improved salvation. The overall exothermicity of the present system 

indicates that both the structure-breaking ability of ethylene glycol and its 

with the hydrophilic groups the surfactants are dominating factors. Depending 

upon the temperature and the proportion of ethylene glycol present, small negative 

llGP as observed are there in different surfactants, may be due to a reduction of the 

micelle solvation in the mixed solvent. MacManus et. al. [110] showed that the position 

of the solubilized alcohol depends on the alkyl chain length. More hydrophobic 

alcohols seem to penetrate deeper into the hydrocarbon interior of the micelles than 

the hydrophilic ones. The solubilization of alcohol leads to a decrease in the 

electrostatic interaction between the surfactant head groups, and makes the surfactant 

molecules more energetically favorable for being a part of the micelles. Although the 

short-chain alcohols are highly hydrophilic, they undergo partitioning between the 

micellar pseudophase and the aqueous phase which can be supported by 

enhancement of the degree of ionization (a) with addition of alcohols. The decrease of 

local polarity of the micelle was reported [110] upon addition of allyl alcohol may also 

favors rnicellization at the lower concentration of surfactants. 

In order to quantify the solubilization or association of alcohol in the micelles, 

the fraction (a) of alcohol which is present in the micellar pseudophase may be 

expressed with self-diffusion coefficients [111]: 

D A = (1 - a)D~ree + aDA-ic (4.9) 
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where D A is the measured self-diffusion coefficient of the alcohoL D{ree is the self

diffusion coefficient of the free alcohol molecules, and D}ric is the self-diffusion 

coefficient of the alcohol molecules bound in the micelles. In solutions where the erne 

is low and the concentration of the surfactant is large compared to the erne, the Dfic 

may be considered equal to the measured self-diffusion coefficient of the surfactant. 
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Table 4.2.1 
Micellization parameters of DBS with different counterion in different proportions 

of ethylene glycol-water mixtures 

Surfactant Wt%EG T/K erne a a -11Gm0
/ -11Hm0

/ 11Sm0
/ 

/(mol (kJ mol- (kJ mol- (JK-
dm-3x103) 1) 1) 1mol-1) 

Sodium 10% 293 3.43 0.7568 29.4 10.9 63.13 
dodecyl 303 3.62 0.7231 31.0 13.7 57.18 
benzene 313 3.81 0.7671 30.8 15.9 47.47 
sulfonate 20% 293 3.65 0.7563 29.2 10.9 62.51 
(SDBS) 303 3.75 0.7154 31.1 13.8 57.15 

313 3.96 0.7353 31.4 16.3 48.29 
30% 293 3.85 0.7584 29.0 10.8 61.86 

303 3.95 0.7283 30.6 13.6 56.03 
313 4.12 0.7385 31.2 16.3 47.75 

Lithium 10% 293 2.65 0.8657 27.5 10.2 58.87 
dodecyl 303 3.19 0.8856 27.4 10.9 54.39 
benzene 313 3.55 0.8506 28.9 12.4 52.65 
sulfonate 20% 293 3.12 0.8466 27.5 10.4 58.30 
(LDBS) 303 3.28 0.8656 27.8 11.1 55.10 

313 3.57 0.8289 29.4 12.6 53.59 
30% 293 3.15 0.8390 27.7 10.5 58.59 

303 3.44 0.8216 28.8 11.6 56.77 
313 3.76 0.8349 29.1 12.6 52.81 

Potassium 10% 293 2.42 0.8046 29.2 9.9 65.98 
dodecyl 303 2.83 0.7188 31.9 12.7 63.29 
benzene 313 3.25 0.9286 27.2 12.6 46.63 
sulfonate 20% 293 2.62 0.7596 30.1 10.3 67.64 
(KDBS) 303 2.92 0.7711 30.5 12.2 60.39 

313 3.43 0.8883 28.0 13.1 47.89 
30% 293 2.79 0.8502 27.7 9.5 62.10 

303 2.96 0.8081 29.6 11.8 58.43 
313 3.71 0.8545 28.7 13.5 48.59 

Ammonium 10% 293 2.52 0.6940 31.8 13.7 61.72 
dodecyl 303 2.81 0.8955 27.5 13.9 44.83 
benzene 313 3.32 0.8282 29.7 17.5 38.84 
sulfonate 20% 293 2.75 0.7480 30.2 13.2 58.25 
(ADBS) 

303 3.01 0.7923 29.9 15.2 48.33 
313 3.33 0.8351 29.5 17.4 38.58 

30% 293 2.81 0.7626 29.8 13.0 57.35 
303 3.16 0.8088 29.3 15.0 47.19 
313 3.35 0.8681 28.6 16.9 37.43 

a erne values are calculated by conductivity method. 
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Table 4.2.2 
Micellization parameters of DBS with different counterion in different proportions 

of ethylene glycol-water mixtures 

Surfactant Wto;;, EG T/K Cmca a -AGm0
/ -AHm0

/ ASm0
/ 

/(mol (kJ mol- (kJ mol- (JK-
dm-3xJ()3} 1~ 1~ 1mol-Il 

Tetra 10% 293 2.55 0.9241 26.2 19.8 21.75 
methyl 303 2.95 0.8992 27.3 22.4 16.34 
ammonium 313 3.15 0.8550 29.1 25.6 11.45 
dodecyl 20% 293 2.80 0.8860 26.9 20.5 21.65 
benzene 303 3.01 0.9534 25.9 21.2 15.36 
sulfonate 313 3.20 0.9128 27.6 24.3 10.73 
(TMADBS) 30% 293 2.90 0.8729 27.1 20.8 21.58 

303 3.10 0.8695 27.9 23.0 16.31 
313 3.30 0.8914 28.1 24.7 10.66 

Tetra ethyl 10% 293 2.20 0.7670 30.5 13.4 58.28 
ammonium 303 2.45 0.7567 31.4 14.8 54.83 
dodecyl 313 2.65 0.7747 31.7 16.0 50.37 
benzene 20% 293 2.40 0.8051 29.3 13.0 55.61 
sulfonate 303 2.55 0.8254 29.6 14.0 51.41 
(TEADBS) 313 3.10 0.8308 29.8 15.2 46.54 

30% 293 2.42 0.7851 29.7 13.2 56.46 
303 2.62 0.6933 32.8 15.6 56.89 
313 3.20 0.9048 27.8 14.3 43.30 

Tetra 10% 293 2.58 0.8238 28.6 9.1 66.64 
propyl 303 2.82 0.8416 28.9 9.7 63.15 
ammonium 313 2.94 0.7950 30.9 11.0 63.55 
dodecyl 20% 293 2.61 0.9023 26.7 8.5 62.09 
benzene 

303 2.85 0.8591 28.4 9.58 62.10 
sulfonate 
(TPADBS) 313 3.20 0.8125 30.2 10.8 61.79 

30% 293 2.80 0.8980 26.6 8.49 61.69 
303 2.93 0.7546 30.9 10.5 67.50 
313 3.26 0.9010 27.9 10.0 57.01 

Tetra butyl 10% 293 2.47 0.9119 26.6 18.6 27.32 
ammonium 303 2.71 0.8867 27.8 20.8 23.20 
dodecyl 313 2.82 0.7598 31.9 25.4 20.97 
benzene 20% 293 2.62 0.8721 27.4 19.2 27.77 
sulfonate 303 2.76 0.8248 29.3 22.0 24.31 
(TBADBS) 313 2.83 0.8096 30.6 24.3 20.09 

30% 293 2.71 0.8399 28.1 19.8 28.23 
303 2.79 0.8340 29.1 21.8 24.02 
313 2.85 0.7888 31.1 24.8 20.37 

acme values are calculated by conductivity method. 
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Table 4.2.3. 
Effect of ethylene glycol and water mixtures on the micellization of DBS with 

different counterions 

Surfactant Wt% T/K AG0t Surfactant Wt% T/K AG0t 

EG (kJ EG (kJ 
mol-1} mol-1) 

Sodium 10% 293 2.44 Tetra 10% 293 6.72 
dodecyl 20% 303 -0.01 methyl 20% 303 6.40 
benzene 30% 313 0.33 ammonium 30% 313 5.56 
sulfonate 10% 293 2.62 dodecyl 10% 293 6.04 
(SDBS) 20% 303 -0.08 benzene 20% 303 7.80 

30% 313 -0.33 sulfonate 30% 313 7.08 
10% 293 2.83 (TMADBS) 10% 293 5.82 
20% 303 0.40 20% 303 5.80 
30% 313 -0.12 30% 313 6.62 

Lithium 10% 293 3.30 Tetra ethyl 10% 293 0.85 
dodecyl 20% 303 4.08 ammonium 20% 303 0.78 
benzene 30% 313 1.81 dodecyl 30% 313 1.27 
sulfonate 10% 293 3.30 benzene 10% 293 2.04 
(LDBS) 

20% 303 3.67 sulfonate 
20% 303 2.64 

30% 313 1.28 
(TEADBS) 

30% 313 3.20 

10% 293 3.14 10% 293 1.58 

20% 303 2.73 20% 303 -0.60 

30% 313 1.59 30% 313 5.17 
Potassium 10% 293 2.95 Tetra 10% 293 2.51 
dodecyl 20% 303 1.09 propyl 20% 303 3.04 
benzene 30% 313 6.62 ammonium 30% 313 1.82 
sulfonate 10% 293 2.09 dodecyl 10% 293 4.45 
(KDBS) 

20% 303 2.49 benzene 20% 303 3.51 

30% 313 5.75 
sulfonate 

30% 313 2.53 

10% 293 4.47 
(TPADBS) 

10% 293 4.53 

20% 303 3.45 20% 303 0.99 

30% 313 5.14 30% 313 4.83 
Ammoniu 10% 293 -0.82 Tetra butyl 10% 293 4.33 
m dodecyl 20% 303 2.97 ammonium 20% 303 4.15 
benzene 30% 313 2.94 dodecyl 30% 313 1.38 
sulfonate 10% 293 0.76 benzene 10% 293 3.52 
(ADBS) 

20% 303 0.61 sulfonate 
20% 303 2.66 

30% 313 3.12 
(TBADBS) 

30% 313 2.67 
10% 293 1.18 10% 293 2.84 
20% 303 1.16 20% 303 2.92 

30% 313 3.98 30% 313 2.16 

-

-
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However, a dose look at the table 4.2.1 and 4.2.2 also shows that at a fixed 

proportion of alcohol the erne and other associated thermodynamic parameters except 

a progressively increases with temperature. This effect of temperature variation may 

also be explained by the dehydration of the hydrocarbon tail of the surfactant 

molecule at high temperature followed by the greater adherence of the alcohol 

molecules to the micellar pseudophase. This can also be explained by the fact that 

short chain alcohol like ethanol [111], ethylene glycol affects the surface properties of 

the surfactants to a great extent by the effective adsorption in air-aqueous interface. 

general, the alcohols may be distributed among three energetically different sites. It 

can be dispersed in the aqueous bulk solution, oriented in the micellar surface, and 

located in the hydrocarbon core of the aggregates. In this respect it may be said that 

the alcohol content works quite similar to temperature change with '""'0
.,... .. ..,,., .. to the 

effect on micelle formation at constant pressure. The structure breaking ability of 

ethylene glycol is a dominating factor in the micellization process. It was found that 

the surface activity of any surfactant decreases slightly with increasing concentration 

of ethylene glycol at a given temperature. It was also found previously that the change 

of surface area head group of the surfactant suggested an alteration in the nature 

of its solvation layer, produced probably by a certain participation of cosolvent in the 

micellar solvation layer. 
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ChapterV 

Aggregation number of dodecyl benzene sulfonate 
micelles with varying counterion and the 
interaction with oxazine dye in aqueous medium: a 
fluorescence spectroscopic study 

5. 1 Introduction 

During the past two decades there has been a remarkable growth in the use of 

f1uorescence in the biological sciences. Fluorescence is now used in environmental 

monitoring, clinical chemistry, DNA sequencing, and genetic analysis by fluorescence 

in situ hybridization (FISH). Because of the sensitivity of fluorescence detection, and 

the expense and difficulties of handling radioactive substances, there is a continuing 

development of medical tests based on the phenomenon of fluorescence. These tests 

include the widely used enzyme-linked immunoassays (ELISA) and fluorescence 

polarization immunoassays. 

Luminescence is the emission of light from any substance and occurs from 

electronically excited states. Luminescence is formally divided into two categories, 

fluorescence and phosphorescence, depending on the nature of the excited state. In the 

singlet states, the electron in the excited orbital is paired (of opposite spin) to the 

second electron in the ground-state orbital. Consequently, return to the ground state is 

spin-allowed and occurs rapidly by emission of a photon. The emission rates of 

fluorescence are typically 108 s·1, so that a typical fluorescence lifetime is near 10 ns. 

Phosphorescence is emission of light from triplet excited states, in which the electron 

in the excited orbital has the same spin orientation as the ground state electron. 

Transition to the ground state are forbidden and the emission rates are slow (103 -10° 

s-1). Fluorescence typically occurs from aromatic molecules. Some typical fluorescent 

substances (fluorophores) are quinine, fluorescein, rhodamine B etc. The first 

observation of fluorescence from a quinine solution in sunlight was reported by Sir 

John Frederick William Herschel in 1845 [1 ]. 

Within the next decade, one can anticipate the introduction of numerous point

of-care fluorescence assays for use at the bedside, in the doctor's office, or for home 
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health care. The essence of any experiment is the existence of an observable quantity 

and the correlation of the value of this observable with a phenomenon of interest. The 

time span between the absorption of light and its subsequent reemission allows time 

for several processes, each of which results in changes of fluorescence spectral 

observables. These processes include collisions with quencher, as discussed in this 

chapter, rotational and translational diffusion, formation of complexes with solvents 

or solutes, and reorientation of the environment surrounding the altered dipole 

moment of the excited state. These dynamic processes can affect the fluorescence 

anisotropies, quantum yields, lifetimes, and emission spectra. In addition, resonance 

energy transfer provides a reliable indicator of molecular proximity on the angstrom 

size scale. As a result, the spectral characteristics of fluorophores can provide a great 

deal of information on the solution behaviour of macromolecules. 

5.2. Steady State Fluorescence 

Fluorescence spectral data are generally presented as emission spectra. A 

fluorescence emission spectrum is a plot of the fluorescence intensity versus wave 

length (nanometers) or wave number (cm-1). The processes which occur between the 

absorption and emission of light are usually illustrated by a Jablonski diagram. The 

fluorescence lifetime and quantum yield are perhaps the most important 

characteristics of a fluorophore. The quantum yield is the number of emitted photons 

relative to the number of absorbed photons. Substances with the largest quantum 

yields, approaching unity, such as rhodamine, display the brightest emission. The 

lifetime is also important, as the lifetime determines the time available for the 

fluorophore to interact with or diffuse in its environment, and hence the information 

available from its emission. 

The fluorescence quantum yield is the ratio of the number of photons emitted 

to the number of photons absorbed. The process governed by the rate constants r and 

knr both depopulate the excited state. The fraction of fluorophores which decay 

through emission, and hence the quantum yield, is given by 

r 
Q=-

f+knr 
(5.1) 
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The lifetime of the excited state is defined by the average time the molecule 

spends in the excited state prior to return to the ground state. For the fluorophore, the 

lifetime is 

1 
1:=-

f+knr 
(5.2) 

Here, it is important to note that the lifetime is an average value of the time spent in 

the excited state. 

Fluorescence measurements can be broadly classified into two types of 

measurements, steady-state measurement and time-resolved measurements. Steady

state measurements are those performed with constant illumination and observation. 

This is most common type of measurement. The sample is illuminated with a 

continuous beam of light, and the intensity or emission spectrum is recorded. Because 

of nanosecond timescale of fluorescence, most measurements are steady-state 

measurements. When the sample is first exposed to light, steady-state is reached 

almost immediately. The second type of measurements, time-resolved measurements, 

is used for measuring intensity decays or anisotropy decays. For these measurements, 

the sample is exposed to a pulse of light, where the pulse width is typically shorter 

than the decay time of the sample. This intensity decay is recorded with a high-speed 

detection system that permits the intensity or anisotropy to be measured on the 

nanosecond timescale. It is important to understand that there exists a rather simple 

relationship between steady-state and time-resolved measurements. The steady-state 

observation is simply an average of the time-resolved phenomena over the intensity 

decay of the sample. Considering a fluorophore which displaying a single decay time 

(r) and a single rotational correlation time (8). The intensity and anisotropy decays 

are given by 

t 
I { t) = I 0 e -"i (5.3) 

t 
r (t) = r 0 e o (5.4) 

where Io and ro are, respectively, the intensities and anisotropies at t = 0, immediately 

following the excitation pulse. 
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5.3 Determination of Aggregation Number by Fluorescence Spectroscopy of 

Dodecyl Benzene Sulfonate (DBS) Micelles with Varying Counter Ions 

5.3.1. Introduction and review of the previous work 

One of the most fundamental and important structural parameters of micellar 

aggregates is the aggregation number, or the average aggregation number of detergent 

molecules in micelle unit [1]. Therefore, the measurement and establishment of 

aggregation number is of great significance in surface science. 41 An aggregation 

number is a description of the number of molecules present in a micelle once the 

critical micelle concentration (cmc) has been reached". The fluorescence probe 

technique is becoming increasingly popular in the study of surfactant rnicellization/ 

adsorption [2-6], polymer-surfactant i.t"lteractions [7-9], microemulsions [10] and 

determination of aggregation number of the micelle. The value of the aggregation 

number contains information on the micellar size and shape, which may be important 

in determining stability and practical applications of the investigated systems [1,11-

12]. Methods which permits easy and reliable estimates of micelle aggregation 

numbers in actual experimentalconditions, that is at a given surfactant concentration 

and in presence of additives such as electrolytes, small organic molecules, polymers or 

proteins are therefore great interest. Many methods have been used to determine 

micelle aggregation number [13]. However most of these methods are restricted to 

small values of the aggregation number (thermodynamic methods, NMR) or suffer 

from the fact that the measured property depends on the micelle aggregation number 

and also on the micelle shape and intermolecular interactions (scattering methods). To 

extract the value of the aggregation number, the result must be extrapolated to low 

concentration, close to the erne. In doing so one is likely to modify the micelle size as it 

is concentration dependent in most surfactant systems. Small angle neutron scattering 

data at high scattering wave vectors permit in principle the determination of micelle 

aggregation numbers and also yield information on the micelle shape in the actual 

experimental conditions [14-15]. However the measurements use experimental setups 

that are available only in a few facilities in the world, in addition of being very costly. 

The fluorescent probing method circumvents most of the problems just discussed and 

permits determinations of micelle aggregation numbers under the actual experimental 

conditions [16-21 ]. Indeed, this determination is affected neither by intermicellar 
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interactions nor by the micellar shape. Besides, the apparatuses required for the 

measurements are available in most of the university campuses or industrial 

laboratories. Fluorescence probing methods can also yield information on the micelle 

polydispersity and micelle dynamics. That is why the luminescent probe technique is 

becoming increasingly popular in the study of determination of aggregation number 

of surfactants. 

5.3.2. Theory 

In the present study, the measurement of aggregation number is done by a 

simple process based on the quenching of a luminescent probe by a hydrophobic 

quencher. A typical experiment to determine the mean aggregation number would 

involve the use of a luminescent probe, quencher and a known concentration of 

surfactant. If the concentration of the quencher is varied, and the erne of the surfactant 

known, the mean aggregation number can be easily determined. Here the word 

luminescent means the emission of light by a substance not resulting from heat; it is 

thus from a cold body radiation. The term "luminescence" was introduced in 1888 by 

Eilhard Wiedemann [22]. Quenching refers to any process which decreases the 

fluorescence intensity of a given substance. The excited states can be deactivated in 

several ways - they can emit, giving off light energy, deactivate- resulting in a 

"vibrationally hot" ground state (i.e., energy loss as heat) or can be quenched by other 

molecules. A variety of process can result in quenching, such as excited state reactions, 

energy transfer, complex-formation and collisional quenching. Quenching of the 

excited state is a significant process because it is usually a very efficient process. 

Quenching process can occur by two ways - electron transfer or energy transfer. In 

both the cases, the excited state energy of the luminophore (the luminescent species) is 

deactivated due to presence of the quencher. Quenching is the basis for fluorescence 

resonance energy transfer (FRET) assays. There are two types of quenching in 

fluorescence, viz., 11 static" and 11 dynamic" quenching. Static quenching occurs when 

the donor and acceptor molecules are in the ground state. The donor and acceptor 

molecules bind together to form a ground state complex, an intramolecular dimer with 

its unique properties, such as being nonfluorescent and having a unique absorption 

spectrum. However, if the quencher is somehow associated with the luminophore in 

solution prior to light absorption, the association may mean that the luminophore will 
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not emit due to induced changes in its properties because of presence of quencher. 

Therefore the reduction in emission intensity will be affected by the extent to which 

the quencher associates to the luminophore and the number of quenchers present. 

Whereas, dynamic quenching which occurs by the quencher diffusing through 

solution and interacting with luminophore, resulting in a deactivation of the excited 

state. The emission intensity is reduced, because as well as other deactivation pathway 

in competition with luminescence. This quenching process is controlled by how fast 

the quencher can diffuse through solution and "collide" with luminophore, and as 

diffusion is usually a very fast process in solutions, it can be very efficient. The 

reduction in emission intensity can be quantified as follows. If the luminophore, M, 

associates with quencher, Q according to an equilibrium constant of association, K5v, 

then this association constant can be quantified as the ratio of associated luminophore

quenchers moieties ([ M - Q]) to the product of unassociated luminophore and 

quencher; [M][Q]. Since the total concentration of lm:ni..'l.ophore, (,J\1] 0 is equal to the 

sum of associated and unassociated luminophore, substitution of this into the 

equilibrium expression, followed by rearrangement results in another equation of a 

straight line, very similar in form to the Stern-Volmer equation. However, while 

plotting f (as emission intensity can be said to be proportional to concentration) 

against [Q] will result in a straight line for static quenching, analogous to dynamic 

quenching, interpretation of the slope is different. In this case, the slope quantifies the 

association constant between quencher and luminophore - and therefore is useful in 

providing information on how these two species interact in the ground state. So, the 

derived equation for static quenching is as follows: 

[M]o = lo = 1 + Ksv [Q] 
[M] I 

(5.5) 

If we divide the emission quantum yield in the absence of quencher by that in the 

presence of quencher, we can also generate an expression known as the Stern-Volmer 

equation for dynamic quenching. The equation is as follows: 

(5.6) 
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The derivation of the Stern-Volmer Equation based on considering the rate 

constants of deactivation in the absence and presence of quencher in this process. So, 

the Stern-Volmer model is called the dynamic quenching when quenching which 

occurs by the quencher diffusing through solution and interacting with luminophore, 

resulting in a deactivation of the excited state. The Stern-Volmer equation is the 

equation of straight line, and hence it allows for very easy experimental determination 

of the quenching rate constant, .If the emission intensity (or lifetime) in the absence 

of quencher and then in the presence of incremental amounts of quencher is measured, 

and the resulting ratio of emission intensities ( /I) is plotted as a function of quencher 

concentration, the resulting graph (called a Stern-Volmer plot) will have an intercept 

of 1 and a slope called the Stern-Volmer constant, is the product of the natural 

radiative lifetime (the lifetime in the absence of quencher), , and the quenching rate 

constant, . Knowing t.he slope and the natural radiative lifetime allows easy 

calculation of the quenching rate constant. So, dynamic quenching results from 

collisions between excited state and quencher. In an experiment there is a possibility 

that the reaction can occur through static quenching or dynamic quenching. The static 

and dynamic quenching can be represented by a very simple diagram given in figure 

5.1. 

Figure 5.1: Dynamic and Static Quenching. 

Dynamic Quenching Static (Association) Quenching 

Slope= K5 

[Q]/M [QJ/M 

In literature, there are reactions in which both the quenching process, i.e., static and 

dynamic quenching can occur simultaneously. We can easily understand what type of 
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quenching process is going on m the reaction. For dynamic quenching, all 

luminophores are affected by the quenching process as it is pmbable that they will all 

collide vv:ith a quencher during their excited state lifetime, so both emission intensity 

and life time reduced on increasing quencher concenh·ation. For static quenching by 

association, only luminophore-quencher association results in reduction in emission, 

unassociated luminophores are free to luminescence as if there was no quencher 

present. Increasing quencher concentration affects emission intensity, because there 

are more associations, but not emission lifetime, as the unassociated luminophores can 

emit in the absence of quencher. 

In the present experiment, the static quenching is done to measure the 

aggregation number of the surfactant with different counterions by steady state 

fluorescence quenching (SSFQ) process. This work is a part of program in our 

laboratory to study the dodecyl benzene sulfonate micelle as the counterion is 

symmetrically made more bulky and hydrophobic. It is also known that the hydration 

layer, so-called the Stern layer, exists in the interface between the hydrophobic micelle 

core and bulk water. This layer consists of the ionic head groups, counterions and 

hydrated water molecules. The layer should play an important role for the structural 

stability and dynamical property of micelle in water. Here we study sodium-, Lithium, 

Potassium-, Ammonium-, Tetramethyl ammonium-, Tetraethyl ammonium··, 

Tetrapropyl ammonium· and Tetrabutylammoniumdodecylbenzene sulfonate micelle 

aggregation number. 

The probe was dissolved in trace amount(< 10-6 flM) in aqueous solution in a 

series of surfactant having different counterions. The method involves the use of a 

hydrophobic substance which exhibits different fluorescence characteristics depending 

upon the properties of the solubilising medium. For example, fluorescence probe, in 

our case pyrene, are sensitive to the polarity of the solubilising medium will exhibit 

different fluorescence behaviour in micellar and nonmicellar solutions. Such changes 

of behaviour as a function of surfactant concentration have been used to determine the 

micelle characteristics of certain surfactants. The schematic representations of pyrene 

and cetyl pridinium chloride are given in the figure 5.2 and figure 5.3 below: 
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Figure 5. 2. Structure of Pyrene Figure 5.3 -Hexadecylpyridinium chloride (CPC) 

5. 3.3. Materials and method 

LDBS, PDBS, ADBS, TMADBS, TEADBS, TPADBS 

from a sample of purified SDBS exchange as described in the Chapter III. 

Pyrene and CPC were of puriss grade (Fluka, Switzerland) used as received. 

Method 

Preparation of Pyrene solution 

A pyrene stock solution (5 pM) is prepared as follows: About 2.02 mg of 

pyrene is dissolved in 10 ml absolute alcohol. 8.81 ml of this solution is added to a 

volumetric flask already containing 75 ml pure distilled water and the volume is made 

upto 100 ml with pure distilled water. Then the solution which is white in colour and 

turbid in nature was sonicated for 50 minutes. 0.5 ml of this turbid, white solution was 

then poured into another 100 ml volumetric flask containing about 50 ml pure distilled 

water and the volume made upto 100 ml by diluting with pure distilled water. The 

solution further sonicated upto 10 minutes. 

The aggregation number of micelle was determined by the steady-state 

fluorescence quenching method using a Fluorescence Spectrophotometer, viz., Photon 

Technology International Co., USA (Model Q 40). Pyrene (5 x 10--6 pM) was used as a 

probe and CPC as a quencher. Emission spectra of Pyrene were obtained by exdting 

the samples at 332 nm and emission was measured in the range of 350-520 nm. The 

emission peak at 393 nm is considered for our calculation of the ratio of intensity. 
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5.3.4. Results and Discussion 

The fluorescence spectrum of pyrene in water exhibits five predominant peaks. 

It has been shown in the case of pyrene, a quencher used to measure the aggregation 

number, that the ratio of intensity of the first (h at 373nm) and third peaks (h at 384 

nm) is a sensitive parameter characterizing the polarity of the probe environment. For 

example, h/h in hydrocarbon solvents has a value of about 0.6, in ethanol about 1.1, 

and in water about 1.8. The value of 11/h remains constant upto a certain surfactant 

concentration and decrease sharply above it A lowering of the value of II/h is an 

indication of the solubilization of the probes in a more hydrophobic environment than 

water and in this case it is surfactant micelle and also with the quencher [23]. The 

aggregation number of the surfactant was determined by the static fluorescence 

quenching method using the following equation and also considering the usual 

following assumptions: 

(I) Static quenching occurs bervVeen the fluorescence probe and the 

quencher molecules so the quenching process does not affect the 

fluorescence lifetime of the probe. 

(II) Fluorescence lifetime of the probe is much less than the residence 

times of the quencher and probe inside the micelle. 

(III) The probability of finding a micelle with more than one probe 

molecule is negligible as because the quencher concentration is very 

low. 

Following Poisson statistics [24] for the description of probe and the quencher 

among the micelles, the logarithm of 10 /I takes the form 

In Io = [Q]N 
I ([S]0 -cmc) 

(5.7) 

where, /0 and I are the intensities of fluorescence without and with quencher. [Q] is the 

bulk quencher concentration, N is the mean aggregation number and [S]0 is the total 

surfactant concentration. The aggregation number has been obtained by plotting ln f 
as a function of quencher concentration. 

In the present study, good linear plots for all the surfactants have been 

obtained satisfying the above equation suggesting constancy of both N and Ksv· The 
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plots of fluorescence measurement for surfactant with different counter ions are 

shown from figure 5.4 to figure 5.11. 
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Figure 5.4(a): Fluorescence Spectra of pyrene in sodium dodecyl benzene sulfonate 
with different concentration of CPC in mM (1) 0.0 mM (2) 0.0054 mM (3) 0.105 mM (4) 
0.152 mM (5) 0.196 mM (6) 0.237 mM (7) 0.276 mM (8) 0.312 mM (9) 0.346 mM (10) 
0.379 mM (11) 0.409 {12) 0.438 mM (13) 0.466 mM 
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Figure5.4(b): Log (Io/I) Vs Concentration (M) plot of Sodium dodecyl benzene 
sulfonate. 
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Figure 5.5(a): Fluorescence Spectra of pyrene in lithium dodecyl benzene 
with different concentration of CPC in mM (1) 0.0 mM (2) 0.0054 mM m1VJ 
0.152 mM (5) 0.196 (6) mM (7) (8) 0.312 mM (9) 0.346 mM 
0.379 mM (11) 0.409 0.438 mM (13) 0.466 mM 
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Figure S.S(b):: Log (Io/I) Vs Concentration (M) plot of Lithium dodecyl benzene 
sulfonate. 
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Figure 5.6(a): Fluorescence Spectra of pyrene in potassium dodecyl benzene sulfonate 
with different concentration of CPC in mM (1) 0.0 mM (2) 0.0054 mJVI (3) 0.105 mM (4) 
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Figure 5.6(b): Log (Io/1) Vs Concentration (M) plot of Potassium dodecyl benzene 
sulfonate. 
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Figure 5.7(a): Fluorescence Spectra of pyrene in ammonium dodecyl benzene sulfonate 
with different concentration of CPC in mM (1) 0.0 mM (2) 0.0054 mM (3) 0.105 mM (4) 
0.152 mM (5) 0.196 mM (6) 0.237 mM (7) 0.276 mM (8) 0.312 mM (9) 0.346 mM (10) 
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Figure 5.7(b): Log (Io/I) Vs Concentration (M) plot of Ammonium dodecyl benzene 
sulfonate. 
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Figure 5.8(a): Fluorescence Spectra of pyrene in tetramethyl ammonium dodecyl 
benzene sulfonate with different concentration of CPC in mM (1) 0.0 mM (2) 0.0054 
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Figure 5.8(b): Log (Io/I) Vs Concentration (M) plot of Teh·amethyl ammonium dodecyl 
benzene sulfonate. 
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Figure 5.9(a): Fluorescence Spectra of pyrene in tetraethyl ammonium dodecyl 
benzene sulfonate with different concentration of CPC in mM (1) 0.0 mM (2) 0.0054 
mM (3) 0.105 mM (4) 0.152 mM (5) 0.196 mM (6) 0.237 mM (7) 0.276 mM (8) 0.312 mM 
(9) 0.346 mM (10) 0.379 mJ\11 (11) 0.409 (12) 0.438 mM (13) 0.466 mM 
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Figure 5.9(b): Log (Io/I) Vs Concentration (M) plot of Tetraethyl ammonium dodecyl 
benzene sulfonate. 
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Figure 5.10(a): Fluorescence Spectra of pyrene in tetrapropyl am.m_onium dodecyl 
benzene sulfonate with different concentration of CPC in mM (1) 0.0 mM (2) 0.0054 
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Figure 5.10(b): Log (Io/I) Vs Concentration (M) plot of Tetrapropyl am.rrtonium 
dodecyl benzene sulfonate. 
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Figure 5.11(a): Fluorescence Spectra of pyrene in tetrabutyl ammonium dodecyl 
benzene sulfonate with different concentration of CPC in mM (1) 0.0 mM (2) 0.0054 
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The ratio of the intensities (10/Io) of fluorescence emission of pyrene in absence 

(Io) and presence (Io) of the quencher of surfactant with different counter ions and 

aggregation number measured at 298 K for all the surfactants in aqueous solutions are 

given in table 5.1 and table 5.2. 

Table 5.1 
Ratio of the intensities (Io/lo) of fluorescence emission of pyrene in the absence (10) and 
presence Oo) of the quencher (CPC) at 373 nm in aqueous solution of dodecyl benzene 
sulfonate with different counterions at 298 K 

[CPC] Ratio of the intensities of surfactant with different counterions (10/Io) 

mM Na+ Li+ K+ NH4+ TMA+ TEA+ TPA+ TBA+ 

0.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

0.0540 1.0812 1.0469 1.1144 1.0204 1.0921 1.1064 1.0882 1.0882 

0.1050 1.1695 1.1251 1.2034 1.0945 1.1354 1.1993 1.1739 1.1739 

0.1520 1.2630 L2194 1.3057 1.1250 1.2198 1.3125 1.2599 1.2599 

0.1960 1.3570 1.2700 1.4305 1.1429 1.2784 1.4249 1.3465 1.3465 

0.2370 1.4747 1.3812 1.5572 1.1739 1.3333 1.5280 1.4314 1.4314 

0.2760 1.5669 1.3984 1.6663 1.1982 1.3837 1.6505 1.5209 1.5209 

0.3120 1.6648 1.4765 1.7866 1.2035 1.4225 1.7655 1.5958 1.5958 

0.3460 1.7383 1.5264 1.9034 1.2216 1.4593 1.8756 1.6749 1.6749 

0.3790 1.8388 1.5831 2.0410 1.2515 1.4983 1.9900 1.7624 1.7624 

0.4090 1.9259 1.6406 2.1240 1.2560 1.5110 2.0889 1.8390 1.8390 

0.4380 2.0207 1.6814 2.2767 1.2780 1.5568 2.1966 1.9018 1.9018 

0.4660 2.0936 1.7038 2.3688 1.2440 1.5703 2.3287 1.9698 1.9698 

From the table, it is very clear that the ratio of emission intensity of pyrene changes 

with the counterions present with the dodecyl benzene sulfonate group of the 

surfactant. 
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Table 5.2. 
Aggregation number of the dodecyl benzene sulfonate with different counterions 
at temperature 298 K. 

Surfactant Temp/K Agg. 
No. (No 

Sodium Dodecyl Benzene Sulfonate (SDBS) 298 27 

Lithium Dodecyl Benzene Sulfonate (LDBS) 298 20 

Potassium Dodecyl Benzene Sulfonate (PDBS) 298 

Ammonium Dodecyl Benzene Sulfonate (ADBS) 298 08 

TetramethylAmmonium Dodecyl Benzene Sulfonate (TMADBS} 298 17 

Tetraethyl Ammonium Dodecyl Benzene Sulfonate (TEADBS) 298 

Tetrapropyl Ammonium Dodecyl Benzene Sulfonate (TPADBS) 298 

Tetrabutyl Ammonium Dodecyl Benzene Sulfonate (TBADBS) 298 25 

Aggregation number increases with alkyl chain length of organic counterions and 

gives maximum value for tetraethylammonium ion due to hydrophobic interactions of 

hydrocarbon exterior of the ions with exposed hydrocarbon to the micelle surface. 

However, for tetrapropyl and tetrabutyl ammonium ions aggregation become 

increasingly unfavorable due to steric hindrance for increasing counterion size. Here, 

comparison of aggregation number with ionization degree might be interesting. The 

ionization degrees of all the surfactants are shown in table 3.2 and table 3.3. The result 

shows that the values are quite high which indicate that the tetraalkylammonium 

counter ions are strongly bound to the micelle surface. It is also observed that the 

counter ion ionization degree increases in the series NJ--L+ s N+(CH3)4 < N+(C2Hs)4 < 

N+(C3H7)4 < N+(C4H9)4. This means that, as expected, the binding increases as the 

counter ion becomes more and more hydrophobic in nature. The values of erne also 

follow the opposite trend, i.e., as the fraction of counter ion binding increases, the 

micelles are formed at lower concentrations. However, the aggregation number does 

not follow the expected trend. At 298 K, the aggregation number become minimum in 

the case of NH4+ counter ion. But as the alkyl groups are substituted for hydrogens, 

the aggregation number increases because of the formation of larger aggregates which 

is the consequences of the increased charged screening at higher counter ion binding 
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capacity via stronger hydrophobic interactions with the micelles. This increasing trend 

of aggregation number continues up to the tetraethylammonium ions. But for 

tetrapropyl and tetrabutyl ammonium ions, aggregation number progressively 

decreases as shown in the table 5.2. This is indeed interesting. Such a complex 

behaviour of micelle pertaining to the aggregation number with respect to the 

expected trend on the basis of erne values is, however, available in the literature [25]. It 

has been shown that the effect of head group size of tetradecyltrialkylammonium 

bromide surfactant is very irnportant pertaining to the observed reverse trend of the 

aggregation number with respect to its erne. For these surfactants the values of both 

the erne and aggregation number, N, decrease as the size of the tetraalkylammon:ium 

head group increases. This effect has been explained in terms of the geometric steric 

hindrance (overlap) between large trialkylammonium head groups at the micellar 

surface [26-27). It seems apparent that in the present system_s, as the hydrophobicity of 

the counter ions increases, the counter ion binding/ condensation increases due to 

increased hydrophobic interactions and eventually the erne decreases. However, 

enhanced electrostatic charge screening of the head groups is incapable of increasing 

the aggregation number of the micelles for tetrapropyl and tetrabutylammonium 

counter ions. On the other hand,. micellar surface probably does not offer sufficient 

surface area to accommodate all theN+~ counter ions that must bind to the micelle to 

ensure their stability. Therefore, the micelles become smaller in size and more in 

number to provide larger surface area in order to pack a large number of counter ions. 

For alkali metal counter ions, hydration plays an important role along with ionization 

degree. The table 5.2 shows that among the three alkali metal counter ions, lithium 

yields minimum aggregation number where as potassium ion yields the maximum. 

However, among all the counter ions, inorganic and organic, ammonium :ions display 

the lowest value of aggregation number of DBS micelles in aqueous medium. 



198 

5.4. Studies of Interactions with oxazine dye in aqueous media 

5.4.1. Introduction and review of the previous work 

Study of the spectroscopic property of organic dyes in a micellar medium is 

important for understanding the thermal and light induced reactions in biomembranes 

(28-40). Such reactions proceed through the involvement of excited and free radical 

species whose behaviour in a micellar medium can be significantly different from that 

in a homogeneous medium. Cresyl Fast violet, an oxazine dye, has been used as a 

sensitizer in photo-galvanic devices [41-42]. Dye sensitization of wide band gap 

semiconductor particles is of current interest particularly for harnessing solar energy 

and for various other applications [43-47]. The dye surfactant interactions have also 

been the subject of many studies in view of the fact that they mimic many biological 

processes taking place between the large organic molecules and biomembrane and can 

act as a model redox system [48-51]. Further, such interaction between ionic dye and 

charged surfaces is of interest in numerous applications ranging from the design of 

electronic devices to the characterization of drug-delivery systems [52]. In view of the 

above, we have under taken a detailed study to understand the effects of surfactants 

on the spectroscopic properties of cresyl violet with anionic surfactants because only 

anionic surfactants have pronounced effect. 

In the present experiment, we use an oxazme dye with dodecyl benzene 

sulfonate with varying counterions. The oxazine dyes display surprising long

wavelength absorption and emission maxima in fluorescence which makes these 

groups of dye an important fluorescent probe. Extended conjugated systems result in 

long absorption and emission wavelengths for these types of dye due to their 

comparatively small size [53-54]. Dyes of this class have been extensively 

characterized for use as long-wavelength probes and in DNA sequencing [55]. Dyes of 

this type are also used for staining DNA restriction fragments during capillary 

electrophoresis. We have studied the stedy-state spectra of surfactants by a typical 

oxazine dye, Cresyl fast violet. This may be of interest for a number of reasons: it 

could give a better insight of the nature of interaction in the surfactant aggregate 

system; it may explain the previously observed temperature dependence of monomer 

spectra of some dyes [56-57] and none the less, it can test the applicability of the 
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exciton theory in molecular aggregate systems in further detail. Schematic 

representation of the dye is given in Figure 5.12. 

H 

'<f) 0 N 
-::;:?' ~H 

Figure 5.12: Schematic representation of Cresyl Fast Violet (CFV) 

5.4.2. Materials and methods 

Materials 

Cresyl fast Violet (CFV) was supplied by Aldrich Chemical Co., USA and was 

used after recrystallization from water-ethanol mixture. SOBS was purchased from 

Acros Organics, USA. (Product code 325912500). Surfactants, viz., LOBS, KDBS, AOBS, 

TMADBS, TEADBS, TPADBS and TBADBS were prepared in our laboratory by ion

exchange method as discussed in the previous chapter. 

Methods 

Steady-state emission spectra were done in a Fluorosence Spectrophotometer, 

Photon Technology Inc. Co., USA In all the experiment, the concentration of the dye is 

very low, 1x10-6 (M). Quartz cuvettes and double distilled water were employed 

throughout the experiments. Excitation and emission slit widths were set at 0.20 nm, 

0.60 nm, 0.50 nm and 1.50 nm for all the four slits respectively. The excitation 

wavelength was set at 584 run for cresyl fast violet solutions. The emission spectra 

were recorded from 500 run to 750 nm for all the dye & surfactant mixtures. The 

emission wave length for the dye is found to be 620 nm. 
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5.4.3. Results and discussions 

The surfactant dodecylbenzene sulfonate consists of hydrophilic ends attached 

to long nonpolar organic chains. The presence of surfactants increases the free energy 

of a system by distorting the structure of the water molecules in aqueous solution. In 

aqueous solutions, micelles are usually spherical with the polar ends on their surfaces 

and the nonpolar organic chains on the inside. The organic micelle interiors will 

essentially become pockets of another solvent within the aqueous solution. Nonpolar 

molecules will tend to migrate into this region and will experience a much different 

environment there than they would in the bulk aqueous solution. 

The spectral characteristics of dyes are known to change when dissolved in 

surfactant micelles [58-59]. Based on their structures, it is not surprising that DBS 

moiety and the cresyl fast violet readily interact. All the species have both organic and 

polar parts, so they can interact with each other through non-polar interactions, 

polar/ ionic interactions or both. Due to these dye-smfactant interactions, the changes 

in spectral characteristics are observed qualitatively. In this experiment, a very low 

concentration of dye (-5 x 10-6 M) is used to overcome the effects of dye-dye 

interactions via possible dimer formation by the dye molecules. In addition to dye

solvent interactions, dye-surfactant and dye-micelle interactions are possible in 

solutions containing both dye and surfactants [59]. At concentration below the normal 

erne, surfactants and dyes can interact to form a mixed micelle of the two species, 

lowering the resultant erne. Above the erne, a change in the molecular environment of 

the dye due to incorporation into the micelle interior is observed [52]. 

The fluorescence spectra of the cresyl fast violet vary with surfactant 

concentration. The spectra of cresyl fast violet without surfactants showed a single 

peak at 624 nm as shown in the Figure 5.13. 
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Figure 5.13. Fluorescence emission spectrum of cresyl fast violet (CSV), excitation 

wave length at 584 nm. 

At concentrations of surfactants below the erne, the fluorescence intensity decreases 

continuously with increase in surfactant concentration. When the surfactant 

concentration reaches erne, the intensity starts increasing continuously with increase in 

surfactant concentration. The fluorescence spectra of dye in all the surfactant show 

similar behaviour with the change of surfactant concentrations. However, above erne, 

the fluorescence intensities increase. The result suggests that the free monomer is tied 

up in ion pair or clusters. Above the erne the fluorescence intensity increases to almost 

same or very close to that of the cresyl fast violet solution without the surfactant. This 

shows that above the erne the dye is freed from the interaction just discussed. Since the 

emission intensity is same or to some extent lower as compared to the free dye, it may 

be argued that there was no other interaction bet-ween dye and surfactant present. 

Change in the absorption spectrum and decrease in fluorescence intensities below the 

erne's of anionic surfactants could be attributed to the formation of ion-pair complexes 

of the dye with oppositely charged surfactants. At surfactant concentrations above the 

erne the dye band intensity is restored with red shift. Similar result of dye surfactant 

interaction was also observed by other researchers [52, 58-59]. 
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TI1e steady-state plot of florescence emission intensity vs. wave length for all the 

surfactants are as follmvs (figure 5.14 to figure 5.21): 
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Figure 5.14: Fluorescence spectra of dye in lithium dodecyl benzene sulfonate having 
concentrations (1) 10 mM (2) 8 mM (3) 6.4 mM (4) 5.12 mM (5) 4.10 mM (6) 3.28 mM (7) 
2.62 mM (8) 2.10 mM (9) 1.68 mM (10) 1.34 mM (11) 1.07 mM (12) 0.859 mM (13) 0.687 
mM (14) 0.550 mM (15) 0.440 mM (16) 0.352 mM (17) 0.281 mM (18) 0.225 mM at 298 K. 
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Figure 5.15: Fluorescence spectra of dye in sodium dodecyl benzene sulfonate having 
concentrations (1) 10 mM (2) 8 mM (3) 6.4 mM (4) 5.12 mM (5) 4.10 mM (6) 3.28 mM (7) 
2.62 mM (8) 2.10 mM (9) 1.68 mM (10) 1.34 mM (11) 1.07 mM (12) 0.859 mM (13) 0.687 
mM (14) 0.550 mM (15) 0.440 rnM (16) 0.352 m.M {17) 0.281 mM (18} 0.225 mM at 298 K 
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Figure 5.16: Fluorescence spech·a of dye in potassium dodecyl benzene sulfonate 
having concentrations (1) 10 mM (2) 8 mM (3) 6.4 mM (4) 5.12 mM (5) 4.10 mM (6) 3.28 
mM (7) 2.62 mM (8) 2.10 mM (9) 1.68 mM (10) 1.34 mM (11) 1.07 mM (12) 0.859 mM 
(13) 0.687 rnl\,1 (14) 0.550 mM (15) 0.440 mM (16) 0.352 mM (17) 0.281 mM (18) 0.225 
mMat298K. 
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Figure 5.17: Fluorescence spectra of dye in ammonium dodecyl benzene sulfonate 
having concentrations (1) 10 mM (2) 8 mM (3) 6.4 mM (4) 5.12 mM (5) 4.10 mM (6) 3.28 
mM (7) 2.62 mM (8) 2.10 mM (9) 1.68 mM (10) 1.34 mM (11) 1.07 mM (12) 0.859 mM 
(13) 0.687 mM (14) 0.550 mM (15) 0.440 mM {16) 0.352 mM (17) 0.281 mM (18) 0.225 
mM at298K. 
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Figure 5.18: Fluorescence specb·a of dye in tetramethyl ammonium dodecyl benzene 
sulfonate having concentrations (1) 10 mM (2) 8 mM (3) 6.4 mM (4) 5.12 mM (5) 4.10 
mM (6) 3.28 mM (7) 2.62 mM (8) 2.10 mM {9) 1.68 mM (10) 1.34 mM (11) 1.07 mM (12) 
0.859 mM (13) 0.687 mM (14) 0.550 mM (15) 0.440 mM (16) 0.352 mM (17) 0.281 mM 
(18) 0.225 mM at 298 K 
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Figure 5.19: Fluorescence spectra of dye in tetraethyl ammonium dodecyl benzene 
sulfonate having concentrations (1) 10 mM (2) 8 mM (3) 6.4 mM (4) 5.12 mM (5) 4.10 
mM (6) 3.28 mM (7) 2.62 mM (8) 2.10 mM (9) 1.68 mM (10) 1.34 mM (11) 1.07 mM (12) 
0.859 mM (13) 0.687 mM (14) 0.550 mM (15) 0.440 mM (16) 0.352 mM (17) 0.281 mM 
(18) 0.225 mM at 298 K 
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Figure 5.20: Fluorescence spectra of dye in tetrapropyl ammonium dodecyl benzene 
sulfonate having concentrations (1) 10 mM (2) 8 mM (3) 6.4 mM (4) 5.12 mM (5) 4.10 
mM (6) 3.28 mM (7) 2.62 mM (8) 2.10 mM (9) 1.68 mM (10) 1.34 mM {11) 1.07 mM (12) 
0.859 mM (13) 0.687 mM (14) 0.550 mM (15) 0.440 rnM (16) 0.352 mM (17) 0.281 mM 
(18) 0.225 mM (19) 0.180 mM (20) 0.144 mM at 298 K. 
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Figure 5.21: Fluorescence spectra of dye in tetrabutyl ammonium dodecyl benzene 
sulfonate having concentrations (1) 10 mM {2) 8 mM (3) 6.4 mM (4) 5.12 mM (5) 4.10 
mM (6) 3.28 mM (7) 2.62 mM (8) 2.10 mM (9) 1.68 mM (10) 1.34 mM (11) 1.07 mM (12) 
0.859 mM (13) 0.687 mM (14) 0.550 mM (15) 0.440 mM (16) 0.352 mM (17) 0.281 mM 
(18) 0.225 ml\1 (19) 0.180 mM (20) 0.144 mM at 298 K. 

From all these figures, it can be concluded that at the concentration of the 

surfactant below erne, there is also surfactant and dye interaction. With increase in 

surfactant concentration/ fluorescence intensity (A.U.) dropped continuously. After 

this, the fluorescence intensity increases which show that the monomer is freed from 

ion-pair or duster causing increase in fluorescence intensity. The order of the ion pair 

formation or cluster formation for alkali metal counter ions is as follows: Li+ > K + > 

Na+ and for tetraalkyl ammonium counter ion along with ammonium ion is as follows: 

N~+ > (CAH9)4N+ > (C:Ji7)4N+ > (C2Hs)4N+ > (CH3)4N+. The counter ion/ lithium, has 

the smallest alkali metal ion with largest hydration sphere causing incorporation of 

dye into the surfactant. Recent study of this type of complex formation via charge 

transfer process or electron donor-acceptor complexes was also observed by some 

researches [60]. The fluorescence intensity of SDBS is greater than LDBS which 

indicates dye molecules are more free to form the ion-pair or cluster in SDBS due to its 
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larger size and less attraction. For potassium counter ion, the dye molecules are more 

free from surfactant compared to lithium but less free from sodium can be explained 

with increase size of alkali metals and decreasing hydration sphere contributing to the 

hydrophobic effect for the formation of micelle. The size of the counter ion ammonium 

is greater than cesium ion but less than teh·amethyl ammonium ion which is less free 

from surfactant compared to aH the alkali metal ions due to decreasing hydmtion 

sphere contributing to the hydrophobic effect for the formation of micelle. In 

tetrabutyl ammonium dodecyl benzene sulfonate, the counter ion is tetrabutyl 

ammonium group which is most hydrophobic in nature as compared to the other 

groups present. Tetramethylammonium counter ion does not follow the expected 

trend. The trend can be explained as the consequences of the increased charged 

screening and higher counter ion binding capacity via stronger hydrophobic 

interactions with the micelles. In the present study, it is found for all the counter ion 

that the cmc is lowered which is due to the interactions present between the surfactant 

and the dye. It is dear that in every case there is a red shift of the peak intensity. This 

shift is not similar in all the different surfactant because the interaction of the 

surfactant with the dye is different with change of the counterion. As the counterion 

gets bulky for the group of tetraalkylammonium ions, the blue shift get increased due 

to the hydrophobicity present in the group. 

To study the quenching of the non-fluorescent aggregates formed with 

increasing dye concentration, Stern - Volmer (SV) plots were obtained from steady 

state fluorescence data. Here, the Stern- Volmer equation is 

Fo 

F 
1 + Ksv [Q] (5.8) 

Where F is the fluorescence intensity in presence of quencher; F0 is the fluorescence 

intensity in absence of quencher; [Q] is the quencher concentration and Ksv is the 

Stern-Volmer constant, which is equal to kqr0 ; kq is the quenching constant and r0 is 

the life time of the fluorophore in absence of quencher. Here, the aggregates are the 

quenchers. Thus, [Q] ex [M], where [M] is the monomer concentration [59]. 

In our present case for all the surfactants, the Stern - Volmer plots deviate from 

linearity at high dye concentrations. Their upward curvature clearly suggests that both 
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static quenching and collisional quenching are present here [61]. We have calculated 

the Stern- Volmer constant for all the surfactants which are given in the table below: 

Table 5.3: 
Stem-Volmer (Ksv) Constants for all the surfactants 

Surfactants KsviM-

SDBS 1.90x103 

LDBS 1.30xl03 

PDBS 1.04x103 

ADBS 7.53xl 04 

TMADBS 6.19x104 

TEADBS 5.43x] 04 

TPADBS 4.36x 104 

TBADBS 2.95xl04 

A representative plot for sodium dodecyl benzene sulfonate surfactant to calculate 

stern -volmer constant is given in figure 5.22. 
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Figure 5.22: Fluorescence intensity ratio vs. concentration (mM) of sodium dodecyl 

benzene sulfonate surfactant. 

Here, from the Stern- Volmer constant values we see that most of the constants are of 

the same order. However, a closer look at the Stern-Volmer constant values, which are 
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the measure of the extent of the interaction of dye in the excited states with the 

surfactant at sub-micellar concentrations, show that such interaction is almost same for 

all the inorganic counter ions. For the organic counter ions, on the other hand, extent 

of interaction decreases as the size of the counter ion increases. Therefore, quenching 

of dye fluorescence due to collision and energy transfer by either the monomer or the 

dimer is possible though there is some discrepancies which may be due to the size 

and hydrophobicity of the counterion present with the dodecyl benzene sulfonate 

moiety. 

5.5 Anisotropy 

5.5.1. Theory of anisotropy 

Anisotropy measurements are commonly used in the bio-chemical application 

of fluorescence. Anisotropy measurements provide information on the size and shape 

of proteins or the rigidity of various molecular environments. Anisotropy 

measurements have been used to measure protein-protein associations and fluidity of 

membranes and for immunoassays of numerous substances. Anisotropy 

measurements are based on the principle of photoselective excitation of fluorophores 

by polarized light. Fluorophores preferentially absorb protons whose electric vectors 

are aligned parallel to the transition moment of the fluorophore. The transition 

moment has a defined orientation with respect to the molecular axes. In an isotropic 

solution, the fluorophores are oriented randomly. Upon excitation with polarized 

light, one selectively excites those fluorophore molecules whose absorption transition 

dipole is parallel to the electric vector of the excitation. This selective excitation results 

in a partially oriented population of fluorophores (photoselection) and in partially 

polarized fluorescence emission. Emission also occurs with the light polarized along a 

fixed axis in the fluorophore. The relative angle between these moments determines 

the maximum measured anisotropy. The fluorescence anisotropy (r) and polarization 

(P) are defined by 

(5.9) 
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P= (5.10) 

where /11 and J.l are the fluorescence intensities of the vertically and horizontally 

polarized emission, when the sample is excited with vertically polarized light. That is 

anisotropy is the absorption of light by a fluorophore along a particular direction with 

respect to the molecular axes. 

In the present experiment, the oxazine dye with dodecyl benzene sulfonate 

with varying counter ions has been used. As discussed in the previous part, the 

oxazine dyes display surprising long-wavelength absorption and emission maxima in 

fluorescence which makes these groups of dye an important fluorescent probe. 

have studied the anisotropy measurements of surfactants by Cresyl fast violet 

5.5.2 Materials and methods 

Materials 

As discussed in the previous part of this chapter. 

Methods 

Anisotropy measurement was done with the same Fluorosence 

Spectrophotometer, Photon Technology Inc. USA. In all the experiment, the 

concentration of the dye is very low, lxl0-6 (M). Quartz cuvettes were employed 

throughout the measurements of anisotropy measurements. The data were analyzed 

with the software given "Felix GX" with the instruments to get the polarization values. 

5.5.3 Results and discussions 

The anisotropy /polarization data of surfactant-cresyl fast violet solution 

derived by the software 'Felix GX', supplied by the manufacturer with the fluorescence 

spectrophotometer instrument, as a function of surfactant concentration are shown in 

Table 5.4. 
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Table 5.4. 
Polarization value for fluorescence em1sswn of cresyl fast violet m presence of 
surfactant with different counterions at 298 K 

(Surfactant] Polarisation values due to different counter ions 
mM Na+ Lt IC NH4+ TMA+ TEA+ TPA+ TBA+ 

10.00 0.1274 0.1328 0.1366 0.1347 0.1632 0.1429 0.1606 0.1961 
8.000 0.1249 0.1299 0.1320 0.1309 0.1608 0.1426 0.1577 0.1876 
6.400 0.1185 0.1280 0.1280 0.1299 0.1608 0.1407 0.1552 0.1804 
5.120 0.1177 0.1265 0.1256 0.1292 0.1600 0.1394 0.1533 0.1745 
4.100 0.1 I 95 0.1250 0.1219 0.1271 0.1577 0.1384 0.1527 0.1697 
3.280 0.1] 74 0.1162 0.1 I 89 0.1247 0.1539 0.1385 0.1514 0.1665 
2.620 0.1141 0.1050 0.1097 0.1222 0.1496 0.1379 0.] 502 0.1634 
2.100 0.1105 1000 0.] 045 0.1197 0.1341 0.1380 0.1500 0.1607 
1.680 0.1048 0.0960 0.0961 0.1120 0.1229 0.1350 0.1483 0.1579 
1.340 0.0955 0.1059 0.0960 0.1052 0.1136 0.1278 0.1459 0.1545 
1.070 0.0855 0.1138 0.1145 0.1084 0.1248 0.1235 0.1436 0.1497 
0.859 0.0939 0.1 101 0.1] 20 0.1159 0.1360 0.1 1 16 0.1382 0.1462 
0.687 0.1019 0.1068 0.0989 0.1049 0.1248 0.1044 0.1258 0.1399 
0.550 0.1 081 0.1052 0.0910 0.1186 0.1197 0.1091 0.1208 0.1350 
0.440 0.1012 0.1034 0.0939 0.1089 0.1040 0.] 182 0.1089 0.1269 
0.352 0.0928 0.1014 0.0945 0.1096 0.0789 0.1000 0.0929 0.1336 

The steady-state anisotropy or polarized fluorescence study provides a simple way of 

monitoring any process where the microstructure is affected in some way [62]. 

Further, the anisotropy is considered as an index of the micro-viscosity or rigidity in 

the microenvironment of the probe [63]. The polarization values from steady-state 

anisotropy underline the effect of hydration on the microstructure of micelle or dye -

surfactant complex [64]. Actually, the degree of depolarization of the fluorescence 

emission of a molecular probe is a measure of its rotational diffusion during the 

excited life time [65-66]. So, fluorescence anisotropy (r) is an experimental 

measurement of the fluorescence. The lower the anisotropy value, the faster is the 

rotational diffusion {62]. Polarization values for the surfactant dodecyl benzene 

sulfonate with varying counter ions are given in the table 5.4. The trend is normal for 

all the surfactant except lithium dodecyl benzene sulfonate and ammonium dodecyl 

benzene sulfonate due to high hydration enthalpy of lithium and intermediate size of 

the ammonium ion. 
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From table 5.4, it is also clear that at high surfactant concentration, the 

rotational diffusion of the probe is restrained. Consequently, the probe does not 

assume all possible orientations with equal probability [67]. In all the surfactant the 

anisotropy value (r) gradually decreases upto the micelle formation stage and then 

increases. The interpretation of the results also emerges from steady-state anisotropy 

of these dye-surfactant complex system is not straightforward; its value depends on 

various factors such as, the rotational motion and the possible dye - surfactant 

interactions. A plausible explanation for the decrease in polarization value with 

decrease in surfactant concenh·ation is that at high surfactant concentration, the 

mice11e hinders the rotation of the dye molecule in solution [67]. But with decease in 

surfactant concentration, the packing of amphiphiles at the interface is less compact 

which show a decrease in polarization value. Below the erne, the increase m 

polarization value can also ath·ibuted to the higher dye-surfactant interactions. 

Table 5.5. 
Table for concentration break points by polarization values. 

Surfactants Concentration at break points Polarisation Value at 

~~----· 

(M) break points 
SDBS 2.362x10-3 0.1144 
LDBS 3.015x10-3 0.1189 
KDBS 2.912x10-3 0.1195 
ADBS 2.310x10·3 0.1423 

TMADBS 2.810x10·3 0.1524 
TEADBS 1.620x10·3 0.1362 
TPADBS 0.825x10·3 0.1475 
TBAOBS 1.120x10·3 0.1560 

The anisotropy of the cresyl fast violet increases gradually for all the surfactant and it 

levels off at the value of 1 x 10-2 (M) concentration of the surfactant The observed 

changes in anisotropy of cresyl fast violet as function of surfactant concentration also 

provide evidence of different types of interactions above and below the erne. Upon 

addition of surfactant, the anisotropy initially increases fast, but this increase in a 

range of very low surfactant concentration and below the erne. This is the evidence of 

interactions that reduce the dye's ability to rotate freely. A dye-surfactant ionic pair or 

cluster would result in such a decreased ability to rotate because of its larger size than 

an individual dye ion. The increase polarization value with increasing surfactant 

concentration probably means that more surfactant molecule join the clusters as the 
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surfactant concentration increases. Around the erne, the increase of anisotropy value 

drops to an extent. This point may be a caused by the surfactant forming micelles 

preferentially to ionic interactions with the dye. This could free up some of the dye 

molecule from their ionic interactions with the surfactant monomers. Above the erne, 

the anisotropy increases to a very little before leveling off at two or three times the 

anisotropy of cresyl fast violet. This shows that the dye is less free to rotate in the 

miceller environment. Micelles contain a large number of surfactant monomers, so 

they rotate slowly. A dye molecule trapped within such a micelle would also rotate 

slowly, causing a high anisotropy. The dye's lower ability to rotate above the erne 

shows that it is within the micelle in a more rigid formation. This may be because the 

positively charged end of the dye is interacting with the negatively charged ends of 

the surfactant ions. The value of the erne derived from polarization value is in good 

agreement with the value determined by surface tension and conductometically for 

each of the surfactant The slight difference between two is due to the two other 

methods applied to explain the facts and also dye surfactant interactions present in the 

latter system, with only exception in tetrabutyl ammonium dodecyl benzene sulfonate. 

For the case of TBADBS surfactant, apart from hydrophobic effect the alkyl chain 

length is also a predominating factor for its properties. Due to its chain length, 

hydrophobicity increases, and as a result the dye surfactant interactions inCI·eases, and 

so the erne increases. The plots for polarization values vs. concentration plots for all 

the surfactants are given in below (figure 5.23 - 5.30). 
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Figure 5.23: Polarisation value vs. concentration of the surfactant plot of sodium 
dodecy1 benzene sulfonate 
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Figure 5.24: Polarisation value vs. concentration of the surfactant plot of lithium 
dodecyl benzene sulfonate 
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Figure 5.25: Polarization value vs. concentration of the surfactant plot of potassium 
dodecyl benzene sulfonate. 
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Figure 5.26: Polarization value vs. concentration of the surfactant plot of ammonium 
dodecyl benzene sulfonate. 
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Figure 5.27: Polarization value vs. concentration of the surfactant plot of tetramethyl 
ammonium dodecyl benzene sulfonate. 

-----·---------- ---------- -- -----------~·~----

0.16 

0.14 <) e 0 e 

/" 
0 0 0 e 

<li 0.12 
::s -<U 0.1 :> 
1::: 
0 0.08 ..... .... 
111 
00 ..... 0.06 .... 
<U 
0 
,:!., 0.04 

0.02 

0 r-- --i 

O.OOE+OO 2.00E-03 4.00E-03 6.00E-03 8.00E-03 1.00E-02 1.20E-02 

Concentration (M) 

Figure 5.28: Polarisation value vs. concentration of the surfactant plot of tetraethyl 
ammonium dodecyl benzene sulfonate. 
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Figure 5.29: Polarisation value vs. concentration of the surfactant plot of tetrapropyl 
ammonium dodecyi benzene sulfonate. 
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ammonium dodecyl benzene sulfonate. 
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5. 6. Lifetime measurements 

Time-resolved measurements are widely used in fluorescence spectroscopy, 

particularly for studies of biological macromolecules. This is because time-resolved 

data frequently contain more information than is available from steady-state data. 

Two methods of measuring time-resolved fluorescence are in widespread use, the 

time-domain and frequency-domain methods. In time-domain or pulse fluorometry, 

the sample is excited with a pulse of light. The width of the pulse is made as short as 

possible and is preferably much shorter than the decay time T of the sample. The time

dependent intensity is measured following the excitation pulse, and the decay time T is 

calculated from the slope of a plot of log l(t) versus t, or from the time at which the 

intensity decreases to 1/ e of the value at t = 0. The intensity decays are often measured 

through a polarizer oriented at 54.7° from the vertical z-axis [28]. 

In the present experiment, time resolved fluorescence studies were carried out 

to determine the emission decay parameters of all the surfactants with different 

surfactant concentrations. The concentration of the dye used was 5 x 10-6 (M). As a 

nanosecond set up was used, very fast decay could not be recorded. Thus, high dye 

concentrations could not be used, as at these concentrations lifetime values may be 

dxastically decreased due to fluorescence quenching. Another experimental restriction 

is that, the 0.5 em path length ceH could not be inserted into the cell holder for lifetime 

studies. With a cell of larger path length, inner filter effects interfere with the 

fluorescence studies for very concentrated solutions [52,61 J. So, only four set of 

concentrations for each dye have been taken for study and the values are given on the 

table 5.6. The lifetime values did not change significantly or in a regular manner with 

the change in surfactant concentration suggesting single exponential fluorescence 

decay curve for all the surfactants. 

Table5.6. 
Life time for all the surfactant with varying counter ions 

Surfactant/ O.OlM O.OOSM O.OOOSM O.OOOlM 
Concentration 
LDBS 2.9 ns 3.0 ns 2.9 ns 2.5 ns 
SDBS 3.2 ns 3.6 ns 3.5 ns 1.5 ns 
KDBS 3.4 ns 3.3 ns 1.9 ns 4.3 ns 
NH4DBS 2.9ns 3.3 ns 2.5 ns 2.9 ns 
TMADBS 4.4 ns 2.5 ns 3.4 ns 4.9 ns 
TEADBS 3.8 ns 2. 8 ns 3.3 ns 2.5 ns 
TPADBS 3.5 ns 4.8 ns 3.7 ns 2.4 ns 
TBADBS 4.3 ns 2.6 ns 2.5 ns 2.2 ns 
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Chapter VI 

Effect of cetyltrimethylammonium bromide on the 
aggregation behaviour of Sodiumdodecylbenzene 
sulfonate 

6.1 Introduction and review of the previous work 

Molecular self-assembly provides a powerful tool for the creation of well

organized structures in the nanometre or micrometer length scale, such as micelles, 

vesicles, fibres, discs and tubes [1 - 6]. Conventional micelles are fluid aggregates of 

surfactants with shape and size, conb·olled by packing of individual surfactants. The 

main characteristics of such micelles are: (a) These micelles, especially the charged 

micelles, are stabilized by hydrophobic forces and head group repulsions (electrostatic 

and steric), (b) Each surfactant moves as in a fluid and the size and shape and 

aggregation numbers are decided by the packing parameter as mentioned above, (c) 

Length scales of these micelles are in 10-1000 A (d) The life times of these micelles are 

often in milliseconds. On dilution below critical micelle concentration the aggregates 

disappear in milliseconds. The realization that there could be micelles and aggregates 

of different type is recent [7- 8]. Surfactant solutions represent a well-documented 

class of self-assembled systems that can offer diverse organized structures [9 - 11 ]. 

Above the critical micelle concentration (erne), hydrophilic surfactants form small 

globular micellar aggregates and the solutions show Newtonian flow behaviour. 

Compared to single surfactant, the mixed surfactant exhibits superior interfacial 

properties such as higher surface activity and lower critical micelle concentration 

(erne). The mixtures of surfactants which have been studied include cationic/ anionic, 

non ionic/ non ionic, cationic/ non ionic, anionic/ non ionic, cationic/ cationic etc. 

Surfactant mixtures are commonly preferred in medicinal and pharmaceutical 

formulations and industrial preparations due to the purpose of suspension, 

solubilization and dispersion. Ionic surfactants can also self assembled to long thread

like or worm-like micelles in presence of certain organic ions e.g., sodium salicylate. 

Under certain conditions such as concentration, salinity, temperature, presence of 

counterions, etc., the globular micelles may undergo uniaxial growth and form very 
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long and highly flexible aggregates, referred to as "wormlike" or "threadlike" micelles 

[12 - 19]. Wormlike micelles [13] are long, self-assembled, semi-flexible, breakable 

polymer-like materials with surfactant heads on the outside and tails in the core. They 

display a striking range of dynamical properties, including anomalous relaxation, 

shear banding, and rheological chaos [20, 21]. Due to this reason, wormlike micelles 

have received considerable attention from theoretician and experimentalist during the 

past few decades. Earlier, an extensive study on the dynamics and rheological 

behaviour of wormlike micelles began in long-chain ionic surfactant systems in the 

presence of a salt [22-25]. Above a threshold concentration c*, wormlike micelles may 

entangle into a transient network, which displays remarkable viscoelastic properties. 

The rheological behaviour observed for wormlike micelles in the surfactant solution is 

similar to that for flexible polymers, and therefore, aqueous solutions of entangled 

wormlike micelles are often called "living polymer systems". The research of 

wormlike micelles has drawn considerable interest owing to their superior properties 

and wide applications as has been already mentioned [26-29]. Viscoelastic wormlike 

micelles or threadlike micelles have been observed in various surfactant systems, 

including mixtures of cationic and anionic surfactants [30-32], nonionic surfactants 

[32-34], zwitterionic surfactants [35-37] and ionic surfactants with different activities 

[38-43}. Hydrotopes were also found to promote the formation of viscoelastic 

wormlike micelles in ionic surfactant solutions, in which the surfactant interact 

strongly with hydrotrope due to electrostatic attraction and hydrophobic effect 

Salicylate, tosylate, chlorobenzoate, hydroxynaphthalenecarboxylates 

nitrobenzoate (all containing an aromatic group) were reported to induce wormlike 

micelle formation in a cationic surfactant solution. Unlike surfactant molecules, 

hydrotropes are a class of amphiphilic compounds that cannot form well-organized 

structures, such as micelles, but do increase the solubility of organic molecules in 

water by several orders of magnitude. The common structural characteristics of 

hydrotropes are the coexistence of an unsaturated hydrocarbon ring and an ionic 

group within one molecule. Strong synergistic effects are often observed when 

hydrotropes are added to aqueous surfactants or polymer solutions. In particular, 

various hierarchically self-assembled structures such as tubes, ribbons, vesicles and 

lamellar structures can be fabricated in mixtures of surfactants and hydrotropes. 

Mixtures of cationic and anionic surfactants show not only synergistic effect of 

the aggregation properties but also triggered micellar grow in one dimension to form 
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long worm-like micelles. A dramatic influence on the viscosity of wormlike micelles in 

aqueous solutions of CTAB was shown for trans-ortho-methoxycinnamic acid [44]. 

While some works in this field is available in the literature, report on the effect of the 

aggregation properties of SDBS and CTAB mixture is rare. In this chapter, the results 

of the study on their mixing behaviour, synergism, and one dimensional grow to 

worm-like micelles and rheological characteristics of this system are reported. 

Through this development it became clear that by mixing surfactants (hydrotropes) of 

opposite charges, cationic and anionic, but with varying chain lengths one can control 

the degree of precipitation of the surfactants to produce different supramolecular 

structures like vesicles and polymeric micelles [45]. The transition from one structure 

to anothex is also well known facts in xecent studies. A temperature-induced vesicle to 

micelle transition has been observed in the system of a new cationic surfactant 

cetyltrimethylarnmonium 3-hydroxy naphthalene 2-carboxylate [8]. Some researchers 

have also shown that the vesicle-to-micelle transition occurs in this system at 45"C and 

is induced by melting of vesicle surfaces using calorimetry and conductivity 

measurements. At melting the ions are released from surfaces, giving a jump in 

conductivity at this point and if there are trapped ions in vesicles they are also 

released [46]. The vesicle to micelle transition in different systems has been 

characterized by several techniques like rheology, light scattering, NMR, fluorescence, 

small angle neutron scattering (SANS), etc. Present study is divided in two major 

parts. In the first part, the synergistic effect of the mixing of cetyltrimethylammonium 

bromide (CTAB, a cationic surfactant) with SDBS (an anionic surfactant) is studied 

under Newtonian flow regime. In the second part, the formation of viscoelastic worm

like micelles is examined and the rheological behavior of the system is investigated 

under non Newtonian flow regime. 

6. 2. Theoretical models for analyzing mixing behaviour of surfactants 

Ideal and non-ideal mixture models under Newtonian flow regime. 

The process of assembling free surfactant monomers to generate aggregates is, 

of course, entropically unfavourable as the entropy of mixing surfactant and solvent 

molecules then decreases. This unfavourable change in entropy of mixing decreases 
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with increasing surfactant concentration, Csurf or, otherwise expressed, the chemical 

potential of free surfactant monomers increases with increasing Csurf and, when the 

chemical potential of the free monomers becomes equal to the corresponding quantity 

in the surfactant aggregates, the latter start to form. The surfactant concentration 

where aggregates start to appear is known as the erne; above this concentration 

aggregates and free surfactant monomers coexists. 

When two surfactants or a surfactant and cosurfactants are mixed, mixed 

aggregates are formed and the erne becomes a function of the surfactant concentration. 

For a mixture of two different surfactants, the erne has been observed to depend 

linearly on the composition of the micelles, i.e. 

(6.1) 

where x1 denotes the mole fraction of one of the surfactants in the aggregates, and 

cmc1 and cmc2 are the cmcs of pure surfactants 1 and 2 respectively. Surfactant 

systems for which the erne is seen to obey equation 6.1 are often referred to as ideal 

surfactant mixtures. The overall mole fraction of surfactant 1 at the erne equals 

Yt 
cmcT 

(6.2) 
( cmcT + cmcT) 

where cmcf' and cmcr the free monomer concentrations of surfactant 1 and 2 at 

cmc(x1 ) = cmcf' + cmc!f, since by definition, the amount of surfactant existing as free 

monomers is much larger than the amount of aggregated surfactant at erne. As a 

result, we can also write, 

1 = __!!___ + (1-yl) 

cmc (y1) cmc1 cmc2 
(6.3) 



229 

However, for a number of surfactant mixtures synergistic effects are important which 

means that the erne deviates appreciably from the behaviour predicted by above 

equation [47]. To account for these synergistic effects it is customary to write 

(6.4) 

where, in accordance with the theory of regular mixtures, activity factor functions are 

introduced by setting 

(6.5) 

and 

(6.6) 

In analogy with the treatment of regular mixtures, {J is mostly referred to as the 

interaction parameter, and its deviation from zero (and, consequently, the deviation of 

f 1 and f2 from unity) is commonly assumed to results from specific interactions 

between the surfactant head groups (discussed in further detail under results and 

discussion section). 

Formation of worm-like micelles and the study of viscoelastic characteristics 

under non-Newtonian flow regime is an interesting field, which have also been 

investigated and reported in the present thesis. Different theoretical models have also 

been proposed for micelle-vesicle transition mainly in lipid-detergent mixtures. These 

molecular approaches model was on the concept of curvature elasticity of thin films 

[48-50]. These models can take into account the basic characteristics of these 

transitions, in particular the presence of a two-phase region consisting of coexisting 
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vesicles and micelles. A similar model has also been proposed for vesicle to micelle 

transition in cationic anionic mixtures and the key concept is shown in the figure 

below [51-52]. Cationic and anionic surfactants, in view of their strong interaction in 

polar region, form dimers and higher n-mers even at low concentrations. 

(( 
); 

Figure 6.1: Strong coulomb interactions between the polar heads of cationic - anionic 
surfactants force them to form dimers, trirners, n-mers at interfaces of aggregates. 
Depending on the numbers, the bend elastic constant of the interface changes leading 
to formation of vesicles, worms, etc. 

At any given temperature, these are in thermal equilibrium. The relative 

concentrations these species decide whether the system forms worms, vesicles or 

crystals. The relative concentrations can be estimated from extensions of the concepts 

of Bjerrum transitions in two dimensions. Few of recent wide angle X- rays scattering 

studies have shown evidence to such melting of ion-pairs with temperature in cationic 

surfactant solutions [53]. 

5. 3 Experimental 

Conductivity measurements were carried out on a Mettler Toledo digital 

conductometer (Model no. MC226), using a dip cell (specific conductance 1413 S.cm-1). 

The experiments were performed at desired temperatures maintained within ± 0.5 K. 

Constant temperature was maintained by flowing water from the constant 

temperature water bath by an automatic motor to the double wall vessel containing 

the experimental solution. Surface tension was measured with a Kruss K9 tensiometer 

(Hamburg, Germany, accuracy ± 0.01 mN.m-1) using the platinum ring detachment 

method. The temperature was controlled adopting the same arrangement as 

mentioned above. The surface tension was determined with a single measurement 

method. All measurements were repeated until the difference between two values was 

less than 0.2 mNm-1. The rheological measurements were done using cone-plate 
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geometry with 40 truncation angle, with diameter 25 mm and 0.105 mm sample gap on 

a dynamic compact rheometer (Anton Paar, USA Model MCR 302), equipped with 

Peltier temperature control system. 

6.4. Preparation of solution of SDBS-CT AB mixed micelle system 

A volume of 10 m1 of water was taken in a beaker at room temperature (25°C) 

into which a stock solution of SDBS-CT AB mixed micelle system of desired 

concentration (4-6 times erne) at the fixed composition was stepwise added with a 

micropipette as required. At each step of addition (concentration varies with every 

addition, the conductivity/ surface tension was measured keeping the mole-fraction of 

SDBS and CTAB constant. 

6. 5 Results and discussion 

Micellar aggregates are also formed in an aqueous solution containing mixed 

surfactants. The erne values obtained from the conductivity and surface tensiometry 

measurements are rendered in table 6.1. The individual erne values of these two 

surfactants in pure water, measured by the above two techniques, are in 

with the literature data. 

Table 6. 
Experimental cmc values of SDBS-CT AB mixed micelle system at different mol 
fractions of SDBS and CT AB measured by conductometrically and surface 
tensiometrically. 

XsDBs XcTAB cmcconductancel CfflCsurface Tension 
mM LmM 

1.0 0.0 2.78 2.82 
0.8 0.2 1.49 1.40 
0.6 0.4 1.25 1.25 
0.4 0.6 1.15 1.10 
0.2 0.8 0.94 0.93 
0.0 1.0 0.90 0.90 
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The plots for determination of erne's (surface tension and conductometry) at different 

mole-fraction of CTAB and SDBS are shown in figure 6.2 to figure 6.13. 
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Here the erne's were determined for the mixed surfactant systems of various 

mole ratios at a particular tempera:h.ue. The break points in the surface tension vs. 

concentration or conductivity vs. concenh·ation plots were taken as erne. The values 

for CTAB and SOBS surfactants in pure water are in fair agreement with published 

data. Micellar aggregates are also formed in an aqueous solution containing SOBS and 

CTAB. But, the tendency of aggregation is different from that of the pure surfactants. 

Due to hydrophobic effect, the micellization process is a function of temperature, 

additive and solvent because the solvent property gets modified in the presence of an 

additive. However, the aggregation characteristic is found to be interesting because 

the erne is a function of mole fraction of each component of the surfactant mixture. 

general, the erne values were found to decrease with the increase in mole fraction of 

the CT A B suggesting less ionic repulsive forces and stronger hydrophobic 

(figure 6.9 and 6.15). results indicate that the added cationic surfactant (CTAB in 

this experiment) is assisting in the micelle formation of the anionic surfactants. 

type of variation is also found in presence of increasing mole fraction of hydrotropes 

[47]. 

Rewriting equation 6.3 for ideal conditions (with changed notations for CT AB 

and SDBS), which is also called Clint equation [1], we have equation 6.7. 

(6.7) 

Where, erne* is the erne of the mixed system, a1 and a2 are the stoichiometric mole 

fraction of components (CTAB, 1, and SOBS, 2) in binary mixtures are c;nic and Cf'-ic 

are the erne's of CTAB and SOBS respectively. The erne* values obtained from the 

above equation employing surface tension data are given in the table 6.2 for all the 

mixtures. 
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The differences in the experimental values of the erne and erne* value shows 

the deviation from ideality. It is indeed interesting to note that the non-ideality of the 

CT AB and SDBS mixtures is not large. However, the charge neutralization between 

the head groups of the two components and the interaction of hydrophobic part of 

CTAB is the SDBS micelles improve the hydrophobic environment in the mixed state 

in comparison to the pure state. As a result, erne's of the mixture is lower compared to 

that of pure SDBS micelles. While strong non-ideality is usually expected for anionic f 

cationic mixtures where strong attractive columbic forces exist, the weak non-ideal 

behaviour shown by present mixture is indeed interesting. To analyse the synergistic 

effect of mixed surfactant, different methods are mentioned in literature to calculate 

interaction parameter. Among these methods, Rubingh' s regular solution model is 

often applied [54]. 

Interaction parameter 

Interaction parameters for mixed micelle system have been calculated by applying 

Rubingh's model [54]. According to this model, a 1, erne ( C[Fic) and x1 (mole fraction 

of component 1, i.e., CTAB) in mixed micelles are related according to the following 

equation. 

1 (6.8) 
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The values of X1 were obtained by solving above equation by successive 

approximation method. The micelle mole fraction in the ideal state (x1ideai) has been 

computed using 

(6.9) 

The miceHer molecular interaction parameter (J3) is given by the equation: 

(6.10) 

The 13 values may vary from negative to positive through zero. This demonstrates the 

extent of interaction between the two components which leads to the deviation from 

ideality. Various theoretical methods are available to interpret the formulation of 

mixed micelles. The final model given by Lange, and used by Clint, is based on the 

phase separation model and assumes ideal mixing of the surfactants in the miceller 

phase. Rubingh proposed a treatment based on 'regular solution theory' (RST) for non 

ideal mixed systems which have been extensively used. The reason for the non-ideal 

behaviour among surfactant molecules upon mixing are then various types of 

molecular interactions. These interactions (either synergistic or antagonistic) can be 

analysed by RST which allows the evaluation of micelle mole fraction (x1) and 

interaction parameter (!F'-). According to RST, the molecules of mixing components 

should be of comparable size, completely interchangeable, and the interaction energy 

could be expressed as seem of pair wise neighbour interactions. The value of J3 is 

proportional to the free energy of mixing, a negative J3 value means synergism in the 

system. Thus, a negative deviation from ideal behaviour, corresponding to negative f) 

values is believed to result from a net attraction between the two different surfactant 

molecules. It indicates that the attractive interactions between the two component 

molecules are stronger than the interaction among molecules of same components. 

Positive J3 values have been ascribed to antagonistic behaviour. It means that the 

repulsive forces between two mixing components are stronger than the repulsions 

among similar molecules. A pn value close to zero means the mixing is almost ideal 

[55]. 
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Table 6.3. 
The computed values of Xt and (3 parameters for the present mixture of SDBS and 
CT AB [Interaction Parameters of CT AB/SDBS System (1) CTAB = 1; SDBS = 2)] 

aCTAB «sDBS 
emc(et Cmc erne x1 erne f3 ft 6 
(mM) (ST) (avg) /mM 

(mM) (mM) 

0 1.0 2.78 2.82 2.80 2.80 

0.2 0.8 1.49 1.40 1.445 0.539 0.9 -2.45 0.175 0.4889 

0.4 0.6 1.25 1.25 1.25 0.569 0.9 -0.128 0.916 0.959 

0.6 0.4 1.15 1.10 1.125 0.749 0.9 +0.021 1.009 1.0119 

0.8 0.2 0.94 0.93 0.935 0.839 0.9 -0.364 0.897 0.773 

1.0 0.0 0.90 0.90 0.90 0.9 

a measured from conductivity data; b measured from surface tension data. 

anionic and cationic smfactant mixture, fJ values are usually found to be highly 

negative. This indicates very strong synergism [56-57]. Significant synergistic 

have been observed for mixtures of two ionic surfactants with identical head gmups 

but different hydrocarbon part [58-59]. It has also been argued that synergistic effects 

mostly are due to entropy contributions to the aggregation free energy rather than to 

specific interactions among the surfactant headgroups [55]. In the present system of 

CT AB and SOBS mixture, fJ values are also negative as found within the range of -2.45 

to -0.364 (table 6.3). Previous results revealed that the free energy of forming a 

surfactant aggregate can be written as a sum of several contributions [60,61]: (i) the 

reduction of contact area between hydrocarbon and water, (ii) conformational entropy 

due to packing restrictions of the hydrocarbon chains, (iii) electrostatics for a charged 

aggregate surface and its diffuse layer of counterions, (iv) additional contributions 

related to the head groups, and (v) entropy of mixing the two surfactants. 

Electrostatics yields a large contribution to the aggregate free energy for mixtures 

consisting of ionic surfactants. According to the Poisson-Boltzmann (mean field) 

description, this contributions mainly due to the entropically unfavourable 

organization of the counterions into a diffuse layer located outside the electrically 

charged surface of an aggregate, whereas the purely energetic effects usually are much 
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smaller for surfactants mixtures like CT AB and SDBS which explains comparatively 

lower interactions parameter. 

Rheology of viscoelastic worm-like micelles found in the system containing SOBS 

and CT AB in Water 

Behaviour of some surfactant mixtures under non-Newtonian flow regime 

Aqueous mixtures of anionic and cation surfactant have been found to show 

fundamentally different properties than the corresponding solutions of pure ionic 

surfactant or mixture of an ionic and a non-ionic surfactant. The spontaneous 

formation of rather small unilamellar vescicles has been particularly emphasized, 

although a number of other structures, such as small globular and large worm-like 

micelles as well as large lamellar sheets have also been observed [62-64]. 

The most conspicuous property is, however, the usually large reduction in erne 

when two oppositely charged surfactants are mixed in an aqueous solvent. Whereas 

mixtures of an ionic and a non-ionic surfactant normally yield deviation from ideal 

behaviour corresponding to -5 < !3 < -1, and synergistic effects in mixtures of two non

ionic surfactants are even less, experimentally obtained !3 values for mixtures of an 

ionic and a cationic surfactant are usually several magnitudes larger [65]. However, 

the synergistic effects are observed to increase with increasing length of the surfactant 

tail. Accordingly, f3 values for CnS04·Na+ / Cn TA +Br- (T A = trimethyl ammonium) 

mixtures have been found to be f3 =- 25.5 for n = 12, f3 = -18.5 (n = 10), and f3 =- 10.5 (n 

= 8) [66-67]. 

In analogy with the regular mixture theory, f3 is generally referred to as the 

interaction parameter and its deviation from zero has frequently been believed to be 

the result of specific interactions between the surfactant head groups so that it is 

different between surfactant 1 and 2 compared to between two identical head groups. 

According to this interpretation the conspicuously large magnitudes of f3 found for 

mixtures of most of the oppositely charged surfactants are due to very strong 

attractive interactions between the aggregated anionic and cationic head groups, and it 

has been suggested that such interactions may account for the micelle-to-vesicle 

transition frequently observed in aqueous cationic surfactant mixtures [52]. 
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On the other hand, present system of cationic and anionic surfactant mixtures 

of CT AB and SDBS neither exhibits very large deviation from ideality nor yield high j3 

values ((3 value in the present system lie between -0.364 to -2.45). This is indeed 

interesting. In all probabilities, the unique behaviour of this mixture stems from the 

very structure of SDBS molecule, where the alkyl chain is present not as linear long 

hydrocarbon tail but as the branched chain as shown in section 3.4.1 of this thesis. 

However, on account of wide industrial applications of SDBS surfactant in various 

fields, the behaviour of CTAB/SDBS mixture is studied in this work to further detail 

in non-Newtonian flow regime. Viscoelastic properties including dynamic rheology of 

the system at different temperature have been investigated to understand the 

microstructural pattern of the mixed micelles. The self-assembly of both CT AB and 

SDBS individually result in the formation of globular micelles near the respective erne 

values. Further, when these cationic and anionic surfactants are mixed together at low 

concentration, the mixture synergistically leads to the formation of globular micelles 

again under Newtonian flow regime, as has already been discussed. On the other 

hand, when the concentrations of the individual component of the mixtures are 

increased (e.g., CTAB = 100 mM and SDBS = 20 mM), a viscoelastic gel is formed and 

the flow becomes non-Newtonian in nature. The observed viscoelasticity is related to 

worm-like micelle (WLM) formation. The structures of WLM have fascinated scientists 

because they are similar to polymer chain in their ability to entangle into viscoelastic 

networks. At the same time, micellar chains are held by weak physical bonds unlike 

the covalent bonds in polymer; consequently, the chain can break and recombine, and 

their contour length is not fixed by chemical synthesis but by solution 

thermodynamics [13]. From a rheological standpoint, wormlike micellar samples are 

interesting because they can behave as Maxwell fluids (i.e., as model viscoelastic fluids 

having just a single relaxation time) [68]. 

Therefore, in general_ the experimental solutions exhibit three regions of 

rheological response. First, at low surfactant concentration, the solutions are 

Newtonian liquids with low viscosity and non-measurable elastic response. Second, 

with increasing surfactant concentration, they behave like polymer solutions in the 

semi-dilute regime, characterized by viscoelastic behaviour with a spectrum of 

relaxation times. Finally, with increase in the counter ion concentration, these 

materials enter a regime where their rheological response is similar to that of an 

entangled polymer or weak gel; however, unlike polymer systems, there relaxation 
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after shear is dominated by a single relaxation time. In the present chapter of the thesis 

rheology of viscoelastic worm-like micelles formed in the system of SOBS and CT AB 

mixtures have been studied. 

Rheology of worm-like micelles formed in SOBS and CT AB system 

Modelling techniques are used to quantify rheological parameters that can be 

obtained from oscillating shear results. Many authors have used simple Maxwell 

element to fit rheological data obtained from viscoelastic surfactant solutions [69-70]. 

A simple Maxwell element describes the rheological behaviour of a system as a single 

spring connected in series to a viscous element (dashpot). In shear experiments, this 

results in equations from G 1 and of the form 

(6.11) 

(6.12) 

Where G ' and G '' are elastic modulus and viscous modulus respectively, w is the 

frequency, GZ is the plateau modulus, and r is the relaxation time. In the time domain, 

this type of model has single exponential decay, withG(t) = cze-tfr. Maxwell 

elements are useful in determining GZ and r of systems dominated by a single 

relaxation time or in a limited portion of a materials frequency response range if the 

relaxation times are well separated. 

In our experiments, the rheological data are typical of viscoelastic wormlike 

micelles, with a plateauinG' at high frequencies and terminal behaviour of G' and G" 

at low frequencies [figure 6.14 to 6.23]. Moreover, the sample is nearly a Maxwell fluid 

over a short range of temperatures (303 K - 335 K). Plots are shown from temperature 

range 273 to 313 K. No cross over point is displayed beyond the temperature range of 

303 K - 313 K, except at 281 K. We find that the Maxwell model fits the data well, 

especially at low and intermediate frequencies, as has been shown for normal worm in 

the above temperature ranges. Turning to the effect of temperature on the rheological 

data, we have also found that as the temperature increases, the entire frequencies 

move or shorter time scales, but the plateau modulus GP remains constant which was 

also reported by several workers in other systems [69-71]. This shift in crossover 

frequency to higher values means that the relaxation time decreases with temperature. 
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It is sometimes difficult to determine how "good" a Maxwell model fits the 

data from plots of G' and G" versus w. Systems that have a spectrum of closely spaced 

relaxation times may appear to be fit by a single Maxwell's element. Cole - Cole or 

Nyquist plots (plots of G" as a function of G') provide a better picture of how well this 

data correspond to a single relaxation time Maxwell model. A Cole - Cole plot for a 

perfect Maxwell element is a semicircular, where as a plot for a system with many 

relaxation times in a narrow range is boxlike. The curve in the present system fits to 

good extent to a simple Maxwell model (figure 6.24- 6.26). The data points fit fairly 

well on a semicircle curve particularly at 303 K A single exponential relaxation can be 

effectively explained in case of worm like micelles. According to Cates, the possibility 

of breaking and recombination introduces new mechanism for stress relaxation for 

living polymers, in addition to the raptation process [72]. Mean filled model 

two characteristic times for this process, these are raptation time of an 

unbreakable chain and the average time before such a chain breaks into two pieces as a 

result of the reversible scission process. Several theories have been predicted 

depending on the relative ratio of the two characteristics time scales. From these 

theories, it may be concluded that when average time is very much greater than the 

reputation time, the micelles behave like ordinary polydisperse unbreakable polymers 

with exponential polydispersity and the stress relaxation function which are different 

from monodisperse polymers. When reputation time is greater than average time, 

chain breakage and recombination will both occur often for a typical chain, before it 

has disengaged from the tube by ordinary reputation. In this case, the reputation 

mechanism is short circuited and the new relaxation process will be monoexponential 

with a new time scale. This explains the observed single exponential behaviour of the 

system, because before a given tube segment relaxes, the chain occupying it typically 

undergoes many scission and recombination reactions, so that there is no memory of 

either the initial length of the chain or the position on the chain initially corresponding 

to the tube segment. The deviations from the half circle occur at a circular frequency (J) 

of the order of the inverse of the breaking time of the micelles. At higher frequencies 

the data deviate from the Maxwell modet which is typically the case when the 

systems can no longer be described by a single relaxation time. So, a Cole - Cole plot 

can easily visualize how well the data correspond to the Maxwell model. The large 

deviation from Cole - Cole plot with high angular viscosity is indicative that of a less 

structured system with poor viscoelastic behaviour. 
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Figure 6.29: Arrhenius Semi log plot ofT R vs 1/T for CTAB-SDBS ( 100 mM: 80 mM) 
system. 

Finally, the shift in cross over freequency m to higher values indicate that the 

relaxation time-r decreases with temperature (figure 6.22-6.24). The variation of -r with 

temperature is shown in figure 6.31 on Arrhenius plot (i.e., a semilog plot of the 

quantities vs. 1/T). We find that the -r values fall on a straight line, indicating an 

exponential decrease that can be represented by the following equation. 

EA 
1:= A exp (-) 

RT (6.13) 

Where EA is the flow activation energy, R is the gas constant, T is the absolute 

temperature and A is the pre exponential factor. The figure shows that for the present 

system containing CTAB and SOBS mixture, the EA value is 85.44 kJ/mol, which is 

comparable with represented values for other similar systems. 
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Chapter VII 

Summary and conclusion 

Chapter I 

In chapter 1; a general introduction covering the description of different types 

of surfactants, their properties and their molecular assemblies, viz., micelles are 

presented. Self-assemble surfactants or surfactant aggregates become popular to the 

researchers in recent years due to a huge benefit achieved in many industries 

producing detergents, cosmetics and pharmaceuticals which have surfactants as one of 

their constituents. Added electrolyte has great influence on the shape of ionic micelles 

and also as the counterion concentration is increased, the shape of ionic micelles 

changes in the sequence spherical- cylindrical- hexagonal-lamellar. 

(Page No. 1 - 21) 

Chapter II 

The scope and object of the present investigation has been incorporated in 

chapter H. Recently the role of the counterion binding has been recognized in the 

evaluation of the energetics of micellization process. The study of the effect of 

counterions eliminates some of the complications by leaving the properties of the 

amphiphilic ion as a constant factor and thus simplifies some of the interpretation of 

the experimental results. But, it often leads to complications connected with limited 

stability and preparative difficulties of the surfactant containing different counterions. 

Further, the literature of dodecyl benzene sulfonate moiety with different counterions 

is very rare. 

The micellar structure of sodium dodecyl benzene sulfonate changes to 

bilayers in presence of added electrolyte. Compounds with polar groups such as 

alcohols can be expected to solubilize in the hydrophilic regions. Addition of alcohol 

can strongly influence the behaviour of the micelle and changes the micellar size 

depending on the hydrophilic/hydrophobic character of the alcohol. 
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Dye-micelle interaction is effective to detennine the cmc of the surfactant. On 

the other hand self aggregation of the dyes is important to understand the self

quenching phenomena occurring in the different instruments and also the phenomena of 

energy transfer in biological systems. Surfactant mixtures are commonly preferred in 

medicinal and pharmaceutical formulations and industrial preparations due to the 

purpose of suspension, solubilization and dispersion as compared to single surfactant. 

The mixed surfactant exhibits superior interfacial properties such as higher surface 

activity and lower critical micelle concentration (cmc). Generally, it has been observed 

that with anions that associate strongly with the surfactant cations, worm-like micellar 

growth occurs rapidly at low surfactant and salt concentrations. The rheological 

behaviour exhibited by these system is viscoelastic and analogous to that observed in 

solution of flexible polymers. These surfactant solutions undergo similar rheological 

behaviour whether they are prepared directly from surfactant salts with a strongly 

associating anion or by addition of strongly associating anions to solutions prepared 

from surfactant salts with weakly associating anions. The rheological behaviour 

observed for wonnlike micelles in the surfactant solution is similar to that for flexible 

polymers, and therefore, aqueous solutions of entangled wonnlike micelles are often 

called "living polymer systems". The research of wormlike micelles has drawn 

considerable interest owing to their superior properties and wide applications. 

(Page No. 29- 35) 

Chapter III 

Surfactants with different counterions were prepared from purified SDBS by 

ion-exchange techniques using a strong ion-exchange resin. The erne and other 

thermodynamic parameters were determined from the temperature dependence 

surface tension as well as specific conductance data. 

(Page No. 39- 51) 

At a specific temperature, the erne values of the surfactants follow the order 

Na+ > Li+ > NH4+ > K+ > N+(CH3)4 > N+(C2Hs)4> N+(C3H7)4 > N+(C4H9)4. Among 

tetraalkyl ammonium cations along with ammonium cations, the binding ability is 

highest for N+(C4H9)4 and decreases in the following order N+(C4H9)4 > N+(C3H7)4 > 

N+(C2Hs)4 > N+(CH3)4 > NHt+. As a result, the reduction of the electrostatic 
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intermicellar repulsive force occurs which leads to the formation of the micelle in the 

lower concentration range. 

(Page No. 52 -73) 

The maximum surface excess concentrations cr max) is a useful measure of the 

effectiveness of adsorption of the surfactant at air-solution interface, since it is the 

maximum value that adsorption can attain. For dodecyl benzene moiety with varying 

counterions, a slight increase may be due to the lower hydration effect of the dodecyl 

benzene sulfonate surfactants at higher temperature and hence increasing tendency to 

move the molecules to the air-liquid interface. The benzene ring in the surfactants may 

also be partially responsible for this result via steric inhibition during adsorption 

process. With increase in temperature, amphiphilic molecule tend to form a closely 

packed monolayer film of the hydrocarbon chain at the air / solution interface owing 

to the decreased repulsion between the oriented head groups indicated by the value of 

Amin· 

(Page No. 73 - 74) 

The temperature dependency of DBS micelles having different counterions also 

enables one to determine the thermodynamic parameters of micellization. Negative 

sign of LlHii.z suggests that surfactant aggregation is an endothermic process. The 

tetraalkyl ammonium surfactants have their enthalpy of micellization relatively close 

to each other. The enthalpy value first decreases with increase in chain length, reaches 

a shallow minimum for tetrapropyl ammonium counterions and then increases. A 

dose look on the thermodynamic parameters support the view that order form 

micelle the gain in entropy is the major factor leading to negative change in Gibb' s free 

energy. But for the alkali metals counterions, the fact that though the free energy 

changes are not very different, the entropy change is significantly higher and the 

enthalpy changes are much lower forK+ counterion containing DBS compared to all 

other systems. This suggests that the entropy contributes as a major driving force in 

rnicellization. With increasing temperature, tiS~ decreases systematically for a 

particular type of counterion, suggesting a disruption of ordered arrangement of 

water dipoles around the amphiphilic part of the surfactant molecules. Though the 

free energy change is not very different for all the systems, the enthalpy change is 

relatively higher. 
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The effective interactions associated with hydrocarbon chains may be 

expressed by standard heat capacity of micelle formation, 11miccg. The calculated 

values of tlmiccg for DBS with va1ying counterions fall between a wide range of value 

viz., -67 to -934 J mol-1 K-1, for the variation of temperature between 283 K and 313 K 

For the tetraalkyl ammonium counterions, the order of 11miccg values at a particular 

temperature is as follows: (CH3)4N+ > (C4H9)-tN+ > (C2Hs)4N+ > (C3H7)4N+. At high 

temperatures, tlmiccg's give large negative values due to solvation of ions upon 

demicellization, and this is quite reasonable because as the temperature is inneased 

erne value also increases in all the present systems. 

Enthalpy and entropy change in the micellization process show a linear 

relationship for all the surfactant systems at a particular temperature and this is 

known as the enthalpy-entropy compensation. The slope and intercept of the straight 

has different meanings, slope interprets a measure of desolvation part of 

micellization which means a characteristic of solute-solute and solute-solvent 

interaction whereas the intercepts interprets solute-solute interactions. The intercepts 

(8H:r,_) has been found to be -32.6 kJ mol-1 for DBS which correspond to the driving 

force of micellization where the entropy does not contribute the process at that 

particular temperature. 

(Page No. 75 - 85) 

The literature concerning DBS surfactant is not so huge as compared to SDS or 

AOT and this may be due to the presence of several isomeric forms of DBS moiety. 

The range of erne values of the following three surfactants with varying counterions 

are 3.33 mM to 0.79 mM, 9.21 mM to 1.10 mM and 3.55 mM to 0.75 mM for DBS, DS 

and AOT respectively. For all the surfactant systems with tetraalkyl ammonium 

counterions, erne decreases with increase in tetraalkyl ammonium chain length. The 

order of erne for alkali metal counter ions and ammonium ion is not same for the three 

surfactants. The orders are: NH4+ > Li+ >Na+ for dodecyl sulfate, N~+ > Na+ > Li+ > K+ 

for AOT and Na+ > Li+ > NH4+ > K+ for DBS. This trend can be explained by the 

counterion binding to micelles. The general tendency of erne change with temperature 

is parabolic in nature. However, the present DBS with different counterions show 

linear types of temperature dependency. 
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Among the f max values of DS, DBS and AOT, only the DS follows the general 

trend with temperature. The order of f max values is lower in the case of DBS as 

compared to DS and AOT suggesting effectiveness of adsorption of this surfactant at 

air-solution interface is low. The lower Amin values forDS and AOT suggest that these 

amphiphiles tend to form a closely packed monolayer film of the hydrocarbon chain at 

air / liquid interface as compared to DBS with same counterions. 

In between the DS and DBS systems, the ll.G:it value is higher for DS systems 

particularly more pronounced for the alkyl ammonium counterions. The enthalpy of 

micellization is negative for all the counterions in case of AOT and DBS. But for DS, 

there are both positive and negative value of enthalpy change of micellization suggests 

that both exothermic and endothermic process occurs at the rnicellization process. The 

less enthalpy values are shown by potassium counterions for both AOT and DBS 

surfactants with higher enthalpy values. 

The effective interaction associated with hydrocarbon chains may be expressed 

by standard heat capacity of micelle formation, llmtcC3. The llmicC3 values for 

comparison are calculated for only SDBS and SDS systems due to their very similar 

molecular formula and also contain a dodecyl moiety in hydrocarbon chains. The 

calculated values of llmiccg for SDBS fall between a wide range of value viz., -381.8 to-

933.8 J mol-1 K-1 for the temperature range 283-293 K. On the other hand, SDS which 

also yields tlmiccg values between -607 and -644 J mol-1 K-1 in the same temperature 

range. 

(Page No. 85- 97) 

Chapter IV 

Added electrolytes are known to affect the aggregation behaviour of ionic 

surfactants. In the present study, the surfactant chosen is again dodecyl benzene 

sulfonate (DBS) with different counterions, viz., Na+, Li+, K+, N}L+, (CH3)4N+, 

(C2Hs)4N+, (C3H7)4N+ and (GH9)4N+ and the electrolytes are the symmetrical tetraalkyl 

bromides. The critical micellization concentrations of DBS with different counter ions 

in presence of corresponding aqueous bromide salt solutions in the concentration 

range of (5-0.5) mM were determined mainly by surface tension and partly also by the 

electrical conductivity method. Increasing the concentration of a particular electrolyte 

causes a substantial decrease in the erne. This can be accounted for by the fact that in 
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solutions of high ionic strength, the forces of electrostatic repulsion between head 

groups in a micelle are considerably reduced due to charge screening. Such reduction 

in the erne values of anionic surfactants is also observed in presence of all systems with 

corresponding bromide electrolytes. TMA + ions with smallest ionic size are the most 

hydrated in aqueous solution compared to that of the others in the group, viz., TEA+, 

TPA+ and TBA+. The higher homologues of the series, TPA+ and TBA+, have long 

hydrocarbon chains and some of these chains are supposed to penetrate in the micellar 

core due to hydrophobic interaction. Hence, at a given temperature, the formation of 

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

> TEAB > TPAB >TBAB. 

(Page No. 104- 141) 

The increase in the f3 values on moving from TEA+ to TBA + is due mainly to 

the increased hydrophobic interaction between the alkyl parts of both the surfactant 

and the added electrolyte. For inorganic ions including ammonium ions, similar result 

is observed due to the increase in size of the cations. Here, the order of f3 values is K + 

> Na+ > NH4+ > U+. In the present case, slight increase in the values of r max is observed 

which may be due to the effectiveness of adsorption. With increase in temperature, the 

Am1n value shows the inverse trend as that of r max-

(Page No. 142- 143) 

The values of LlG!ic , .1H!ic and LlS!ic in the presence of 0.0005 M 

corresponding bromide salts have been calculated. The variation of .1G!ic with 

temperature is small for all the systems investigated. The values of LlH!ic increase 

with the increase in temperatures in all case. The higher negative values of enthalpy at 

higher temperatures probably suggest the importance of London-dispersion 

interactions as an attractive force contribution for micellization. The entropy of 

micellization for different systems are all large and positive except potassium dodecyl 

benzene sulfonate, indicating that the micellization process is entropy dominated. 

Presence of salt may screen electrostatic repulsion between head groups and decrease 

the thickness of the interfacial water layer. The thickness of the interfacial layer is 

decreased when salts are added into surfactant systems. The reason is that the positive 

ions of the salt can enter into the interfacial region and destroy the hydrated layer. 

(Page No. 144 - 149) 
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The most interesting aspects of these microheterogeneous entities are their 

ability to accommodate organic molecules. In this respect ethylene glycol (EG) showed 

the reverse effect compared to the other alcohols and this may be explained by its 

higher dielectric constant, small hydrophobic surface and greater capability of 

hydrogen bond formation. Influence of very common short chain alcohols, viz. 

ethylene glycol on the rnicellization of DBS with different counterions in aqueous 

medium are studied in the present investigation within the temperature range of 293-

313K. For SDBS-ethylene glycol-water system [10%, 20% and 30% ethylene glycol 

(w /w)], the erne was determined conductometrically. The erne values increase 

considerably upon addition of ethylene glycol. The larger erne at higher ethylene 

glycol content is a result of the presence of a structure-breaking solute which in the 

aqueous phase adversely influences the hydrophobic group causing the micellization 

process unfavourable. The increase in erne values with temperature at a given 

concentration of ethylene glycol is attributed to the disruption of the solvent structure 

with the increase in temperature. 

With increase in temperature, the fiG:h_ value becomes more negative, which is 

a general trend, The other two thermodynamic parameters viz. LJH~ and AS~ also 

show their necessary contribution in favour of micellization process. The entropy of 

micellization is positive in water and becomes less positive in the presence of 

increasing amounts of ethylene glycol. The overall exotherrnicity of the present system 

indicates that both the structure-breaking ability of ethylene glycol and its interaction 

with the hydrophilic groups of the surfactants are dominating factors. Depending 

upon the temperature and the proportion of ethylene glycol present, small negative 

t:.GP as observed are there in different surfactants, may be due to a reduction of the 

micelle solvation in the mixed solvent. 

(Page No. 149 -171) 

ChapterV 

One of the most fundamental and important structural parameters of micellar 

aggregates is the aggregation number, or the average aggregation number of detergent 

molecule in micelle unit. The value of the aggregation number contains information on 

the micellar size and shape, which may be important in determining stability and 

practical applications of the investigated systems. In the present study, the 

measurement of aggregation number is done by a simple process based on the 
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quenching of a luminescent probe by a hydrophobic quencher. In the present 

experiment, the static quenching is done to measure the aggregation number of the 

surfactant with different counterions by steady state fluorescence quenching (SSFQ) 

process. 

In the case of pyrene, a quencher is used to measure the aggregation number, 

the ratio of intensity of the first (I1 at 373nm) and third peaks (h at 384 nm) is a 

sensitive parameter characterizing the polarity of the probe environment. In the 

present study, good experimental result for all the surfactants have been obtained 

suggesting constancy of both Nand Ksv· At 298 K the aggregation number become 

minimum in the case of NH4+ counter ion. But as the alkyl groups are substituted for 

hydrogens, the aggregation number increases because of the formation of larger 

aggregates which is the consequences of the increased charged screening at higher 

counter ion binding capacity via stronger hydrophobic interactions with the micelles. 

This increasing trend of aggregation number continues up to the tetraethylammonium 

ions. But for tetrapropyl and tetrabutyl ammonium ions, aggregation number 

progressively decreases. It seems apparent that in the present systems, as the 

hydrophobicity of the counter ions increases, the counter ion binding/ condensation 

increases due to increased hydrophobic interactions and eventually the erne decreases. 

However, enhanced electrostatic charge screening of the head groups is incapable of 

increasing the aggregation number of the micelles for tetrapropyl and 

tetrabutylammonium counter ions. For alkali metal counter ions, hydration plays an 

important role along with ionization degree and hydrophobic interactions. As the size 

of the counter ion increases, the degree of hydration decreases due to more 

hydrophobicity of the counter ions and also enhanced electrostatic charge screening of 

the head groups. 

(Page No.177 -197) 

In the chapter, we also use an oxazine dye with dodecyl benzene sulfonate 

with varying counterions to characterize qualitatively the dye-surfactant interactions. 

The oxazine dyes display surprising long-wavelength absorption and emission 

maxima in fluorescence which makes these groups of dye an important fluorescent 

probe. We have studied the stedy-state spectra of surfactants by a typical oxazine dye, 

Cresyl fast violet. Due to these dye-surfactant interactions, the changes in spectral 

characteristics are observed qualitatively. At concentration below the normal erne, 
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surfactants and dyes can interact to form a mixed micelle of the two species, lowering 

the resultant erne. Above the erne, a change in the molecular environment of the dye 

due to incorporation into the micelle interior is observed. 

At concentrations of surfactants below the erne, the fluorescence intensity 

decreases continuously with increase in surfactant concentration. When the surfactant 

concentration reaches erne, the intensity starts increasing continuously with increase in 

surfactant concentration. The result suggests that the free monomer is tied up in ion 

pair or clusters at sub-micellar region .. The order of the ion pair formation or duster 

formation for alkali metal counter ions is as follows: Li+ > K+ > Na+ and for tetraalkyl 

ammonium counter ion and ammonium ion the trend is as follows: NH4+ > (C4H9)4N+ 

> (C3H7)4N+ > (C2Hs)4N+ > (CH3)4N+. These trends are probably observed as the 

consequences of the increased charged screening and higher counter ion binding 

capacity stronger hydrophobic interactions with the micelles. 

(Page No. 198 - 212) 

Anisotropy measurement was done with the same dye in presence of 

surfactants. The data were analyzed with the software "Felix GX", supplied by the 

manufacturer with the fluorescence spectrophotometer instrument. The lower the 

anisotropy value, the faster is the rotational diffusion. The trend is normal for all the 

surfactant except lithium dodecyl benzene sulfonate and ammonium dodecyl benzene 

sulfonate due to high hydration enthalpy of lithium and intermediate size of the 

ammonium ion. 

The interpretation of the results emerges from steady-state anisotropy of these 

dye-surfactant complex system is not straightforward; its value depends on various 

factors such as, the rotational motion and the possible dye - surfactant interactions. 

With decease in surfactant concentration, the packing of amphiphiles at the interface is 

less compact which show a decrease in polarization value. Below the erne, the increase 

in polarization value can also attributed to the higher dye-surfactant interactions. 

Upon addition of surfactant, the anisotropy initially increases fast, but this increase in 

a range of very low surfactant concentration and below the erne. This is the evidence of 

interactions that reduce the dye's ability to rotate freely. A dye-surfactant ionic pair or 

cluster would result in such a decreased ability to rotate because of its larger size than 

an individual dye ion. The increase polarization value with increasing surfactant 
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concentration probably means that more surfactant molecule join the clusters as the 

surfactant concentration increases. Around the erne, the increase of anisotropy value 

drops to an extent. This could be the result of the release some of the dye molecule 

from their ionic interactions with the surfactant monomers. Above the erne, the 

anisotropy increases little before leveling off. This shows that the dye is less free to 

rotate in the micellar environment. The dye's lower ability to rotate above the erne 

shows that it is within the micelle in a more rigid formation. The value of the erne 

derived from polarization value is in good agreement with the value determined by 

surface tension and conductometically for each of the surfactant. The slight difference 

in the erne values observed in these two methods may be due to the fairly strong 

interaction of dye molecules with the surfactants. 

(Page No. 212 - 220) 

In the present experiments, time resolved fluorescence studies were also 

carried out to determine the emission decay parameters of all the surfactants with 

different surfactant concentrations. The concentration of the dye used was 5 x 10-6 (M). 

Thus, high dye concentrations could not be used, as at these concentrations lifetime 

values may be drastically decreased due to fluorescence quenching. So, only four set of 

concentrations for each dye have been taken for. The lifetime values did not change 

significantly in a regular manner with the change in surfactant concentration and 

indicates single exponential fluorescence decay characteristics in presence of all the 

surfactants. 

(Page No. 221) 

Chapter VI 

Compared to single surfactant, the mixed surfactant exhibits superior 

interfacial properties such as higher surface activity and lower critical micelle 

concentration (erne). Surfactant mixtures are commonly preferred in medicinal and 

pharmaceutical formulations and industrial preparations due to the purpose of 

suspension, solubilization and dispersion. Wormlike micelles are long, self -assembled, 

semi-flexible, breakable polymer-like materials with surfactant heads on the outside 

and tails in the core. They display a striking range of dynamical properties, including 

anomalous relaxation, shear banding, and rheological chaos. Above a threshold 

concentration c*, wormlike micelles may entangle into a transient network, which 
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displays remarkable viscoelastic properties. Mixtures of cationic and anionic 

surfactants show not only synergistic effect of the aggregation properties but also 

triggered micellar grow in one dimension to form long worm-like micelles. In this 

chapter, the results of the study on their mixing behaviour, synergism, and one 

dimensional grow to worm-like micelles and rheological characteristics of this system 

are reported. Present study is divided in two major parts. In the first part, the 

synergistic effect of the mixing of cetylh·imethylammonium bromide (CTAB, a cationic 

surfactant) with SDBS (an anionic surfactant) is studied under Newtonian flow 

regime. In the second part, the formation of viscoelastic worm-like micelles is 

examined and the rheological behavior of the system is investigated under non 

Newtonian flow regime. 

(Page No. 225 - 227) 

Here the erne's were determined for the mixed surfactant systems of various 

mole ratios at a particular temperature. Micellar aggregates are also formed in an 

aqueotls solution containing SDBS and CT AB. But, the tendency of aggregation is 

different from that of the pure surfactants. Due to hydrophobic effect, the micellization 

process is a function of temperature, additive and solvent because the solvent property 

gets modified in the presence of an additive. The results indicate that the added 

cationic surfactant (CT AB in this experiment) is assisting in the micelle formation of 

the anionic surfactants. 

(Page No. 227- 235) 

It is indeed interesting to note that the non-ideality of the CTAB and SDBS 

mixtures is not large. The charge neutralization between the head groups of the two 

components and the interaction of hydrophobic part of CTAB is the SDBS micelles 

improve the hydrophobic environment in the mixed state in comparison to the pure 

state. To analyse the synergistic effect of mixed surfactant, Rubingh's methods are 

applied. 

The reason for the non-ideal behaviour among surfactant molecules upon 

mixing are then various types of molecular interactions. These interactions (either 

synergistic or antagonistic) can be analysed by RST which allows the evaluation of 

micelle mole fraction (x1) and interaction parameter((?). A negative deviation from 

ideal behaviour, corresponding to negative ~ values is believed to result from a net 



271 

attraction between the two different surfactant molecules. In this system of CTAB and 

SDBS mixture, p values are also negative as found within the range of -2.45 to -0.364. 

Electrostatics yields a large contribution to the aggregate free energy for mixtures 

consisting of ionic surfactants. According to the Poisson-Boltzmann (mean field) 

description, this contributions mairJy due to the entropically ullfavourable 

organization of the counterions into a diffuse layer located outside the electrically 

charged surface of an aggregate, whereas the purely energetic effects usually are much 

smaller for smfactants mixtures like CT AB and SDBS which explains comparatively 

lower interactions parameter. 

(Page No. 235- 239) 

Viscoelastic properties including dynamic rheology of the system at different 

temperature have been investigated to understand the microstructmal pattern of the 

mixed micelles. The self-assembly of both CTAB and SDBS individually result in the 

formation of globular micelles near the respective erne values. On the other hand, 

when the concentrations of the individual component of the mixtures are increased 

(e.g., CTAB == 100 mM and SDBS = 20 mM), a viscoelastic gel is formed and the flow 

becomes non-Newtonian in natme. The observed viscoelasticity is related to worm

like micelle (WLM) formation. 

Therefore, in general, the experimental solutions exhibit three regions of 

rheological response. First, at low surfactant concentration, the solutions are 

Newtonian liquids with low viscosity and non-measw·able elastic response. Second, 

with increasing surfactant concentration, they behave like polymer solutions in the 

semi-dilute regime, characterized by viscoelastic behaviour with a spectrum of 

relaxation times. Finally, with increase in the counter ion concentration, these 

materials enter a regime where their rheological response is similar to that of an 

entangled polymer or weak gel; however, unlike polymer systems, there relaxation 

after shear is dominated by a single relaxation time. In this chapter of the thesis 

rheology of viscoelastic worm-like micelles formed in the system of SDBS and CT AB 

mixtures have been studied. 

(Page No. 239- 241) 

In our experiments, the rheological data are typical of viscoelastic wormlike 

micelles, with a plateauinG' at high frequencies and terminal behaviour of G' and G" 

at low frequencies. Moreover, the sample is nearly a Maxwell fluid over a short range 
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of temperatures (303 K - 335 K). No cross over point is displayed beyond the 

temperature range of 303 K - 313 K, except at 281 K. We find that the Maxwell model 

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

for normal worm in the above temperature ranges. When micelles are sufficiently 

long, they are converted into more flexible wormlike micelles which can flow 

comparatively easily. Which reflects by a level off in the G ' . At further high 

concentration, a micro-structural change in micelle structure results the change in 

rheological parameter. The increase in viscosity to a very small extent can be 

attributed also by micro-structural change. It is expected that a sufficient amount of 

CT AB will be present which will embedded between the head groups. Further with 

increase in temperature, the Br ion may be released and would show higher 

preference for the bulk phase. Such a release if occurs would increase the effective 

head group area, thereby driving micro-structural change of higher curvature 

resulting in an increase in viscosity. 

At low frequencies the loss modulus (G") is higher than the storage modulus 

(G'), indicating that the sample behaves as a liquid and also predominantly viscous 

whereas at high freequencies, G' is greater than G", which implies that the mixtures 

behave like a solid which is predominantly elastic in the temperature range 303 - 313 

K. The dip of the G" curve even at higher freequencies is due to the presence of further 

relaxation modes. 

(Page No. 241- 248) 

The curve in the present system fits to good extent to a simple Maxwell n•~,, ... ::.L 

The data points fit fairly well on a semicircle curve particularly at 303 K A single 

exponential relaxation can be effectively explained in case of worm like micelles. In 

this case, the reputation mechanism is short circuited and the new relaxation process 

will be monoexponential with a new time scale. The deviations from the half circle 

occur at a circular frequency w of the order of the inverse of the breaking time of the 

micelles. At higher frequencies the data deviate from the Maxwell model, which is 

typically the case when the systems can no longer be described by a single relaxation 

time. The large deviation from Cole - Cole plot with high angular viscosity is 

indicative that of a less structured system with poor viscoelastic behaviour. 

The zero-shear viscosity of the surfactant mixtures was determined from 

contro11ed-stress measurements by extrapo]ating the viscosity-shear stress curve to zero 
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shear rates. In terms of stress relaxation, it is slowest at the viscosity peak and increases 

at both lower and higher temperatures. It is clear that with increase in temperature, 11o 

increases indicating an increase in the curvature energy for surfactant aggregates which 

leads to an increase in micellar length and the formation of wormlike micelles. As the 

temperature further increased, the zero shear viscosity exhibits a fiat maximum within 

1 0°C to 26°C temperatures. Further increase in temperature decreases the zero shear 

viscosity and this can be explained due to the decrease of the micellar contour length or 

the formation of branched micelles. In summary, all these results suppmt a fascinating 

and complex rheology to exist in the present system. This occurs due to structural 

evolution from a spherical micelle to a worm like micelle. Finally, the shift in cross 

over freequency ro to higher values indicate that the relaxation time 1: decreases with 

temperature. 

(Page No. 249- 255) 
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Temperature Dependant Micellization of AOT in Aqueous 
Medium: Effect of the Nature of Counterions 

Amitabha Chakraborty, Subrata Chakraborty, and Swapan K. Saha 
Department of Chemistry, Unil'ersitv (I{ North Bengal, Darjeeling. India 

The lithium, potassium, and ammonium salts of his (2-ethylbexyl) sulphosuccinic acid have 
been prepared from the sodium salt (AOT} by applying ion-exchange technique. The critical 
micellization concentrations (erne) of the surfactants with four different counterions have 
been determined at a temperature range of lO"C to 40"C using surface tension as well as elec
trical conductivity measurements. Observed data have been utilized to evaluate the ionization 
degret> (counter ion association constant),a:, and ~·arious thermodynamic parameters of micel
lization viz, free energy, enthalpy, entropy changes of micelle formation, and also the surface 
parameters (r,m.., Amon) in aqueous media. The value of cmc decreases with hydrated ionic size 
of the counter ion<> fexcept K+) and follows the order NH,t > Na+ > u+ > K+. While large 
negative free energy change (AG!:,) and the positive entropy change (AS!:,) favor the micelliza
tion process thermodynamically, ru:tture of their \•ariation with counterion supports the invol
vement of counterion size factor in miceJii:wtion process via a change in the bydrophilicity of 
surfactant head group. 

Keywords Critical micelle concentmtion, counter ion, thennodynamic pammeters, aerosoi-OT 

1 INTRODUCTION 
Self-aggregation of amphiphiles in water forming micelles 

or bilayers (viz. vesicles) is an important phenomenon in 
view of its relevance in biology and industry. 11 ·21 In recent tech
nological developments, such phenomena as emulsification, 
foaming, detergency. etc. are highly important, and are depen
dent on the stability of the micelles. l31 One of the most import
ant parameters of self-assembly of amphiphiles, the critical 
micellization concentration (cmc), has been determined by 
numerous researchers using different techniques_l.10

-
19

·
21 

•
26' 

A survey of literature shows that the studies of the effect of 
the nature of counterion on self-assembly of cationic smfac
tants in aqueous media are quite heavy, while similar studies 
on anionic surfactants are not large in number. As the surface 
of a micelle possesses an array of charged head groups, for 
example - OS03 groups in AOT, the attraction experienced 
by a single counterion, for example Na +, near this surface is 
greater than that when near an isolated surfactant anion. As a 
result, the degree of dissociation of surfactants is much lower 
in the micelle than for monomers in solution. In cationic 
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surfactants the nature of counterions display dramatic effects 
on various physicochemical properties such as micellar 
growth. viscoelasticity, and shear-thickenings behavior.!4

•
51 

On the other hand, counterion effect is apparently not much 
dramatic in the case of anionic surfactants. There is a little vari
ation in the value of erne of dodecyl sulfate when a counterion 
varies within different alkaline metals viz. from lithium to 
cesium ion. f&J Even when the monovalant alkali metals coun
terion are replaced by divalent ions such as Mg+2 , co+2• 

Cd+2 the effect is not very strong. In these cases the erne 
(expressed in moles per liter) values decreases by a factor 2 
and there is an increase in miceller aggregation number. 17•81 

Therefore, very accurate measurement of erne as a function 
of counterion variation is necessary for quantification of the 
forces involved in the above phenomena. 

The thermodynamic quantities of micellization like the 
Gibbs free energy ilG:;,, the enthalpy .:lH:;, or the entmpy 
~S~ can be derived from either the direct measurement of 
the enthalpy by microcalorimetry116- 191 or from the studies 
of the temperature dependence of critical cmcs_l 6•

10
·
1 

L
201 The 

availability of these parameters at various temperatures can 
give rise to the valuable insight into the principles, which 
govern the formation and stability of micelles. The formation 
of micelles was always found to be connected with a large, 
negative change in ~G~,. which suggests that the aggregation 
process is thermodynamically favored and spon
taneous_iiO.IL211 The major driving forces for micelle 
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formmion are hydrophobic interactions of amphiphiles. Near 
room temperature that lead to a large gain of entropy when 
water molecules in the hydration shells around the hydrophobic 
parts of the monomeri~.: amphiphiles are released during the 
micellization process. At elevated temperature. however, the 
increase in entropy cannot account for the iarge il.G~, 
value.l26

•
28

·
291 For many hydrophobic compounds 6-S~ 

approaches zero at higher temperatures and it becomes 
negative at temperatures above l30°C. 1n this case the ~H~, 
contribute the major portion to uG~,. which should become 
large and negative in order to compensate for the change in 
uS~,. There are a few studies covering a border temperature 
range. which may confirm the idea of enthalpy-emropy com
pensation.!-' l-JSJ 

Aerosol-OTis a well-known and versatile anionic surfactant 
having two hydrophobic tails. The typical molecular structure 
of AOT may be responsible for its ability to form microemul
sion and showing rich phase behavior. We present in this work 
some studies with a series of surfactants derived from AOT 
(the sodium salt of the diester) by varying the counterions. 
Thus a series of alkali metal ions, viz. Lr", Na ", K+, and the 
NHT are investigated. Note that the erne. along with other ther
modynamic parameters related with miceHization of the5e sur
factants, have not yet been reported in the literature. Our aim, 
therefore, is to determine the erne with high accuracy within a 
temperature range of l0°C to 40°C of AOT surfactants having 
different counter cations in aqueous medium and to calculate 
different thermodynamic parameters of micellization. viz. 
changes in standard Gibbs free energy {~G?n), standard 
enthalpy ( ~H~,), standard entropy (6-S~,), maximum surface 
excess concentration (rmax). and the minimum areas per 
molecule (Amin) at the surface in order to examine the effect 
of ionic sizes on the micellization. 

2 EXPERIMENTAl 

2.1 Materials 
The ion exchange technique of Eastoe et al. 1221 and the 

extended work of Temsamani et al.1231 have been applied for 
the preparation of anhydrous AOT having different c:ounlerions 
as described below. 

A 10 gm sample of high purity grade AOT (>99% from 
Fluka, Switzerland) was dissolve in 20 ml of a 1:1 (v jv) 
mixture of water and ethanoL The solution was passed (2-3 
drops) through a column (40 em x 2 sq. em) of a strong ion 
exchanger in the H+ form slowly (Amberlite IR-120, 20-50 
mesh. Loba Cheme, India). The resin was put in the acid 
fom1 by using a large excess of a 0.20 M aqueous hydrochloric 
acid solution and washed with water until the complete 
removal of the excess acid takes place. The free sulphonic 
acid formed on passing the AOT (Na + salt) through the resin 
was immediately neutralized with an aqueous solution of the 
hydroxides of the desired counterion (viz. K+, Li+, NHt). 
All the hydroxides of high purity were procurred from 

Across Chern. Belgium. The solvent water was then removed 
fast by freeze drying and then keeping under vacuum (bath 
temperature 40''C) for several days, and the waxy solid was 
finally dried in vacuum over P20 5 . This material contains 
residual water, which was finally removed by the action of 
P20 5 (from Loba Cheme, India) on a solution of surfactant in 
isooctane (:::99.5% from Merck. India). Ail surfactants were 
obtained as waxy solid. The extent of Na+ /H+ ion exchange 
step was optimized by examining H+ content of the 
AOT-H+ solution by titration with NaOH, and the overall 
yield of cation exchange was found in >99%. 

2.2 Methods 
The erne can be obtained as a break in the plot of the 

surface tension ( y) against the logarithmic value of the surfac
tant concentration C and also (ii) by plotting conductance A 
against the concentration of the surfactanL The surface 
tension experiments were done by measuring the surface 
ten,;ion of different surfactant solutions by platinum ring 
detachment method using a Tensiometer (K9. KRlJSS; 
Gennany), at different temperatures. Temperature w·as rn;:;in
tained circulating autothennostated water through a 
double-wall vessel containing the ~olution. The 
state at the required temperature was checked by raking a 
nnmber of measurements after 15-minute intervals until no sig
nificant change occurred. Similar studies were also done condu
tomellically by using an electrical conductivity bridge (Mettler 
Toledo, Switzerland). Each measurement was repeated several 
times at each temperature in the range of 10 to 40'C. 

3 RESUlTS AND DISCUSSION 

3.1 Critical Micelle Concentration 
Chemical structure of the anionic part of AOT, that is, bis 

(2-ethylhexyl) sulphosuccinate, is shown in Figure l. The 
typical experimental curves are obtained in both cases and 
the cmc values determined by surface tension as well as by 
conductance measurements are in well agreement with one 
another. Figures 2 and 3 illustrate the type of plots obtained 
in surface tension and conductance measurements respectively. 
The results are recorded in Table 1. 

Examination of Table l reveals that for a particular type of 
surfactant at low temperature (below 30"C) the erne values 
follow the order NH1 > Naf > Li 1 > K +. At high 

FIG. I. Molecular structure of his (2-ethylhexyl) sulfosuccinate: Anionic 
part of AOT. 
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FIG. 2. Surface tension, y, of AOT (sodium salt) in aqueous solution as a 
function of the logarithm of the 'urfactant concentration (M) at !S'C. 20'"C, 
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temperature (above 50"C) AOT micelles are rather insensitive 
to temperature variation. It seems apparent that the size of 
hydrated counterion is important; bigger the .size of counterion, 
that is, ]ow is its accessibility toward the head group, greater is 
the chance for micellization at lower concentration. The 
hydration number derived from the corrected ionic radii of 
above four ions are given belowi39l 

H is well known that hydrophobic property of the tail and the 
hydrophilic property of the head group of a .surfactant molecule 
are together responsible in forming micelles in water. lt, 

IU 
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FlG. 3. Conductance, A, of AOT lsodium salt) in aqt~eous solution as a 
function of the surfactant concentration (M) at IYC, 20"C. 25"C. 

TABLE l 
Temperature dependence of cmc, maximum surface excess 

concentration <Cnax), and minimum areas per molecule (Am1n) 

of different AOT surfactants 

Counter 
ions of 
different 
AOT 
surfactants 

Na" 

NHi 

Temp/ 
''C 

lO 
15 
20 
25 
30 
35 
40 
10 
15 
20 
25 
30 
35 
40 
10 
15 
20 
25 
30 
15 
40 
lO 
15 
20 
25 
30 
35 
40 

cmc" mol 
dm-~ x 103 

::us (3,40) 
2,98 (3.15) 
2.82 (2.90) 
2.66 {2.63) 
2.40 (2.37) 
2.24 (2,]9) 
2.39 (2.23) 
3.55 (3.53) 
3.16 (3.20) 
2.88 (2.77) 
2.63 (2.40) 
2.24 (2.20) 
2.37(2.26) 
2.80 (2.69) 
2.97 (3.1!) 
2.90 (3.01) 
2.82 (2.90) 
2.70 (2.62) 
2.44 (2.35) 
2.42(232) 

3.87 (3.85) 
331 (3.20) 
3.09 (3.!2) 
2.70 (2.65) 
2.59 (2.52) 
2.65 (2.60) 
2.82 (2.75) 

r maxfmol 
cm-2 x 108 

1.63 
1.60 
1.59 
\.59 
1.56 
1.61 
1.60 
1.42 
1.45 
1.49 
!.57 
1.76 
1.70 
1.71 
1.84 
2.01 
2.22 
2.25 
2.30 
2.44 

1.56 
1.58 
1.45 
1.55 
1.80 
1.72 
1.76 

Am in/ 
nm2 x 102 

1.02 
1.04 
L04 
1.44 
1.06 
!.03 
\.05 
il7 
l.l4 
.ll 

106 
0,94 
0,98 
0.97 
0.90 
0.83 
0.75 
0.74 
0.72 
0.68 

1.06 
!.05 
1.14 
1.07 
0.92 
0.96 
0.94 

"The values in the parenthesis represent nne determined by conduc
tivity method. 

therefore. is not surpnsmg that as the hydrocarbon chain 
length is increased, micelles are formed at lower concen
trations due to increased hydrophobicity of the hydrocarbon 
tail.!M.)I Similarly it is quite obvious that as the hydrated ionic 
size is increased from NH;t to Na +, erne value is decreased 
due to increasing hydrophilicity. The K+, however, give anom
alous result due to its strong tendency for ion pair fotmation. 
The erne of surfactants shows a characteristic temperature 
dependence with a shallow minimum around 25-35"C as 
shown in Figure 4. In case of K-AOT the erne can not be deter
mined at 40''C due to the ve•-y low solubility of the particular 
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FIG. 4. Variation of erne with temperature of AOT having dilferem counter 
cation (\iz. Na+. Li+ K+, NH;t;. 

surfactant at that temperature, which may be hardly sufficient 
to make micelle. The decrease in the erne with temperature 
at. lower temperatures is possibly due to the hydration of the 
monomers. while. further temperature increase causes a disrup
tion of the structured water around the hydrophobic groups that 
opposes micellizalion. The temperature and cmc curve can be 
expressed according to the polynomial equation: 

ln cmc(T) =a- bT2 + cT3
- dT4 +...... [l] 

Our results also follow the temperature dependency, given 
by La Mesa, in his empirical equation of cmc: 1371 

(cmc- cmc*)jcmc* = I(T- T*)/T*\"~, [2J 

where erne* is the minimal value of erne and T* the temperature 
at the minimum withy= L74 ± 0.03. The exponent y has no 
obvious physical meaning. The position of the minimum has 
thermodynamic significance also. The minimum in cmc rep
resents minimum in free energy of micellization (Table 3). 

3.2 Thermodynamic Parameters 
The temperature dependence of the erne of AOT smiactants 

having different counterion have been investigated to obtain 
the corresponding thermodynamic parameters of micellization. 
On the basis of the mass action or phase separation model,1361 

the standard free energy of micelle formation per mole of 
monomer of nonionic surfactants is simply: 

[3J 

where Xcmc is the value of cmc expressed in mole fraction. But 
in case of ionic surfactant the situation is somehow different 
due to the counterion dissociation and nG:;, should nopt be 

TABLE 2 
Hydration number of ions derived from cmTected 

ionic radii 

Ion 

NH;i 
K+ 
Na+ 
Li+ 

Hydration number 

4.6 
c 1 
J.J 

6.5 
7.4 

equivalent only to D.G!;,. The Standard Gibbs free energy of 
micellization (.lG~,) then may be expressed by the re!ation: 161 

D.G~ = (2- a)RTlnXcmc 

The ionization degree or counterionic association constant 
a= p/n. of the micelle. where p and n are the effective 
charge and the aggregation number of the mice He respectively, 
can be determined from the ratio of the slope of the two liner 
fragments of conductivity concentration curve above and 
below cmc. 161 The values of .lG:;. calculated for each surfactant 
in different temperatures are used to calculate the entropy of 
the same system. Similar arguments allow the standard 
enthalpy (.lH:~) and entropy (ns:~) of micellization to be 
obtained from simple equations: 

~H~, = -(2-a)RT1(iHnXcmc/<H)p (5] 

[6] 

All thermodynamic properties calculated for the micellization 
of AOT (having different counterions) in various temperatures 
are listed in Table 3. From these data it is obvious that the 
micellization process is spontaneous as indicated by the large 
negative values of .lG~~- The magnitude and the signs of 
~G:;. and .lS~ suggest the stability of the micelle which also 
may support the destruction of hydrophobic hydration in the 
process of micelle f01mation. The variation of all standard ther
modynamical parameters with different counterions at a certain 
temperature can also be explained by the size along with the 
hydration of the counterion as stated earlier in case of erne. 
At a particular temperature, for example, at 20"C, AOT with 
Na+ ion has the largest D.H~,. 25.4 kJ/mol while with K+ ion 
the least !H~, indicates the lowest hydration of K+ during 
micellization though the cmc values are almost similar for all 
AOT with different counterions. Like erne, the D.G~ and 
aH~ also are dependent on temperature and the profile 
passes through minima for the surfactant containing each coun
terion type. The experimental ~G~ and nH:;. values can also be 
satisfactorily fitted with the polynomials as described by Majhi 
et ai.1J 81 

!l.G~ = a' + b'T + c'T2 + d'T3 + ..... . 

nH;;, = a" + b''T + c"T2 + d"T3 + ..... . 

[7] 

[8] 



988 A. CHAKRABORTY, S. CHAKRABORTY, AND S. K. SAHA 

TABLE 3 
Different thennodynamic parameters (viz. changes in standard 

Gibbs free energy, 8G;;,, standard enthalpy, 8H;;,, standard 
entropy. 8S~,) of micellization 

Counter 
ions of 
different 
AOT 
surfactants 

NHt 

Temp/ 
cc 

10 
15 
20 
25 
30 
35 
40 
10 
15 
20 
25 
30 
35 
40 
10 
15 
20 
25 
30 
35 
lO 
15 
20 
25 
30 
35 
40 

-AG~/ 
(kJ mol- 1) 

29.0 
35.1 
36.3 
34.9 
32.8 
34.3 
32.1 
44.4 
37.2 
37.0 
32.l 
33.5 
33.6 
34.2 
29.2 
32.4 
34.1 
31.3 
29.2 
32.3 
35.0 
33.0 
32.0 
32.5 
30.9 
34.1 
33.2 

-AH~/ ilS~/ 
(kJ mol- 1

) (J mol- 1) 

09.9 63.4 
12.1 80.0 
12.6 80.9 
12.3 76.0 
ll.6 69.9 
12.3 71.5 
12.0 73.3 
23.5 73.8 
25.3 41.3 
25.4 39.7 
22.1 33.3 
23.1 34.1 
23.8 32.0 
24.3 34.4 
5.7 83.4 
6.4 90.5 
6.8 93.2 
6.3 84.0 
5.9 76.8 
6.7 s:u 

16.5 61.3 
15.6 56.9 
14.3 50.2 
15.9 56.6 
15.8 52.0 
16.0 50.0 
16.3 53.5 

A close look on the thermodynamic parameters (Table 3) 
support the v.iew that in order to form micelle the gain in 
entropy is the major factor leading to negative change in 
Gibbs free energy126

-
311 when the temperature is not very 

high. The maximum surface excess concentration (f max) and 
minimum areas per molecule (Am;n) in the aqueous/air inter
face is calculated by using the following relations:[24

•
251 

1 ( -ay) 
f max = 2.303n' RT a In C [9] 

Amin = 1/(Nf), [!OJ 

where y is the surface tension, N is the Avogadro number, C 
and n' are the concentration and number particles per 
molecule of the surfactant. Since the AOT surfactants behave 

like a uni-univaJent electrolyte m aqueous solution at the 
concentration less than Cine, the value of n' has been taken as 
:2 in all cases. Generally for the ionic surfactants Cnax values 
slightly decreases with temperature. But in the case of 
present AOT surfactants \Vith four different counterions, the 
change of r mm. is rather complex. Unlike Li+, an increase in 
rmax with temperature is observed for all the other three coun
terions. This may be due to the effect of lower hydration of the 
sulfosuccinate of AOT at higher temperature and, an increasing 
tendency to move to the air-liquid interface. The typical double 
chain "cone! ike molecular structure'' also may be partially 
responsible for this result. The moderate increase in the effec
tiveness of adsorption \'lith temperature is due to increased 
thermal motion. and Amin display an inverse trend with temp
erature, as expected. At a particular temperature f max• 

however, shows anomalous behavior as the counterion of the 
surfactant changes. It may be attributed to lhe enhanced hydro
phobicity of the anionic part of the smfactant molecules. 
Lithium ion, however, shows some different behavior, which 
may be due its smaller size and larger hydration number of 
the ion. 
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Abstract Different tetraalkylammonium, viz. W(CH3) 4 , 

N+(C2H 5)4, N+(C3H 7) 4 , N+(C4H9)4 along with simple 
ammonium salts of his (2-ethylhexyl) sulfosuccinic acid 
have been prepared by ion-exchange technique. The critical 
micelle concentration of surfactants with varied counterions 
have been determined by measuring surface tension and 
conductivity within the temperature range 283-313 K. 
Counterion ionization constant, a, and thermodynamic 
parameters for micellization process viz., 8G~,, tJf~, and 
As;! and also the surface parameters, fmax and Amim in 
aqueous solution have been determined. Large negative 
8G?,,of micellization for all the above counterions supports 
the spontaneity of micellization. The value of standard free 
energy, A~,, for different counterions iollowed the order 
N+(CH3)4 > NH;t > Na+ > N+(C2Hs)4 > N+(C3H7)4 > N+ 
( C4H9 )4 , at a given temperature. This result can be well 
explained in terms of bulkiness and nature of hydration of 
the counte1ion together with hydrophobic and electrostatic 
interactions. 
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Introduction 

The colligative properties of surfactants do not vary in a 
simple way with concentration due to self assembly of 
amphiphiles forming micelles or vesicles [ l]. The fom1ation 
of an ionic micelle from monomeric ions results a balance 
between hydrophobic interactions between the hydrophobic 
part of the micelle-fom1ing ions, electrostatic interactions 
between their hydrophilic charged parts, as well as with and 
between the counterions. In addition, the changes in 
hydration energies and specific interactions with counter
ions may also be important [2-6]. 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, n. its shape, and the 
compactness of its electrical double layer show some kind 
of dependency [5]. Even the molecular conformation of 
some dim eric surfactants (known as Gemini surfactants) 
affects the miceUization to a large extent [6]. Obviously, the 
actually existing micelles correspond to the lowest free
energy state of the system. Thus, the knowledge of critical 
micelle concentration (erne) and thermodynamic quantities 
of micellization like Gibbs free energy 8~,, the enthalpy 
LVf,!,, or the entropy 8S,:, at various temperatures have 
utmost importance from the view point of formation and 
stability of micelles. 

A survey of phase diagram of ionic surfactants, in 
aqueous and in the presence of a cosolvent such as a long
chain alcohol, has demonstrated clearly that the valency of 
the counterion plays an important role in determining phase 
stability as well as the aggregation shape [7, 8]. It was 
shown that the swelling tendency of a lamellar interface is 
reduced considerably with a divalent counterion as com-
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pared to a monovalent one, which was explained in terms 
of a more extensive binding of the divalent counterions to 
the polar head groups of the surfactant lamellae. A 
substantial amount of work has already been carried· out on 
the binding of monovalent counterions to micelle [4, 9, 10] 
for single tail anionic surfactant like dodecyl sulfate. The 
study of the effect of counterions eliminates some of the 
complications by leaving the properties of the amphiphilic 
ion as a constant factor and, thus, simplifies some of the 
interpretation of the experimental results. But, it often leads 
to complications connected with limited stability and 
preparative difficulties of the surfactant containing different 
counterions. Compared to cationic surfactants, the counter
ionic effect in micellization is less dramatic in anionic 
surfactants. However, when compared with Na + counterions, 
polyvalent ions usually markedly reduces the erne [J l] by 
seveml order of magnitude and lead the formation of large 
micelles that may be confirmed from the increase in micellar 
aggregation number [1 0, 12]. In aqueous solution, the 
micelles are known to be charged due to a fraction, a, of 
their counterion dissociates into the aqueous pseudophase. 
The value of a for a given pure surfactant is important 
because both the physical (13, !4] and chemical [15] 
properties of the micelle are influenced by surface charges. 

Aerosoi-OT (AOT, Sodium bis-(2-ethyl-1-hexyl) sulfo
succinate), having two hydrophobic tails, is an important 
anionic surfactant in the field of surface chemistry as well 
as in industry due to its rich phase behavior and the ability 
to form microemulsion [16]. This work is a part of a 
program to study the erne and thermodynamic parameters 
of bis-(2-ethyl-1-hexyl) sulfosuccinate micelle within a 
wide range of temperature as the counterion is systemati
cally made more bulky and hydrophobic. There are some 
evidences [4-6, l OJ that the counterions exhibit mainly 
electrostatic interaction or, no chemical interaction is to be 
expected on the structural grounds. Therefore, it is the 
system where the cmc differences are rather small and the 
effect of ionic size and of physical adsorption can be best 
investigated. Thus, we investigate a series of tetraalkylam
monium ion, such as N+(CH3)4 , N+(C2H5) 4, N\C3H7) 4 , 

N+(C4H9 ) 4 along with NHJ and Na+. It should be 
mentioned that the erne and thermodynamic parameters of 
the AOT having different tetraalkylammonium counterion 
have not yet been reported in the literature. Hence, our 
experimental goal is to determine the erne of AOT with 
different counterions within the temperature range of 283-
313 K and to determine the associated thermodynamic 
parameters of micellization, such as changes in standard 
Gibbs free energy (.1c:;,), standard enthalpy (Mi,~), 
standard entropy (.1S~), maximum surface excess concen
tration (fmax), and the minimum areas per molecule (Am;n) 
at the surface in order to examine the effect of counterionic 
sizes on the micellization. 
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Experimental section 

Materials 

Surfactants with the desired counterions were prepared by 
following the technique of Eastoe et al. (17] and the 
extended work of Temsamani et a!. [4, 18]. A high-grade 
purified sample of AOT (>99% from Fluka, Switzerland) 
was converted into the surfactants bearing different counter
ions by ion-exchange technique using a strong ion 
exchange resin (Amberlite IR-120, 20-50 mesh, Loba 
Cherne, India). The process is described below: 

A l 0-g sample of AOT was dissolved in 20 mL of a I: l 
(v/v) mixture of water and ethanol. The solution was passed 
through a column ( 40 em x 2 cm2

) of a strong ion exchanger 
in the H+ form slowly. The resin was put in the acid fonn 
by using a large excess of a 0.20 M aqueous hydrochloric 
acid solution and washed with water until the complete 
removal of the excess acid takes place. The free sulfonic 
acid formed on passing the AOT (Na + salt) through the 
resin was, then, immediately neutralized with an aqueous 
solution of the hydroxides of the desired counterions (viz. 
NHJ, N+(CH3)4, N+(C2Hs)4, N+(C3H7)4, N+(C4H9)4), All 
the hydroxides of high purity were procured from Across 
Chern., Belgium The solvent water was then removed 
fast by freeze drying and then keeping under vacuum 
(bath tempemture 313 K) for several days, and the waxy 
solid was finally dried in vacuum over P20 5 . These 
materials contain residual water, which were finally 
removed by the action of P20 5 (from Loba Cherne, India) 
on a solution of surfactant in isooctane (:0:: 99.5% from 
Merck, India). The extent of Na+/H+ ion exchange was 
optimized by controlling the flow rate of the solution; 
finally, H+ content of the AOT solution (acid fonn) was 
measured by titrating wfll standard NaOH. The extent of 
exchange was found to be more than 99%. Among all the 
ion-exchanged surfactants, tetrabutylammonium-AOT did 
not crystallize at room temperature even after keeping at 
low temperature for seveml months. It appeared as a highly 
viscous, colorless, semi-solid material. Doubly distilled 
water having conductivity of 2 i-!S em -J was used 
throughout experiment. 

Methods 

The erne values were detennined from the surface tension 
as well as specific conductance data. It is customary to 
plot the (l) surface tension y against the logarithmic 
value of the surfactant concentration C and the (2) 
conductance A against the concentration of the surfactant, 
where the break indicates the erne of a particular system. 
The surface tension experiments were done by platinum 
ring detachment method using a Tensiometer (K9, 
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Fig. l Surface tension. y, of AOT (Tetramethylammonium salt) in 
aqueous solution as a function of the logarithm of the surfactant 
concentration at 283, 293, and 303 K 

KRUSS; Gem1any) at different temperatures. The accu
racy of the measurement was within ±0.1 m Nm-1

• 

Temperature of the system was maintained by circulating 
auto-thermostated water through a double-wall glass vessel 
containing the solution. Similar studies were also done 
conductometiically by using an electrical conductivity 
bridge (METTLER TOLEDO, Switzerland). The conduc
tance values were uncertain within the limit of ±1 %. Each 
measurement was repeated several times at each tempera
ture in the ranges 283-313 K. Measurements were made at 
5 K intervals of temperatures. 

Fig. l Conductance, A, of AOT 
(Tetramenhylammonium salt) in 
aqueous solution as a function 
of the surfactant concentratio11 at 
283, 293, and 303 K 
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Results and discussion 

Critical micelle concentration 

The erne con-esponds to a concentration at which a very small 
but, often, clearly detectable concentration of the micelles 
exists. Typical experimental curves of salt-free systems are 
obtained in both surface tension and conductance measure
ments, and the cmc values determined for surfactant with 
each counterion are in close agreement with one another. The 
cmc ofNa-AOT is also in good agreement with the literature 
value [19, 38]. The sharpness of the "break-point" is an 
indication ofthe purity ofthe surtactant used. Figures 1 and 
2 are the representative plots obtained in the smface tension 
and conductivity measurements. Further results of surface 
tension experiments are presented in Table l. 

A c1itical examination of Table l shows that in all 
instances, the change of cmc with temperature is small. 
However, at a particular temperature, erne depends upon the 
nature of the counterion following the order N+(CH3)4 > 
NHt > Na+ > N+ (C2Hs)4 > N+ (C3H7)4 > N+(c!H9)4 

(at temperature range <298 H seems that the hydrody
namic size of the counterion plays an important role along 
with the hydrophobicity of tetraalkylammonium ions. 
Measurement of partial molar volumes [20, 2 J} and 
calculation of hydration of micelles [22] by previous 
workers indicated that there was little loss of hydration 
water for this system during micellization. Therefore, the 
tightly bound hydration shell would limit the distance of 
closest approach. It is well known that the increase of the 
number of carbon atoms of hydrocarbon tail of a surfactant 
allows micellization to occur at a lower concentration due 
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Table 1 Surface properties of AOT surfactants having different 
counterions (f) at various temperatures (T/K): erne. maximum surface 
excess concentration. minimum areas per molecule al the surface 

:f Tl erne" /(mol r max/mol Amin/. 

K dm-3 x 103) cm-2 x 108 nm2 x 102 

N ~' a· 283 3.55 (3.53) 1.42 1.17 
288 3.16 (3.20) 1.45 1.14 
293 2.88 (2.77) 1.49 1.11 

298 2.63 (2.40) 1.57 1.06 
303 2.24 (2.20) 1.76 0.94 
308 2.37 (2.26) 1.70 0.98 

NHf 
3l3 2.80 (2.69) 1.71 0.97 
283 3.87 (3.85) 1.56 1.06 
288 3.31 (3.20) !.58 1.05 
293 3.09 (3.12) 1.45 1.14 
298 2.70 (2.65) 1.55 1.07 
303 2.59 (2.52) 1.80 0.92 
308 2.65 (2.60) 1.72 0.96 
313 2.82 (2.75) 1.76 0.94 

(CH3)4N+ 283 4.76 (4.61) 1.68 0.99 
288 3.82 (4.10) 1.65 1.01 
293 3.24 (3.40) 1.53 1.08 
298 2.90 (2.90) 1.60 l.Q4 

303 2.05 (2.35) 1.80 0.92 
308 2.10 (2.20) 1.72 0.96 
313 2.26 (2.31) !.67 0.99 

(C2Hs)4N+ 283 1.88 (2.10) 1.44 us 
288 1.78 (2.00) 1.33 1.25 
293 2.95 (1.85) 1.46 1.14 
298 2.45 (2.50) 1.43 1.16 

303 2.31 (2.43) 1.76 0.94 
308 2.37 (2.50) 1.31 1.27 
313 2.56 (2.63) 1.41 1.12 

(C3H7)4N~ 283 1.18 ( 1.34) 1.67 0.99 
288 1.05 (1.20) 1.71 0.97 
293 0.93 (0.98) 1.85 0.89 
298 0.97 (0.95) 1.71 0.97 
303 0.92 (0.85) 1.77 0.94 
308 0.87 (0.90) 1.69 0.98 
313 0.74 (0.80) 1.93 0.86 

(C4H9}4N+ 283 1.04 (!.II) 1.32 1.26 
288 0.87 (0.91) 1.40 i.l8 
293 0.80 (0.83) 1.42 1.17 
298 0.77 (0.80) 1.63 1.02 
303 0.75 (0.78) 1.82 0.91 

•The values in the parenthesis represent cmc determined by 
conductivity method 
bValues are taken from [25] 

to increased hydrophobicity of the hydrocarbon tail [23]. 
But, the increased ionic size from N+(CH3)4 to W(C4H9) 4 

enhances the micellization tendency and eventually reduces 
the cmc. Here, the hydrocarbon exterior of the tetraalkyl 
ions undergoes hydrophobic interactions with the exposed 
hydrocarbon of the micelle surface and overcome steric 
hindrance. However, such a phenomenon is little or absent 
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in the set of counterions viz., N+(CH3) 4 , NHt and Na+. In 
the absence of any appreciable hydrophobic interaction, 
NH! and Na + ions interact with the micellar head groups 
more strongly than N+(CH3) 4 ions due to their smaller sizes 
(hydration number 4.6 and 6.5, respectively [25]). Eventu
aiiy, they lead to form micelle more readily via efficient 
charge screening than that of N\CH3) 4 ions, and the 
systems yield low erne values. But, in case of other 
tetraalkylammonium ions, as the bulkiness of the ion 
increases due to the presence of large alkyl groups, the 
hydrophobicity plays an important role causing increasingly 
micellization to occur at lower concentrations as has 
already been mentioned. 

Figure 3 shows that the cmc of the surfactants follows a 
characteristic temperature dependency and passes through a 
minimum at the temperature range 298-308 K. With 
increasing temperature, the dehydration of N'(CH3 )4 ion 
perhaps becomes most pronounced among all the counter
IOns and results in the highest slope in Fig. 3 at temperature 
<298 K. The variation of erne with temperature shows good 
agreement with the empirical equation given by La Mesa 
[26]: 

(erne- cmc*)/cmc* = j(T- T*}/T*( (1) 

Where erne • is the minimum value of erne and T the 
temperature at the minimum with r' = 1.74 ± 0.03. It 
should be mentioned that the exponent r' has no obvious 
physical meaning, but both cmc· and the related tempera
ture, in case of a particular surfactant, are the measure of 
the hydrophobic-hydrophilic balance of micelle. The 
position of the minimum has thermodynamic significance 
also. The minimum in erne represents minimum in free 
energy of micellization. 

Thermodynamic parameters 

The temperature dependency of AOT micelles having 
different counterions also enables to determine the 
corresponding thermodynamic parameters of micellization. 
According to mass action or phase separation model [27, 
28, 36], the standard free energy of micelle formation per 
mole of monomer of nonionic surfactants is expressed by 
well-known equation: 

~G?n = RT In Xcmc (2) 

Where Xcmc is the value of erne expressed in mole 
fraction. But, in case of ionic surfactant, the situation is 
somewhat different due to the counterion dissociation, and 
~G~, should not be equivalent to that of the nonionic 
surfactant. 
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Fig. 3 Variation of erne with 
temperature (K) of AOT having 
ditTerent counter cation 
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According to the theoretical mass action model, the 
micellization equilibrium for ionic surfactant can be 
expressed as: 

(3) 

Where (SM13)x is the micelle composed of x surfactant 
monomers and x/3 counterions bearing s- and M+ as the 
monomer and counterion of the surfactant forming micelles. 
The value of (3 may correspond the fraction of bound 
counterion in the micelle. But, for nonionic surfactants, 
monomers and micelles are obviously uncharged, At" does 
not enter to the equation, and the model approaches to a 
limiting case having (3=0. However, applying the mass 
action law to the monomer-micelle equilibrium for the ionic 
surfactant and taking into account the charges of counterion 
along with the other parameters, the Standard Gibbs free 
energy, t.G,;, can be expressed as [29, 36]: 

t.G?,, = (2- o:)RT InXcmc (4) 

for an ionic uni-univalent surfactant Here, Xcmc is the erne 
expressed in mole fraction scale and a:= 1 - ,3 = p/n, is 
the ionization degree or counterionic ionization constant of 
the micelle, where p and n are the effective charge and the 
aggregation number of the micelle, respectively. The value of 
oc can be determined from the ratio of the slope of the two 
linear fragments of conductivity-concentration plot above 
and below erne [ l l , 30]. The values of ~G~, determined for 

.,---

285 290 295 300 305 310 315 

T/K 

each surfactant-counterion pair at different temperatures 
eventually give the standard enthalpy (W,?,) and entropy 
(~,) of micellization from the simple thermodynamic 
relations: 

(5) 

The Eq. 5 is obtained from the well-known Gibbs
Helmholtz relation and Eq. 4 assumes that a does not vary 
much with temperature. However, IX is not strictly temper
ature independent and the more appropriate form of Eq. 5 
should be 

-!>Jf~jT2 = (2- a)R(8InXcmc/8T)p 

+R InXcmc(8(2- o:)/8T) 
(6) 

Because the variation of a with temperature is not well 
defined and is devoid of any general trend, the quantity 
a(2-a)/OT is difficult to find out experimentally [44]. 
Therefore, at least to gain qualitative information regarding 
the thermodynamics, Eq. 5 has been applied at the 
appropriate oc. 

(7) 

The In Xcmc vs T plot is not linear. To evaluate L'.H~, 
following polynomial fonn of variation of In Xcmc with 
temperature has been considered. 

In Xcmc = a + bT + cT2 (8) 

f) Springer 



Where a, b, c are respective polynomial constants. Thus, 

(Din Xcmc/oT) = b + 2cT (9) 

The polynomial constants b and c were evaluated rrom 
the fitting of experimental data. For all AOT surfactants 
with different counterions, the calculated them1odynamic 
parameters of miceiiization are listed in Table 2. Spontane
ity of the micellization process is well explained from the 
large negative values of LiG~. Micelles containing the same 
amphiphile but different counterions show different values 
of thermodynamic parameters because of the counterions, 
which could be bound to a different extent and with 
different energy. Micellization in aqueous medium usually 
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leads to a positive entropy change, which is mainly due to 
the melting of the "flickering cluster" that arises out of the 
hydrophobic effect of amphiphilic part of the surfactant 
molecules [24}. During formation of a micelle, the 
endothermic melting of the ordered polar solvent molecules 
around the nonpolar tail of AOT is greater than the 
subsequent exothermic association of the molecules. The 
resulting disordered state is actuaiiy reflected the positive 
entropy change. The variation of the standard thermody
namic parameters with different counterions at a certain 
temperature can also be explained by the size and the 
hydration of the counterion as has been already discussed. 
Like erne, the LiG,;, and L1H~ also show temperature 

Table 2 Thermodynamic 
parameters of micellization for 
AOT surfactants with different 
counterions (f) at various 
temperatures: Standard Gibb "s 
:free energy, Enthalpy, and 
Entropy 

TiC -Ad/,/ (k1 mol- 1
) -Mf~/(kJ mol- 1

) t10'0 I(J K- 1 r· 1 
m/ • mo 

283 44.4 23.5 73.8 

288 37.2 25.3 41.3 

293 37.0 25.4 39.7 

298 32.1 22.1 33.3 

303 33.5 23.1 34.1 

308 33.6 23.8 32.0 

313 34.2 24.3 34.4 

283 35.0 16.5 61.3 

288 33.0 15.6 56.9 

293 32.0 14.3 50.2 

298 32.5 15.9 56.6 

303 30.9 15.8 52.0 

308 34.1 16.0 50.0 

313 33.2 16.3 53.5 

283 33.0 29.1 !3.7 
288 34.2 30.0 14.6 

293 31.7 27.9 13.3 

298 30.8 27.2 12.1 

303 33.0 28.6 14.5 

308 32.3 28.5 12.2 

313 33.1 29.0 12.8 

2/G 35.0 12.2 80.6 

288 33.0 11.7 74.0 

293 32.0 12.2 67.6 

298 32.5 12.3 67.8 

303 30.9 11.9 62.7 

308 34.1 13.3 67.5 

313 35.2 13.7 67.7 

283 36.4 8.5 98.7 

288 34.7 8.1 92.3 

293 35.8 8.5 93.3 

298 36.6 8.8 93.1 

303 36.6 8.9 91.2 
308 35.4 8.7 86.5 
313 36.8 8.8 90.6 
283 36.6 14.4 78.4 
288 37.6 14.9 78.8 
293 38.2 15.3 78.2 
298 34.4 15.2 64.4 
303 37.7 15.5 73.3 

0 Values are taken from [25] 

-©Springer 
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dependency, and the profile passes through minima when 
these parameters are plotted against temperature for all the 
surfactant-counterion systems. 

A close look on the thermodynamic parameters (Table 2) 
support the view that in order to form micelle, the gain in 
entropy is the major factor leading to negative change in 
Gibbs free energy [32-34] if the temperature is not very 
high. But the fact that though the free energy changes are 
not very different, the enthalpy change is significantly 
higher and the entropy changes are much lower for N+ 
(CH3)4 counterion containing AOT compared to all other 
systems. This leads one to interpret that the enthalpy 
contributes major driving force in micellization. Loosely 
bound water dipole with the N_,.(CH3) 4 ion may cause lower 
contribution of AS~ in aggregation process. However, like a 
variety of processes such as oxidation-reduction, hydroly
sis, protein unfolding, etc., micellization process also 
exhibit a linear relationship behveen the enthalpy and 
entropy change, which is known as enthalpy-entropy 
compensation [35-3 7]. This is important in connection 
with the hydrophobicity of surfactant which leads to stable 
micelle fonnation. ]n general, the compensation phenome
non between the enthalpy change ilfi:/, and the entropy 
change AS~, in various processes can be described in the 
form of [36, 42] 

(1 0) 

Jn a plot of All~; vs AS~,, the slope Tc has a dimension of 
temperature and is known as compensation temperature. 
This can be interpreted as a measure of desolvation part of 
micellization, that means a characte1istic of solute-solute 
and solute-solvent interaction, and the intercept character
izes the solute-solute interaction. Our experimental results 
also show a good agreement with the enthalpy-entropy 
compensation linearity for all AOT surfactants having 
different counterions. Figure 4 represents enthalpy-entropy 
compensation plot at 298 K. The calculated compensation 
temperature value of 295.6 K satisfactorily follows the 
characteristic range of other ionic surfactants [36-38]. The 
intercept, AH:;.,, has been calculated as -32.8 k Jmol-1, 

which corresponds the driving force of miceHization where 
the entropy does not contribute the process at a particular 
temperature (298 K). 

It is well lmown that the air-solution interface of a 
surfactant solution is well populated by the adsorbed 
molecules. The r max and Amin in the aqueous-air interface 
are calculated by using the following relations (39-4 I l 

Tmax = (lf2.303n'RT)(-i:h/Oiog C) ( 1 I) 

Amin = 1 / (Nr) (12) 
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Fig. 4 Enthalpy-entropy compensation plots for AOT surfactants 
having different counterions at 298 K 

Where ~~ expresses the surface tension, N is the 
Avogadro number, C and n' are the concentration and 
number particles per molecule of the surfactant, respective
ly. Because in aqueous solution at concentrations less than 
cmc, the AOT behaves like a uni-univalent electrolyte, the 
thermodynamic treatment requires n'=2, states an equimo
lar ratio of surfactant anion and counterion in the interface. 
Similar to analysis of ln Xcmc vs T plot, "( vs In C plot was 
also fitted to a second order polynomial to measure r max· It 
is well lmown that for both nonionic (40] and anionic [4!) 
surfactants, rmax values slightly decreases with temperature 
while in some other cases, an increase of the surface excess 
quantity has been reported [43] in presence of additives. In 
the case of present AOT surfactant with six different 
counterions, the change of rmax does not follow the regular 
trend. A critical examination of Table 2 shows a slight 
increment in r.nax with temperature for all the counterions, 
which may be due to the effect of lower hydration of the 
sulfosuccinate of AOT at higher temperature and, hence, an 
increasing tendency to move to the air-liquid interface. It is 
quite obvious that the standard state for the adsorbed 
surfactant is a hypothetical monolayer at its minimum 
surface area per molecule but at zero surface pressure. The 
typical double chain of the amphiphile may also partially be 
responsible for this result causing "steric inhibition" during 
adsorption. The moderate increase in the effectiveness of 
adsotption at the air-water interface with temperature is due 
to increased thermal motion, and therefore, Amin displays 
an inverse trend with temperature, as expected. With 
increasing bulkiness of the counterions of the amphiphiles, 
the increase of rmax are quite noticeable. At a particular 
temperature, r,nax shows anomalous behavior as the 
counterion of the smfactant changes. It may be attributed 

~Springer 



to the enhanced hydrophobicity of the anionic part of the 
surfactant molecules depending upon accessibility of their 
corresponding counterions. A study of the behavior of 
tetramethylarnmoniumdodecyl sulfate at the air-solution 
interface indicated to a penetration of a part of the N+ 
(CH3 ) 4 ions in the dodecyl sulfate layer [31]. A similar 
phenomenon may also partially be responsible for the 
observed surface behavior in the present system. 

Conclusion 

The sizes of tetraalkylammonium counterions influence 
cmc of AOT surfactant in aqueous solution significantly. As 
the size of ·counterion increases from N\C2H5 ) 4 to 
N~(C4H9)4, the erne value decreases due to increase in the 
hydrophobic interaction of counterions with the exterior of 
!he micelle. The set of counterions viz., NHt, Na +, and 
N+(CH3 )4 yield higher erne value due to little or no 
hydrophobic interaction with the micelle. The NH! and 
Na + ions, on the other hand, interact with micellar head 
group more strongly than N+(CH3 )4 ion for their small sizes, 
and consequently, the erne values ofNH4 -AOT and Na-AOT 
are low compared to N(CH3)4 -AOT due to efficient charge 
screening of the head group. The values of standard 
thermodynamic parameters indicate spontaneity of micelle 
formation, and their order could be well explained in terms 
of bulkiness and nature of hydration of the counterion 
together with hydrophobic and electrostatic interactions. 
Characteristic temperature dependency of erne is observed 
in almost all the systems with the appearance of a shallow 
minimum in each case. The striking steep fall of erne's ofN 
(CH3)4-AOT with temperature manifests in the large 11H,?, 
values, which leads to low entropy changes. Loosely bound 
water dipoles with the N+(CH3) 4 counterions may cause 
lower contribution of L\S~, to the aggregation process. 
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Surface and Bulk Properties of Dodecylbenzenesulphonate 
in Aqueous Medium: Role of the Nature of Counterions 

Subrata Chakraborty, Amitabha Chakraborty, Moazzam Ali, 
and Swapan K. Saba 
Department ()j' Chemistry, University of' North Bengal, Darjeeling, India 

The lithium, potassium, and ammonium salts of dodecylbenzeuesulphonic acid have been prepared 
from tbe pure sodium salt by applying ion~xcbange technique. The critical miceUization concen
trations (Cl\1C) of the surfactants with four different counterions have been determined in a 
temperature range of HY'C to 40oC using surface tension as well as electrical conductivity 
measurements. The counterion ionization constant, a, and ''arious thermodynamic parameters 
of micellization viz, AG!, AJI!, AS!, Amicc: along with the surface parameters (r max• Am;n) 

in aqueous media have been determined. The CMC value of dodecylbenzenesulpbonate (DBS) 
having different counterions followed the order Na + > u+ > NH! > K+. While large negative 
free energy change (AG!) and the positive entropy change (AS!) favor the micellization process 
thermodynamically, nature of their \'ariation with counterion supports the importance of hydrated 
counterion size factor in micellization process via a change in the hydrophilicity of surfactant 
bead group along with the structure of branched chain of hydrocarbon tail. 

Keywords Counterion, critical micelle concentration, dodecylbenzenesulphonate, thermo
dynamic parameters 

INTRODUCTION 
Amphiphilic systems involving surfactants have generated 

great interest due to their wide-ranging applications 
especially in detergent and pharmaceutical industries, food 
technology and petroleum recovery processes_P-'l The func
tions and properties of surfactants in water are interesting 
because they form organized assemblies of various types, 
for example, micelles and bilayer lamellae14

•
51 depending on 

their concentration and composition in addition to environ
mental conditions such as pH, temperature, pressure, and 
presence and absence of additives. Favorable polarity of 
the solvent often leads to formation of reverse micelles as 
wel1.!31 The effect of increasing temperature on the solubiliz
ing capacity of surfactant solutions is related to the corre
sponding effects on the properties of the micellar aggregate 
and the partition coefficient of the solute into aggregate.16l 
When a surfactant is dissolved in a solvent, it disrupts the 
interactions between the solvent molecules distorting the 
structure of the solvent and thus increases the free energy 
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of the system. The distortion of the solvent structure can be 
decreased by the aggregation of the surface-active species into 
dusters (micelles) with their hydmphobic groups directed 
toward the interior of the micelle and the hydrophilic groups 
towards the solvent. Micellization can thus be considered as a 
mechanism alternative to adsorption at the interfaces for 
removing hydrophobic groups from contact with the solvent. 
The energetics of adsorption and micelle formation are 
usually discussed in terms of the dispersion, attractions 
between the hydrocarbon chains, the electrostatic and van 
der Waals interactions between the head groups, and the 
hydrophobic interaction between hydrocarbon chains and 
water molecules. Even the molecular conformation of some 
dimeric surfactants affects the micellization to a large 
extent.16l It has generally been accepted that a fraction, rx, of 
the counterions of an ionic surfactant are dissociated from 
the micelles, leaving the micelles charged.l8

•
9l In addition, a 

number of recent studies17•10-
141 show that the changes in 

hydration energies and specific interactions with counterions 
may also be important. The formation of an ionic micelle 
from monomeric ions results in a balance between hydro
phobic interactions between the hydrophobic part of the 
micelle-forming ions, electrostatic interactions between their 
hydrophilic charged parts, as well as with and between the 
counterions. It is also evident that the aggregation number 
of ionic micelles, at a constant temperature, depends only 
on the concentration of counterions, Caq in the aqueous 

209 



210 S. CHAKRABORTY ET AL. 

phase.fl 5l Ionic micelles grow in response to increase in the 
value of whether the counterions are provided by the 
surfactant alone or by the surfactant plus any added 
electrolyteY 5l Thus Caq can be written as!IOJ 

Cag = F(S:)[aS: + (1- a)Sm]. fll 
t• J 

where Sm and S1 are the monomeric and the total 
concentration of the surfactant, respectively. The factor 
F(S1) = 1/(1 - 8), where 8 is related to the volume fraction 
occupied by the micelles. 

The study of the effect of temperature on micellization 
provides information on the relative characterization of 
surfactant solutions. This infonnation is most readily 
obtained from the thermodynamic parameters of micelle 
formation, viz., changes in standard Gibbs free energy 
(6G~), enthalpy (6H~), and the entropy (AS~) that 
quantify the relative importance of hydrophobic and 
electrostatic interactions. It is also necessary to note that 
the knowledge of complete thermodynamic characteriza
tion is important for proper understanding ofmicellization 
process. 

This article is a part of a seriesi' 2
.1

4J that deals with the 
effect of the nature of the counterion of anionic surfactants 
on their self-association behavior and micellar properties of 
anionic micelles. It is observed that the accessibility of the 
counterion to the head group of the amphiphile influences 
CMC along with other thermodynamic parameters in a fas
cinating way.fl 0

•
12

•
1
4-

17l Sodium dodecylbenzenesulphonate 
(SDBS), a well-known anionic surfactant has attracted 
researches during the past few years.fl 8 

.. 
22l This work is 

concerned with dodecylbenzenesulphonate (DBS) micelles 
with a view to investigate the effect of a series of counter
ions, such as Li+, Na +, K~ and NH! on the micellization 
of DBS. It may be mentioned that the CMC and thermo
dynamic parameters of the DBS having different counter
ions have not yet been reported in the literature. 
Therefore, the present aim is to determine the CMC of 
DBS with different counterions within the temperature 
range of IO"C to 40°C and to determine the relevant ther
modynamic parameters of micellization, such as AG!, 
&H0 AS0 A~;cC0 along with the maximum surface excess m' m' .u..u p 
concentration (r max), and the minimum areas per molecule 
(Amin) at the surface as a function of hydrated counterion 
size. 

EXPERIMENTAL 

Materials 
Surfactants with the desired counterions were prepared 

from a sample of purified SDBS by ion-exchange as 
described elsewhere.l12·14l SDBS sample is dissolved in 
mixture of a I: I (v jv) water and ethanol. The solution 
was passed slowly through a column (40cm x 2 sq. em) of 

a strong ion exchanger in the H+ form. The free 
sulphonic acid formed on passing the aqueous DBS 
(Na+ salt) solution through the resin was then immediately 
neutralized with an aqueous solution of the hydroxides of 
the desired counterions (viz. Li+, K+, NH!). All the hydro
xides required for the respective ion exchange experiment 
were of AR grade and procured from Fluka, Switzerland 
and Merck, India. The solvent water was then removed fast 
by freeze drying and then keeping under vacuum (bath 
temperature 313K) for several days and the waxy solid 
was finally dried in vacuum over P20 5. The residual water 
of the sample was finally removed by the action of P20 5 

(from Loba Cherne, India) on a solution of surfactant in 
isooctane (2':99.5% from Merck, India). Controlling the 
flow rate of the solution through the ion exchange column 
had optimized the extent ofNa+ /H+ ion exchange and H+ 
content of the surfactant solution (acid form) was 
measured by titrating with standard NaOH to determine 
the extent of exchange. The extent of exchange was found 
to be more than 99%. Doubly distilled water having 
conductivity 2 j.tS em -I was used throughout experiment. 

Commercial SDBS may contain five different isomers 
viz. 2¢C12, 3¢C12, 4¢C1b 5¢Ctz and 6¢C12 depending 
upon the number of carbon atoms in the branched 
chainJ2°l However the supplier of the product which was 
used in the present study (sodium dodecylbenzenesulpho
nate, 88%; Acros, USA, product code 325912500) did not 
mentioned the isomeric identification of their product. 
While the separation of isomers from their mixtures and 
their identification are difficult, the CMC and other 
parameters indicate the presence of 6¢C12 as the major 
component of the present surfactant system. Further, the 
recrystallised product of SDBS was subjected to ion 
exchange treatment in order to prepare surfactant with 
different counterions, followed by repeated recrystalliza
tion to ensure adequate purification. Therefore, it may be 
argued that the major component of each ofSDBS, LDBS, 
ADBS and PDBS was essentially 6¢C12 isomers as shown 
in Figure l. [391 

Methods 
The CMC and other thermodynamic parameters were 

determined from the surface tension as well as specific con
ductance data. The surface tension experiments were done 
bv a calibrated Tensiometer (K9, KR(TSS; Getmany), to 
~easure the surface tension at the air jwater interface of 
the solution by the platinum ring detachment method at 

FIG. I. Structure of DBS (6</JC 12 isomer) where i = 5, j '= 6. 
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different temperatures. The ring was cleaned by washing 
with doubly distilled water followed by burning in an 
alcohol flame. Solutions of known concentration were 
progressively diluted in water solutions. The accuracy of 
the measurement was within ±0.1 mNm -I. Temperature 
of the system was maintained by circulating auto
thermostated water through a double-wall glass vessel 
containing the solution to keep the temperature constant 
within ±0.1 K. Similar studies were also done conduto
metrically by using an electrical conductivity bridge 
(METTLER TOLEDO, Switzerland). The conductance 
values were uncertain within the limit of ±1%. Each 
measurement was repeated several times at each tempera
ture in the range of I ooc to 40°C. Measurements were 
made at soc intervals of temperature. 

RESULTS AND DISCUSSION 
Figures 2 and 3 illustrate the typical representative plots 

obtained by measuring conductance and surface tension, 
respectively, for the surfactant containing a particular type 
of counterion at vatious temperatures. Two linear frag
ments of each curve with different slopes correspond to 
premicellar and postmicellar region respectively, where 
the break point identifies the CMC. The CMC values 
determined by tentiometrically and conductometrically for 
each counterion are in close agreement with one another. 

Table I bears the CMC values of the present surfactant 
systems along with the surface parameters. Similar to pre
vious observations112

•
14l we measure CMC, corresponds to 

a concentration at which a very small but often clearly 
detectable concentration of the micelles exists. A critical 
examination of Table I shows that in all instances the 
change of CMC with temperature is smalL But, at a certain 
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temperature, CMC of DBS depends upon the nature of the 
counterion following the order Na+ > Li+ > NHt > K+. It 
is apparent that the hydrodynamic radii along with the 
accessibility of the counterion toward the head group of 
the amphiphile play an important role in micellization. 
However, the experimental CMCs of DBS do not follow 
the trend of a previous observation of counterion accessi
bility to AOT (Bis (2-ethylhexyl) sulfosuccinate, sodium 
salt) head groups.P 21 This deviation may be due to the 
special double strand structure of bis (2-ethylhexyl) sulfo
succinate ion. Unlike present surfactant systems, AOT 
offers a different hydrophobic environment along with 
the orientation of associated water molecules duting cluster 
formation. It has also been reportedl231 that NH;t binds 
more strongly to dodecylsulfate head group compared to 
Na+ and reduces the electrostatic intermicellar repulsive 
force. This leads micellization to occur in lower concentra
tions and for anionic surfactant, dodecylsulfate having 
different counterions, CMC follows the order Li+ > Na+ > 
NH;t. However in the present case of dodecylbenzenesul
phonate there is a branched carbon chain in the molecular 
structure of the anion. Though the actual nature of depen
dency of hydrophobic tail on the interaction of the 
hydrated counterions is not still well understood, it can 
be said that, "branched chain molecular structure" of 
DBS makes the environment around more hydrophobic 
in nature, where Li+ along with its large hydrated volume 
binds more readily than that of Na+ with the hydrophilic 
head. But NH;t, which has the lowest hydration number[ Ill 
shows anomalous behavior toward its accessibility to the 
head group. It was also reportedl24l that the binding tend
ency of alkali metal cation to polyethyleneoxide (PEO) 
follows the order K+ > Cs+ > Na+. However, among the 



212 S. CHAKRABORTY ET AL. 

TABLE 1 
Temperature dependence of CMC, maximum surface 
excess concentration (1 max) and minimum areas per 

molecule (Amin) of different DBS surfactants 

Counterion 
ofDBS 

K+ 

NHJ 

Temp.j"C 

10 
15 
20 
25 
30 
35 
40 

10 
15 
20 
25 
30 
35 
40 

10 
15 
20 
25 
30 
35 
40 

10 
15 
20 
25 
30 
35 
40 

CMCmol 
dm-3 x 103 

2.50 (2.41) 
2.60 (2.54) 
2.83 (2.76) 
2.82 (2.80) 
2.79 (2.84) 
2.91 (2.90) 
3.21 (3.17} 

2.82 (2.77) 
2.91 (2.86) 
2.98 (2.95) 
3.10 (3.13) 
3.21 (3.20) 
3.27 (3.31) 
3.33 (3.36) 

2_1 I (2.14) 
2.18 (2.19) 
2.25 (2.24) 
2.38 (2.32) 
2.42 (2.41) 
2.50 (2.52) 
2.61 (2.60) 

2.28 (2.23) 
2.39 (2.36) 
2.41 (2.40) 
2.52 (2.48) 
2.68 (2.62) 
2.81 (2.82) 
2.80 (2.82) 

r max/mol 
CD1~l X 106 

3.10 
2.98 
3.18 
3.22 
3.22 
3.27 
3.29 

2.99 
3.16 
3.21 
3.25 
3.27 
3.27 
3.32 

3.40 
3.46 
3.52 
3.55 
3.54 
3.58 
3.61 

3.12 
3.17 
3.23 
3.28 
3.38 
3.41 
3.49 

A min/ 
7 nm-

0.54 
0.57 
0.52 
0.52 
0.51 
0.51 
0.50 

0.56 
0.53 
0.52 
0.51 
0.51 
0.50 
0.48 

0.49 
0.48 
0.47 
0.47 
0.47 
0.46 
0.46 

0.53 
0.52 
0.51 
0.51 
0.49 
0.49 
0.47 

'The values in the parenthesis represent CMC determined from 
surface tension measurements. 

all four ions, K + binds most strongly to DBS resulting in 
the lowest CMC at a particular temperature. 

Figure 4 represents the variation of CMC with tempera
ture for DBS containing different counterions. While most 
of the surfactants display a typical U-shaped curve when 
CMC is plotted against temperature, in the present DBS 
systems, having Na+ and K+ counterion, CMC increases 
almost linearly with temperature. But for the other two 
counterions, viz., Li+ and NHt, instead of linearity 
CMC changes rather irregularly with temperature. 
Although this type of temperature dependency is not 
common, such a temperature dependency for anionic sur
factant was previously observed by a number ofworkers125l 

and can be explained by considering two opposite 
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FIG. 4. Variation of CMC with temperature of DBS having different 
counter cation (viz. Na +, Li·', K''. NH!J. 

effects.P 4l As the temperature increases, the degree of 
hydration of hydrophilic group decreases and this favors 
the fonnation of micelles more readily. On the other hand, 
as the temperature is increased above a certain temperature 
(T min). a disruption of water cluster is brought about, and 
this facilitates solubilization of the surfactant monomers 
resulting in the increase of CMC. It appears from 
Figure 4 and Table 1 that the second effect is predominant 
for DBS micelles in the temperature range studied. 

Thermodynamic Parameters 
The temperature dependency of DBS micelles having 

different counterions also enables one to determine the 
thermodynamic parameters of micellization. According to 
the pseudo-phase separation mode\12

6-
281 the standard 

Gibbs free energy of micellization, ~G~, ionic uni-univalent 
surfactant can be expressed as: 

~G~ = (2- :x)RTin Xcmc [2] 

Here XcMc is the CMC expressed in mole fraction scale 
and r:t., the ionization degree or counterionic ionization 
constant of the micelle, can be expressed by :x = p jn, where 
p and n are the effective charge and the aggregation num
ber of the micelle respectively. lt is well known that the 
value of rx can be determined from the ratio of the slope 
of the two linear fragments of conductivitv-concentration 
plot above and below CMC.I29•30l · 

The standard enthalpy change, ~H~ can be obtained 
from Gibbs-Helmholtz equation:l19l 

Ml~ = -RT2 [(2- r:t.)(81n Xcmc/8T)p 

-In Xcmc(8(2- a)j8T)p) (3J 
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However, as the variation of ex with temperature is not well 
defined due to polydispersity of micelle and does not follow 
any general trend,l31

•
32l it is difficult to estimate the second 

term in the parenthesis experimentally. The term, however, 
is small in comparison with the first one, and therefore, to 
gain qualitative information regarding the thermodynamics 
we neglect the second term of the Equation (3), and the 
expression now becomes: 

D.H,~, = ~(2 ~ cx)RT2(81nX,111,.j8T)p [4] 

The enthalpy ofmicellization may be obtained if the depen
dence of the CMC on temperature is known. The .1S~ and 
D.miccg are also detem1ined as essential thermodynamic 
parameters from the common expressions 

A~,= (AH~ ~ Ad/,,)/T [5] 

[6] 

The various thermodynamic quantities associated with 
micellization are reported in Table 2. The quantities 
calculated in the present method are seen to vary with 
temperature and also with the nature of the associated 
counterions. Negative sign of AH~ suggests that surfactant 
aggregation is an endothermic process. The variation of the 
standard thermodynamic parameters with different coun
terions at a certain temperature can also be explained by 
the size and the hydration of the counterion as has 
been already discussed. Different researchersf33341 often 
attempted to represent the thermodynamic variables of 
micellization into additive contribution of two factors: (1) 
interaction between hydrocarbon chains with water and 
(2) interactions between head groups, counterions and sur
faces. It is, therefore, logical to suppose that only the 

TABLE 2 
Different thermodynamic parameters changes in standard Gibbs free energy, AG~, standard 

enthalpy, D.H~,, standard entropy, D.S~,, standard heat capacity, D.m;cC~) of micellization 

Counterions of different ~AG~/ ~AH~./ .1S~/ ~ACO I 
DBS surfactants Temp.;ac (kJmol- 1

) (kJ mol- 1) (J mol- 1
) (Jmol_f'K_-I) 

Li+ lO 32.4 5.7 94.3 409 
15 31.3 7.2 83.7 480 
20 30.8 lO.l 70.6 551 
25 31.1 12.9 61.1 622 
30 31.5 17.7 45.5 693 
35 31.5 20.8 34.7 764 
40 30.7 24.3 20.4 835 

Na+ 10 32.3 7.8 86.6 382 
15 32.0 9.0 79.9 474 
20 31.8 12.2 66.9 566 
25 32.5 14.9 59.1 658 
30 31.0 19.0 39.6 750 
35 31.0 22.9 26.3 842 
40 3U 26.7 14.0 934 

K+ 10 31.2 2.1 102.8 127 
15 3L7 2.6 IOLO 117 
20 32.2 3.1 99.3 107 
25 32.3 4.4 93,6 97 
30 33.0 4.7 93.4 87 
35 33.1 5.2 90.6 77 
40 33.8 5.7 89.8 67 

NHt 10 39.9 6.3 118.7 405 
15 30.3 7.7 78.5 488 
20 31.0 11.1 67.9 571 
25 31.3 13.2 60.7 654 
30 30.5 18.0 41.2 737 
35 32.0 21.l 35.4 820 
40 32.6 25.2 23.6 903 
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second factor is important for the present \Vork where 
SDBS, LDBS, ADBS, and PDBS having different counter
ions form micelles. A close look on the thermodynamic 
parameters support the view that in order to form micelle 
the gain in entropy is the major factor leading to negative 
change in Gibbs free energy_PS-J?] But the fact that though 
the free energy changes are not very different, the entropy 
change is significantly higher and the enthalpy changes are 
much lower forK+ counterion containing DBS compared 
to all other systems. This suggests that the entropy contri
butes as major driving force in micellization. Less 
hydration and higher binding capacity of K+ ion may 
cause higher contribntion of AS0 in aggregation process. 
With increasing temperature, AS~ decreases systematically 
for a particular type of counterion, suggesting a disruption 
of ordered arrangement of water dipoles around the 
amphiphilic part of the surfactant molecules. The effective 
interaction associated with hydrocarbon chains may be 
expressed by standard heat capacity of micelle formation, 
Am;cC~. In both surfactant systems, the standard heat 
capacity changes linearly with temperature (Figure 5). 
The calculated values of Am;cC~ for SDBS fall between a 
wide range of value viz., -381.8 to -933.8 Jmol- 1 K- 1 

for the variation of temperature between lOoC and 40°C. 
On the other hand, SDS which also contains a dodecyl 
moiety yields AmicC~ values between -607 and 
-644 Jmol- 1 K- 1 with]n the identical temperature 
range.P 91 For all the counterions except K+, AmicC0 do 
not change significantly at lower temperatures ( <2~°C) 
but at higher temperatures. AmicC~ values follows the order 
Na+ > NHt > Li+ > K+ Potassium ion, however, shows 
anomalous behavior which may be due to its strong tend
ency for ion-pair formation. Compared to that of 
SDS,Il 81 the wider variation of the specific heat capacity 
as a function of temperature of the present system must 
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FIG. 5. Vm;ation of standard heat capacity of micelle formation, 
L.m;cC~ as a function of temperature for SDBS and SDS.1' 9 1. 

be connected with the enhanced hydrophobicity due to 
the presence of the aromatic ring in the hydrocarbon tail 
of the present surfactant systems. On the other hand, coun
terion binding also reduces the number of water molecules 
in the solvation shell of the counterion as well as the nega
tively charged head groups of DBS. At high temperatures, 
AmicC~ give large negative values due to solvation of ions 
upon demicellization, and this is quite reasonable because 
as the temperature is increased CMC value also increases 
in all the present systems. The negative value of AmicC~ is 
proportional to the maximum surface excess (rmax), which 
has been calculated following the expressions;l 12

•
14l 

rmax = (lj2.303n'RT)(-a}'jalog C) [7] 

and, 

[8] 

where)' expresses the surface tension, N is the Avogadro 
number, C and n' are the concentration and number parti
cles per molecule of the surfactant respectively. For a 
uni-univalent surfactant, n' is therefore taken as 2. Amin 
is the minimum area per molecule in the aqueous-air inter
face. With increasing temperature, amphiphile tends to 
form a closely packed monolayer film of the hydrocarbon 
chain at the air/aqueous solution interface owing to the 
decreased repulsion between the oriented head groups. This 
is SUpported by the greater r CMC value (and thereby, the 
smaller AcMe value) of the longer chain analogue.l401 How
ever, Table 1 suggests that at a fixed temperature, r max 

changes with the nature of counterions following the order 
K+ > NHt Na+ > Li+. This observation is probably asso
ciated with the hydration of DBS and the accessibility of 
head groups towards the counterions. r max value slightly 
decreases with the rise of temperature and this is well 
known for both nonionic1371 and anionic[38l surfactants. 

CONCLUSION 
The hydrodynamic size and binding capacity of the 

counterions to the head group along with the branching 
of hydrophobic chain play important roles in the process 
of surfactant aggregation. Critical micelle concentration 
(CMC) and enthalpy of micellization (AH~) decreases in 
the order Na+ > Li+ > NHt > K+ at a given temperature 
and this may be well supported by the hydration and 
accessibility of the counterions to the head group of the 
amphiphile, dodecylbenzenesulphonate. The use of pseudo
phase separation model on the counterion binding shows 
that the variation of enthalpy and entropy of micellization 
compensate each other and the free energy, AG~ is only 
slightly dependant on counterions and the temperature. 
Effective interaction associated with hydrocarbon chain 
can be well explained by Am;cC~, considering the aromatic 
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t·ing of SOBS and this may be compared to SDS which also 
contains a dodecyl moiety_11 9l 
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Introduction 

Tuning of physico-chemical characteristics of 
charged micelles by controlling head group 
interactions via hydrophobically and sterically 
modified counter ionst 

Subrata Chakraborty, Amitabha Chakraborty and Swapan K. Saha* 

Different tetraalkylammoniums, viz., N+{CH3 )4 , N+(C2 H5k N+(C3 H7)4 • N+ {C4 H9 )4 along with simple 

ammonium salts of dodecylbenzene sulphonic acid were prepared by an ion-exchange technique. The 

cmcs of dodecylbenzene sulfonate salts with various counterions were determined by electrical 

conductivity and surface tension measurements within the temperature range 283-313 K. The 

counterion ionization constant a, the surface parameters r max and Am;n and also the thermodynamic 

parameters of the micellization process, viz.. l!.G~,. aH;;, and AS~ in aqueous solution have been 

determined by using a pseudo-phase modeL The order of cmcs in aqueous solution is found to be NH4 + 

> N+{CH3 )4 > N+(C2 H5)4 > N+(C3H7 )4 > N+(C4 H9 )4 at any given temperature. On the other hand, the 

aggregation number increases with alkyl chain length first due to increasing hydrophobic interactions 

and then decreases as a function of counterion size passing through a maximum for N+(C2H5) 4 . 

Spontaneity of micellization in aqueous solution is supported by large negative AG~ as well as the 

positive entropy change for the micellization process for all the above counterions. At a given 

temperature. AG;;, for a surfactant with different counterions followed the order N+(CH 3)4 > NH4 + > 

N+(C2 H5 )4 > N+(C3H7 )4 > N+(C4 H9k Electrostatic interaction along with effective charge screening and 

hydrophobicity of the surfactant head group together may give an explanation for the observed variation 

of aggregation behaviour and the energetics as a function of the nature of the counterion. 

Surfactants form aggregates, particularly in aqueous solutions, 
via hydrophobic and hydrophilic interactions occurring within 
the same. rnolecule. These exotic molecules have generated a 
great deal of interests because of their various industrial 
applications.'-9 While the formation of micelles is the conse
quence of interplay between hydrophobic and hydrophilic parts 
of the surfactant molecules with water, it is mainly triggered to 
avoid loss of entropy due to the formation of ordered water 
cages around hydrophobic part disrupting the hydrogen bonds 
between water molecules. There are many factors which influ
ence critical micelle concentration (erne), size, shape and the 
aggregation number of ionic micelles. These factors include 
temperature, geometrical structure of the surfactant molecule, 
the length of the hydrocarbon tail, the nature and dimension of 
the surfactant head group, the polarity and other characteristics 
of the solvent including solvent structure, ionic strength of the 

medium and finally the nature of the counter ions. Among these 
factors, the surfactant head group characteristics, including the 
counter ion interactions, is perhaps the least studied facet, yet 
one of the pivotal issues which control the shape and size of the 
micellar aggregate. Strong binding counter ions favorably 
influence aggregate formation and decrease the erne via effec
tive charge screening of the head groups. However, the counter 
ion which contains fairly strong hydrophobic groups (hydro
tropes) are particularly much effective in charge screening and 
increase the aggregation number to a great extent and promotes 
micellar shape transition via altering micellar surface curvature. 
These hydrotropes (e.g., sodium salicylate) efficiently interact 
with the micelle core via hydrophobic group and facilitate the 
formation of rod or worm-like micelles at low surfactant 
concentration. The aqueous solutions of this worm like micelles 
behave like that of linear polymers and form shear responsive 
viscoelastic gel which attracts many researchers in recent 
years!··' However, symmetrical tetraalkyl ammonium counter 
ions with varying alkyl chain length demand special attention 
because one can study two opposing effects in this series of ions 
viz., the effect of progressively enhanced hydrophobicity and the 
effect of increasing dimension of the ions. Counter ion specific 
interactions (hydrophobic or hydrophilic) along with change in 
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hydration energy are also very important and this has been 
discussed in a number of recent reports.'o-15 Different types of 
organized assemblies are formed in surfactant systems on 
varying composition, concentration and environmental condi
tions viz., pressure, temperature, additives and pH as well.'·3 

The fraction, a, of the counterions of an ionic surfactant which 
are generally dissociated from the micelles, move to the bulk of 
the solution leaving the micelles electrically charged.' 6

-
18 On the 

other hand, at a certain temperature, the aggregation number of 
ionic micelles depends only on the counterion concentrations 
in aqueous phase, Caq which can be defined as:12 

(1) 

where s, and Sm are the total and monomeric concentration of 
the surfactant molecules respectively present in the solution 
and the factor F(S,) = 1/{1 - 0), where {I relates to the volume 
fraction occupied by the micelles. The size of the ionic micelle 
in aqueous solution changes with the change of counterions 
and also with the electrolyte content of the surfactant solution. 19 

The knowledge of the values of different thermodynamic 
parameters at different temperatures is also of utmost impor
tance to understand the aggregation behaviour where the 
structure and interactivity of counterions also play considerable 
role.20 

Sodiumdodecylbenzene sulfonate (SDBS) is a well known 
anionic surfactant widely used in the industry for 
manufacturing detergents, emulsions, degreaser and de inking 
agents and also for assisting dying processes in textile facto
ries. Although the effect of the nature of counter ions of 
anionic surfactants is less significant than that of cationic 
surfactants, hydrophobic counter ions can bring about rela
tively stronger modification in the aggregation behaviour. 
Therefore a considerable number of literatures have been 
found 2

•
14

·"·
18

•
2

' concerning micellar growth as affected by 
hydrotropic counter ions of both cationic and anionic surfac
tants. In this connection it may be anticipated that symmet
rical organic counter ions might in,teract with the surfactant 
head groups more effectively via strong hydrophobic interac
tion with the terminal hydrocarbons of surfactant molecule. 
However, such ions with larger sizes could only approach 
towards the head group to a limited extent and fail to charge 
screen the head groups effectively and the micel!ization 
process becomes unfavourable. These two mutually opposite 
effects are operative in symmetrical tetraalkylammonium 
counter ions and the micellization process is regulated by one 
which prevails over the other. Therefore, for undertaking an 
in-depth study of the effect of size of the counter ion vis-a-vis 
its hydrophobicity on the aggregation behaviour of sodium
dodecylbenzene sulfonate, the set of symmetrical tetraall~yl 
ammonium counter ions with progressively larger groups may 
be an excellent model which one strives to investigate. This 
prompted us to synthesize dodecylbenzene sulfonates with 
tetramethyl, tetraethyl, tetrapropyl and tetrabutyl ammonium 
counter ions to study their aggregation properties along with 
the ammonium counter ion. 

32580 I .RSC Adv. 2014, 4. 32579-.32587 

Paper 

Experimental 
Materials 

All the surfactants with inorganic and organic counterions were 
prepared by the ion exchange technique starting from 
sodiumdodecylbenzene sulfonate following the procedure as 
mentioned below.'7

·'
8

•
2

' A solution of sodiumdodecylbenzene 
sulfonate in 1 : 1 (v/v) mixture of water and ethanol was 
prepared. The surfactant solution was then passed through an 
ion-exchange column (dimension of 40 em by 2 sq. em) con
taining strong ion exchange resin in its H• form (Amberlite IR-

120, 20-50 mesh, Loba Cherne, India). As a result, the aqueous 
solution of dodecylbenzene sulphonic add is formed which 
then titrated immediately for neutralization with the hydroxides 
containing desired counterions. The above hydroxides were of 
AR grade procured either from Merck, India or Fluka, Switzer
land. To enhance the extent of ion-exchange, flow rate was 
necessarily controlled in the column. To determine the extent of 
ion-exchange a portion of the sui phonic add was titrated with 
standard NaOH solution which was quite satisfactorily found to 
be more than >99% in all cases. In order to prepare solid salts, 
water was removed from the solution by freeze drying and then 
keeping the solute under vacuum in a constant temperature of 
313 K for 7 days and then the solid was finally dried in vacuum 
over P20 5 • All the dodecylbenzene sulfonic acid salts (except 
tetrabutylammonium dodecyl benzene sulfonate (TBADBS)) 
were then purified by recrystallization twice from ethanol-water 
(1 : t) mixture and finally dried in vacuum over P20s. However, 
TBADBS salt appeared as waxy material and could not be crys
tallized from ethanol-water mixture. In order to remove 
residual water from the sample, P20 5 was kept over the 
surfactant solution in isooctane (::::=:99.5% from Merck, India) at 
313 K for 7 days. The solvent was then removed and the TBADBS 
sample was used without further purification. Double distilled 
water having conductivity 2 ~tS em_, were used throughout the 

experiment. For the determination of aggregation number, 
cetylpyridinium chloride (Fluka, Belgium) was used after 
recrystallization and puriss grade pyrene (Fiuka, Switzerland) 
used as received. 

It has already been mentioned in our earlier publication that 
commercialsodium dodecyl benzene sulfonate contains five 
different isomers" but the manufacturer did not mention any 
isomeric identification of the sample. The separation of 
isomeric forms and also their identifications are very difficult. 
In the present sample, however, the cmc values and the other 
parameters indicate the presence of 6<j>C12 system as the major 
component. In order to obtain one isomeric composition with 
adequate purity (viz., 6<f>C12), repeated recrystallization was 
done ofthe ion-exchanged product. Therefore, it may be argued 
that the present surfactants are essentially 6¢C12 system of 
TMADBS, TEADBS, TPADBS and TBADBS. 

Methods 
The critical micelle concentration (cmc) was determined by two 
methods viz., surface tension and specific conductance 
methods. The Tensiometer {K9, KRUSS; Germany) was used to 
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measure the surface tension at different temperatures by plat
inum ring detachment method at the air/water interface of the 
surfactant solution within the accuracy of ±0.1 mN m- 1

. The 
ring was cleaned several times before the measurements by 
double distilled water and also burning in alcohol flame and the 
solution was progressively diluted with water keeping the 
experimental solution in a double-wall container. Temperature 
was maintained by circulating water controlled by an auto
thermostat_ Similarly, a highly calibrated electrical conduc
tivity bridge (METTLER TOLEDO, Switzerland, uncertainty limit 
±1%) was used to measure the specific conductance by 
progressively diluting the solution. Each measurement was 
repeated several times throughout the experiment to maintain 
the accuracy. 

Steady-state fluorescence quenching method was used to 
determine the mean aggregation number of the surfactants by 
using a Fluorescence spectrophotometer (Photon Technology 
International Co., USA) with slit widths of 0.20 nm, 0.60 nm, 
0.50 nm and 1.50 nm respectively. Pyrene solution (5 ~IM) was 
used as a probe and CPC as a qt1encher. By exciting the samples 
at 332 nm, emission spectra of pyrene were obtained and the 
emission was measured in the range of 350-520 nm. The 
emission peak at 393 nm was considered for calculating 
micellar aggregation number. 

Results and discussion 
Critical micelle concentration (erne) 

As has been already mentioned that erne is the most important 
parameter for an aqueous amphiphilic system to give the 
aggregation characteristics. We have determined the cmc of the 
systems by conductivity as well as surface tension measure
ments. The representative plots of surface tension and specific 
conductance as a function of concentration of tetramethylam
monium dodecylbenzene sulfonate (TMADBS) at different 
temperatures are shown in Fig. 1 and 2 respectively {the plots of 
surface tension and specific conductance as a function of 
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Fig. 1 Plot of surface tension vs. logarithm of concentration with 
different temperatures of tetramethylammonium dodecyl benzene 
sulfonate (TMADBS). 
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Fig. 2 Plot of specific conductance, A vs. concentration with different 
temperatures of tetramethylammonium and tetrabuty!ammonium 
dodecyl benzene sulfonates. 

concentration ofTEADBS, TPADBS and TBADBS are provided as 
ESit). To our knowledge, the aggregation data for TMADBS, 
TEADBS, TPADBS and TBADBS are recorded for the first time 
and, therefore, to check the reliability of the measured param
eters, repeated experiments have been performed for both the 
measurements at least for three times and the mean values are 
recorded for reporting within the temperature range of 283-

313 K at 5 K intervals. In Table 1, the erne values of all the 
surfactant systems at various temperatures with varying coun
terions are shown along with different surface parameters and 
degree of ionization, a. The values of a have been determined 
from the ratio of the slopes of two linear fragments of 
conductivity-concentration plots i.e., above and below the erne. 
Though the values of a does not change appreciably within the 
given temperature range (Table 1) the changes in erne values 
with temperature for different surfactants are small but clearly 
detectable. At a given temperature, the erne values of the 
surfactants follow the order NH4 + > N+(CH3 )4 > N+(CzHs)4 > 

N+{C3H7 )4 > N+(C4 H9) 4. This variation of cmc can be explained in 
terms of the binding ability of the counterions. Among all the 
counter ions, the greater binding ability of N+(C4H9)~ group to 
the polar head of DBS due to strong hydrophobic interactions 
reduces the electrostatic repulsive force considerably which 
leads to the formation of the micelle at the lowest concentra
tion. The binding tendency decreases in the order N+(C4H9)4 > 

N+(C3H7) 4 > N+(C2 H5 ) 4 > N+(CH3) 4 > NH/ and at a particular 

temperature the erne values follow the reverse order. It shows 
that the result exactly follows the theoretical understanding 
pertaining to the micellization process. In Fig. 3, values of erne 
are plotted against temperature (variation is small with 
temperature) for different surfactant systems. The plots give 
very shallow and broad minima in some cases (linear in other 
cases) within the given range of temperature. Similar result of 
linear or near linear variation of erne with temperature for 
sodiumdodecylbenzene sulfonate was also recorded by Hait 
et al. 22 and this is indeed somewhat different from the general 
parabolic trend of the plot with a shallow minimum shown by 
the surfactant like SDS, AOT etc. 1

,_
15 In the similar range of 

temperature, the erne decreases in above cases due to the 
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Table 1 Micellization and surface parameters of dodecyl benzene sulfonate having different tetraalkylammonium counterions at various 
temperatures (T/K): cmc. maximum surface excess concentration. minimum areas per molecule and ionization degree 

Counterion T/K cmc"l(mol dm-3 x 10-3
) T maximo] cm-2 

X 106 
Amin/nm2 a 

bNH.t 2.83 2.28 {2.23) 3.12 0.53 0.74 

288 2.39 (2.36) 3.17 0.52 0.74 

293 2.41 {2.40) 3.23 0.51 0.73 

298 2.52 (2.48} 3.28 0.5j 0.74 

303 2.68 (2.62) 3.38 0.49 0.78 

308 2.81 (2.82) 3.41 0.49 0.74 

313 2.80 (2.82) 3.49 0.47 0.74 
(CH 3) 4 N+ '2.83 1.31 (1.28) 3.11 0.53 0.71 

288 1.34 (1.29) 3.14 0.53 0.73 

293 1.34 {1.30) 3.17 0.52 0.74 

298 1.37 (1.31) 3.20 0.52 0.73 

303 1.39 (1.34) 3.28 0.51 0.74 

308 1.45 {1.37) 3.30 0.50 0.75 

313 1.49 (1.45) 3.36 0.49 0.73 

(CzHs)4N+ 283 1.27 (1.27) 3.05 0.55 0.76 

288 1.28 {1.32) 3.03 0.5.5 0.77 

293 1.27 {1.22) 3.02 0.55 0.79 

298 1.30 (1.24) 3.10 0.54 0.79 

303 1.32 (1.25) 3.14 0.53 0.80 

308 1.32 (1.27) .3.19 0.52 0.79 

313 1.37 (1.29) .1.26 0.51 0.81 
(C3H7)4N+ 28.1 1.08 {1.10) 3.02 0.55 0.79 

288 1.12 {1.15) 3.04 0.55 0.81 

293 1.14 (1.17) 3.07 0.54 0.81 

298 1.18 (1.19) 3.08 0.54 0.82 

.103 1.23 {1.20) 3.11 0.5.3 0.82 

308 1.25 (1.2.3) 3.16 0.5.3 0.82 

313 1.31 (1.25) 3.19 0.52 0.82 
(C4 H9) 4 N+ 283 0.79 (0.75) 2.93 0.57 0.87 

288 0.84 (0.81) 2.96 0.56 0.84 

293 0.90 (0.96) 2.99 0.55 0.84 

298 0.93 (1.02) 2.99 0.56 0.83 

303 1.01 (1.03) 3.00 0.55 0.83 

308 1.06 (1.05) 3.01 0.55 0.82 

313 1.11 (1.12) 3.05 0.54 0.83 

" The values in the parenthesis represent erne determined by conductivity method. h The data are collected from ref. 21. 
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Fig. 3 Plot of cmc of different surfactants as a function of 
temperature. 

decrease in degree of hydration of the hydrophilic group to 
attain the minima with increase in temperature. But for 
surfactants like dodecyl benzene sulfonate, this effect is not 
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pronounced. Here, the disruption of water cluster facilitates 
surfactant monomer solubilization and the result is an increase 
in erne with increase in temperature.14 

In fact, the effect of temperature on the erne of surfactant in 
aqueous medium is quite interesting. An increase in tempera
ture initially favours micellization process to occur at lower 
concentration of surfactant. This may be explained by the lower 
probability of the hydrogen bond formation with temperature 
resulting in the considerable decrease in hydrophilicity of the 
surfactant molecules. But further increase of temperature also 
causes disruption of the structured water surrounding the 
hydrophobic group, an effect that disfavours micellization.23

•
24 

The relative magnitude of these two opposing effects, therefore, 
determines whether the erne increases or decreases over a 
particular temperature range. In general, from the data avail
able, the minimum in the erne-temperature curve appears to be 
around 298 K for ionics and around 323 K for nonionics.25 For 
bivalent metal alkyl sulphates, the erne appears to be practically 
independent of the temperature. 26

,27 Though data on the effect 



Paper 

of temperature of zwitterionics are limited, they generally show 
a steady decrease in the cmc of alkyl betains with increase in 
temperature in the range 279-330 K.28

•
29 Whether further 

increase in temperature will cause an increase in the erne is not 
evident from the data. 

The micellar aggregation number was determined by the 
fluorescence quenching method with pyrene as the probe and 
cetylpyridinium chloride (CPC) as the quencher. Five predom
inant vibronic bands are exhibited by pyrene in water in the 
fluorescence spectrum. It has been observed that the ratio of 
intensity ofthe first {11 at 373 nm) and third peaks (13 at 384 nm) 
is a sensitive parameter which characterizes the polarity of the 
probe environment. The solubilization of the probes in a more 
hydrophobic environment than water is indicated by a decrease 
in /1/J-' values. The aggregation number of the surfactant 
micelles was determined by using Stern-Volmer equation and 
also considering the usual following assumptions: 

(I) Static quenching occurs between the fluorescence probe 
and the quencher molecules so the quenching process does not 
affect the fluorescence lifetime of the probe. 

(n) Fluorescent lifetime of the probe is much less than the 
residence times of the quencher and probe inside the micelle. 

(III) The probability of finding a micelle with more than one 
probe molecule is negligible as because the quencher concen· 
tration is vezy low. 

Following Poisson statistics·'0 for the description of probe 
and the quencher among the micelles, the logarithm of I0 /I 

takes the form. 

In~= [Q)N 
I {[SJ 0 -cmc) 

(2) 

where, Io and I are the intensities of fluorescence without and 
with quencher. [Q] is the bulk quencher concentration, N is the 
mean aggregation number and [S]0 is the total surfactant 
concentration. The aggregation number has been obtained bv 
plotting ln(Io/1) as a function of quencher concentration. • 

In the present study, good linear plots for all the surfactants 
have been obtained satisfYing the above equation. The repre
sentative plot of fluorescence measurement for the surfactant, 
TEADBS is shown in Fig. 4 (Similar plots of In( loll) as a function 
of the concentration of CPC for TMADBS, TPADBS and TBADBS 
are provided as ESit). The aggregation number measured at 298 

K for all the surfactants in aqueous solutions are given in the 
Table 2. Fig. 5 shows the variation of aggregation number as a 
function of the size of the counter ions (in terms of the number 
of carbon atoms present in R of ~N+). Aggregation number 
increases with alkyl chain length of counterions and gives 
maximum value for tetraethylammonium ion due to hydro
phobic interactions of hydrocarbon exterior of the ions with 
exposed hydrocarbon to the micelle surface. However, for tet· 
rapropyl and tetrabutyl ammonium ions aggregation become 
increasingly unfavorable due to steric hindrance for increasing 
counterion size. Here, comparison of aggregation number with 
the ionization degree might be interesting. 

The ionization degrees of all the surfactants are shown in 
Table 1. The result shows that the values are quite high which 
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fig. 4 Fluorescence spectra of pyrene with different concentration of 
CPC in mM (1) 0.0 mM (2) 0.0054 rnM (3) 0.105 mM (4} 0.152 mM (5) 
0.196 mM (6) 0.237 mM (7) 0.276 mM (8) 0.312 m.M (9) 0.346 mM (10) 
0.379 mM (11) 0.409 mM (12) 0.438 mM (13) 0.466 mM; inset - plot of 
ln (10/13) vs. [CPC] to determine the aggregation number for TEADBS 
surfactants. 

indicates that the tetraalkylammonium counter ions are 
strongly bound to the micelle surface. It is also observed that 
the counter ion ionization degree increases in the series NH4 * s 
N+(CH_,)4 < N+(CzHs)4 < N+(C.,H7 )4 < N+(C4H 9) 4 • This means that, 
as expected, the binding increases as the counter ion becomes 
more and more hydrophobic in nature. The values of erne also 
follow the opposite trend, i.e., as the fraction of counter ion 
binding increases, the micelles are formed at lower concentra
tions. However, the aggregation number does not follow the 
expected trend. At 298 K, the aggregation number becomes 
minimum in the case of NH4 + counter ion. But as the alkvl 
groups are substituted for hydrogens, the aggregation numb~r 
increases because of the formation of larger aggregates which is 
the consequences of the increased charged screening at higher 
counter ion binding capacity via stronger hydrophobic inter
actions with the micelles. This increasing trend of aggregation 
number continues up to the tetraethylammonium ions. But for 
tetrapropyl and tetrabutyl ammonium ions, aggregation 
number progressively decreases as illustrated in Fig. 5. This is 
indeed interesting. Such a complex behaviour of micelle per
taining to the aggregation number with respect to the expected 
trend on the basis of erne values is, however, available in the 
literature. 22 It has been shown that the effect of head group size 
of tetradecyltrialkylammonium bromide surfactant is vezy 
important pertaining to the observed reverse trend of the 
aggregation number with respect to its erne. For these surfac
tants the values of both the erne and aggregation number N 

decrease as the size of the tetraalkylammonium head group 
increases. This effect has been explained in tenns of the 
geometric steric hindrance (overlap) between the large tri
alkylammonium head groups at the micellar surface.'5

··" 

It seems apparent that in the present systems, as the 
hydrophobicity of counter ions increases, the counter ion 
binding/condensation increases due to increased hydrophobic 
interactions and eventually the erne decrease. However, 
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Table 2 Thermodynamic parameters of micellization for dodecyl benzene sulfonate with different tetraalkylammonium counterions at various 
temperatures: Standard Gibb's free energy. enthalpy, entropy and standard heat capacity and aggregation number 

-6-d,;, Mf'm 
Counterion TIK (kJ mol- 1

) (kJ mol 

NH.• 283 39.9 -6.3 

288 30.3 -7.7 

293 ,. n 
.Jo.l.U -11.1 

298 31.3 -13.2 
303 30.5 -18.0 
308 32.0 -21.1 

313 32.6 -25.2 
(CH3 }4N• 283 32.4 -21.5 

288 32.5 --22.4 

293 32.8 -23.3 

298 33.4 -24.6 

303 33.7 -25.6 

308 33.8 -26.6 

313 34.7 --28.3 

(C,H5).N+ 283 31.1 -12.2 

288 31.5 -12.8 

293 31.4 -13.1 

298 31.8 -13.8 

303 32.2 -14.3 

308 32.9 -15.1 

313 33.0 --15.6 

(C3 H 7) 4N' 283 30.9 -8.5 

288 30.9 -8.7 

293 31.2 -9.1 

298 31.6 -9.S 

303 31.9 -9.9 

308 32.4 --10.3 

313 32.7 -10.7 

(C.,H9 )•N+ 283 29.7 -17.6 

288 30.9 -18.9 

29J 31.2 -19.8 

298 31.9 -20.9 

303 32.1 -21.8 

308 32.8 -23.1 

313 33.0 -24.0 
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Fig. 5 Aggregation number change with the change of alkyl Chain 
length of R in R4 N+ counterion. 
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as::, -6-~m 
') 0 mol ') (J mol 1 K ') Aggr. no. 

118.7 405 08 
78.5 488 

67.9 571 
60.7 654 
41.2 737 

35.4 820 

23.6 903 

38.34 141 17 
35.05 159 
32.21 177 

29.46 195 

26.47 213 

23.17 231 

20.41 249 

66.68 108 34 

65.09 116 

62.50 124 

60.81 132 

59.08 140 

58.02 148 

55.53 156 

79.05 81 27 

76.93 87 

75.34 93 

74.03 99 

72.76 105 

71.64 111 
70.26 117 

43.07 245 25 

41.71 241 

38.93 237 
36.96 233 

33.97 229 
31.74 225 

28.98 221 

enhanced electrostatic charge screening of the head groups is 
incapable of increasing the aggregation number of the micelles 
for tetrapropyl and tetrabutylammonium counter ions. On the 
other hand, micellar surface probably does not offer sufficient 
surface area to accommodate all the N+Rt counter ions that 
must bind to the micelle to ensure their stability. Therefore, the 
micelles become smaller in size and more in number to provide 
larger surface area in order to pack a large number of counter 
ions. 

Energetics of micellar processes 

Using pseudo-phase separation model,"-·14 different thermody
namic parameters have been determined by using temperature 
dependency of micellization. For uni-univalent ionic surfac
tants, the standard Gibbs free energy of mice!Hzation can be 
expressed as. 

AG"% = (2- a)RTln Xcmc (3) 
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here a is the counterion ionization constant for ionic surfactant 
and ~cmc is the cmc in the mole fraction scale. The standard 
enthalpy change of micellization ll.H';, can also be obtained 
from the Gibbs-Helmholtz equation:20 

Ml/,, = -RJ'1(2- a)(o In Xcm)dT)p- In Xcm~(il(2- a)lilT)p 
(4) 

The second term of the equation, which is quite small as 
compared to the first term, is difficult to determine because the 
values of a do not follow any general trend of variation as a 
function of temperature and also due to polydispersity of the 
micelle.35

•
36 Therefore, neglecting the second term of the above 

equation takes the form. 

(5) 

Further, the values of iJ In XcmcloT in eqn (s) can be obtained 
by fitting the curve of In Xn!lc vs. T to a second order polynomial 
in the following way: 

lnXcmc =a+ bT+ cfl (6) 

where a, b and c are the polynomial coefficients respectively. 

(o In XcmcliJT) = b + 2cT (7) 

The free energy of micellization, ~ and the specific heat 
capacity of micellization, Arnie~ are also determined by the 
following expressions. 

(8) 

(9) 

Here, in the Table 2, the various thermodynamic quantities 
are presented. All the calculated properties change with the 
variation in temperature and counterion present with the 
surfactant molecule. For all the micellization processes large 
negative values of ll.G~ support that the micellization processes 
are thermodynamically favourable. On the other hand, the plot 
of D..d.:, as a function of alkyl chain length in the Fig. 6 suggests 
that with increase in alkyl chain length of the counterion, the 
spontaneity of the process decreases first and then remains 
almost constants. Furthermore, with increase in temperature, 
the spontaneity of the process increases by increasing LI.G~, 
values in general. The negative LI.H';, values suggest that micel
lization is an exothermic process and for all the surfactants it 
can be explained in terms of the size and hydration of the 
counter iom;.'7

•
18

•
21 Among the different factors proposed by 

researchers, the hydrocarbon chains with water molecules have 
the major contribution to the thermodynamic factors respon
sible for dodecylbenzene sulfonate aggregation.37

'
39 Usually the 

micellization process results in an appreciable positive entropy 
change via (i) disruption of the hydrophobic hydration 
surrounding the hydrophobic tails of surfactant molecules and 
(ii) increased degree of freedom of the tails in the oil-like inte
rior of micelles. Plot of D..s::, as a function of alkyl chain length 
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Fig. 6 Gibbs free energy change with the change of alkyl chain length 
of R in R4 N+ counterion. 
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Fig. 7 Entropy change with the change of alkyl chain length of R in 
R4 N+ counterion. 

{Fig. 7) suggests that positive entropy value first increases, rea
ches a maximum and then decreases with alkyl chain length 
which may be explained with the increase in the hydrophobic 
effect and the binding capabilities of the alkyl chain length and 
after that due to the bulkiness or large size of the tetrabutyl 
group, decrease in entropy is observed. An opposite effect is 
observed as usual for llifin (Fig. 8). For tetraalkylammonium 
counterion, the hydration number decrease effect is also a 
contributing factor for the micellization process. It has been 
observed that ll.S~ decreases systematically with increasing 
temperature of a particular type of counterion that may be 
explained by the disruption of ordered arrangement of water 
dipoles around the amphiphilic part of the surfactant mole
cules. Heat capacity of micelle formation, ll.mkC::• is the 
expression for the effective interactions associated with 
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Fig. B Entropy change with the change of alkyl chain length of R in 
R4 N+ counterion. 

hydrocarbon chains. The general trend in heat capacity values 
of a surfactant increases with increase in temperature due to 
solvation of ions upon miceilization. Here, the dodecylbenzene 
sulfonate shows similar trend and the values vary from -81 J 
mol~' K~ 1 to -249 J mol-1 K~1 which is quite similar to the 
other surfactants within the temperature range 283~313 K 

suggesting execution of hydrophobic interaction by the hydro
carbon tail followed by dehydration in greater extent"·" and 
with the change of counterions, the reduction of number of 
water molecules in counterion solvation shell occurs. 

Surface properties 

The surface excess concentration maximum (Tm"") and 
minimum areas per molecule (Am;n) in the interface (aqueous/ 
air) was calculated by the following expressions:14

•
15

•
21 

Fmax = (112.303n' RI)( -iJyliJ log C) (10) 

Anun = 1/(NF) (11) 

where 'Y expresses surface tension, N is the Avogadro's number 
and C and n' are the surfactant concentration and number of 
particles per surfactant molecules respectively. For DBS moiety 
with different counterions, the n' has the value of two like uni
univalent electrolytes. Generally, the Fmax value decreases with 
increase in temperatures, but an opposite trend is also 
observed2

u especially in presence of additives. At a fixed 
temperature, the Fmax values changes in the order: (CH3).tN+· > 

(CzHs)4N+ > (C3 H7) 4 N+ > (C4H9)4N+ which is due to the head 
group·s accessibility towards counterions followed by hydration 
of the ions in reverse order. Further, with increase in temper
ature, the surfactant molecules try to form a closely packed 
monolayer film due to the decreased repulsion of the oriented 
head groups which is well established by the fact of decreasing 
Amin value is also well supported in the literature.37•

39 
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Conclusion 

Different tetraalkylammonium cation changes the cmc values 
of dodecyl benzene sulfonate moiety to a great extent in 
aqueous solution. With increase in the size of tetraalkylarn
monium counter ion the erne decreases owing to the increase in 
hydrophobicity of the head groups. Also, with increase in size, 
the hydration of the head groups decreases which can effectively 
associate the monomer into micelle at lower surfactant 
concentration. However, expected reverse trend of aggregation 
number suffers a nudge for tetrapropyl and tetrabutylammo
nium counter ions because of their steric hindrance due to very 
large sizes, which impede their binding to the micelles and 
limit the values of aggregation number. The surface parameter 
values suggest that with increase in temperature the formation 
of close packed monolayer film formation occurs due to repul
sion of the head groups oriented at the air/liquid interface of the 
surfactant solution. The thermodynamic parameters calculated 
by using pseudo-phase model also successfully explains the 
thermodynamics of micelle formation of dodecylbenzene 
sulfonate as a function of chain length and bulkiness of the 
head groups associated with the counterions. 
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