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ABSTRACT 

Study on Some Molecular Changes in Dyes Induced by 

Premicellar Ionic Surfactants 

ABSTRACT 

The present thesis describes a study of the molecular changes of three aqueous dyes 

induced by ionic surfactants by spectroscopic and surface tension measurements. The 

inferences from the experimental study have been supported by Density Functional Theory 

(DFT)-Time Dependent Density Functional Theory (TD-DFT) study. The thesis has been 

organized in four major chapters which deal with different aspects of the study as follows: 

L Introduction: Narrates the salient features of the surfactants, the dyes, background of 

the dye-surfactant interactions, the motivation behind, the objectives and the strategy 

of the present research work. 

II. Materials and method: Describes the materials used and the methods adopted in the 

research work. 

III. Results and Discussion: Presents the findings, their analysis, their interpretation, 

explanation and elucidation of the useful information. 

IV. Conclusions: Summarizes the important findings. 

Chapter I 

I. Introduction 

Chapter I is a brief introduction of the thesis. It contains a brief narration of the 

surfactants, the dyes, the earlier work done on dye-surfactant systems, the lacunae that 

remain in the research area and the motivation that inspires us to carry out the present 

research work. 

Surfactants are amphiphiles characterized by a hydrophilic head group and a 

hydrophobic hydrocarbon tail. They form monolayers at interfaces in solutions and thus 

have the ability to reduce the surface/interfacial 'tension of solutions. They can form 

organised structures called micelle or reverse micelle in aqueous and nonaqueous 

solutions, respectively, when the concentration of the surfactants reaches the critical 

concentration known as the Critical Micelle Concentration (CMC) of the surfactants. 

Aqueous dye-surfactant systems have been extensively investigated and exploited for 

understanding the fundamental properties of sUrfactants as well as for their efficient 

applications in various fields due to convenience of monitoring the behavior of dyes 

through spectral changes. 
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Surfactant assemblies can tune the electronic spectra of solution of dyes and thus 

we can say that they can alter the molecular structure of the dyes in their aqueous 

solutions. The spectral changes of the ionic dyes in presence of oppositely charged 

surfactants below their CMC have been attributed to various types of interactions, viz., 

formation of dye-surfactant salts, dye-surfactant ionpairs (DSIPs), dye-rich induced 

micelles, self-assembly of the dye-surfactant complexes, change in the chromophore 

microenvironment, induced dimerization, keto-enol tautomerism and ionpair aggregation. 

However, some of these interactions are still not unequivocally ascertained and the 

study on the interactive forces operative in these systems are not yet sufficient to arrive at 

definite conclusions. The molecular interactions which facilitate the change in the 

structure of the dye on binding to surfactants in the submicellar concentration ranges need 

better understanding. Therefore, an attempt has been made to understand the nature of 

forces operative in these systems explicitly by using UV -Vis absorption and fluorescence 

spectroscopy and surface tension measurements. A study of the changes in the molecular 

structure of two synthetic dyes - Methyl Orange (MO) and Acridine Orange (AO) of 

different charge types, and also the physicochemical behavior of a natural dye - Curcumin 

in different surfactants has been presented in the thesis. 

The reported cis-trans isomerism of MO in the premicellar cationic surfactants has 

been systematically investigated both experimentally and theoretically. We wanted to 

examine the possibility of acid-base interaction of AO in addition to the well-known 

aggregation in premicellar anionic surfactants. In the case of Curcumin, we have made an 

attempt to clearly understand the stabilization of the ~-diketo form of curcumin in 

presence of submicellar ionic surfactants of both charge types with focus on the effect of 

higher ionic strength and on the surface tension behavior of the surfactants in presence of 

curcumin. To understand the microscopic details of the observed interactions it} the chosen 

dye-surfactant systems, we have carried out DFT-TDDFT calculations. 

Chapter II 

This chapter contains the description of the materials chosen and the methods adopted in 

the study. The sources of the chemicals, the preparation of experimental solutions and 

recording of absorption and fluorescence spectra and surface tension have been described 

in this chapter. 
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11.1. Materials and Methods 

11.1.1. Materials: Three dyes and nine surfactants were chosen for our study. The stock 

solutions and the experimental solutions were prepared in double distilled water. Low 

ionic strength (1= 0.01) buffer systems were used. 

11.2. Experimental 

11.2.1. Instrumental analysis: The UV-visible spectra were recorded on a Shimadzu UV-

2550 UV-visible double beam spectrophotometer with matched pair of cells of 1 cm path 

length using thermostated cell holder. Fluorescence spectra were recorded on a Perkin 

Elmer LS 55 Fluorescence Spe~trophotometer. The surface tensions were determined by 

using a platinum ring with a Do Nouy tensiometer model 276 of JENCON, Kolkata The 

pHs were determined by using an Orion Five Star multiparameter kit ion meter (USA), Il

pH systems. 

11.2.2. Preparations of solutions: The experimental solutions were prepared by mixing 

definite volume of dye, surfactant and buffer from their stock solutions. 

11.2.3. Methodology: Freshly prepared stock surfactant solutions were used to avoid 

hydrolysis on standing. The experimental solutions were prepared by mixing the 

components. The dye was added just before recording the data to avoid any error that 

would arise due to degradation ofthe dye. 

11.2. Computational: The details of the software and the method used are: 

11.2.1. Software: Gaussian 09 

11.2.2. Method: ab initio Density Functional Theory (DFT) combined with time 

Dependent-Density Functional Theory (TD-DFT). 

11.2.3. Functional: B3L yP stands for Becke, 3-parameter, Lee-Yang-Parr. 

11.2.4. Basis set: 6-31+g( d,p) basis set for all the atoms. 

11.2.5. Solvent effects: The solvent effects were considered employing the self-consistent 

reaction field (SCRF) method with Polarized Continuum Model (pCM). 

11.2.6. Methodology: The free dye molecules as well their complexes with surfactants 

were optimized. The computational cost was reduced by replacing the long tail non

conjugated alkyl chains of the surfactants with ethyl moiety which would not change the 

low energy properties significantly at least in the submicellar concentration range. The 

optimized structures were taken for the TD-DFT calculations. 
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Chapter ill 

III. Results and Discussions 

This chapter describes the experimental results, their analysis and interpretation. For 

systematic organization, this chapter has been divided into three major sections. The fIrst 

section (Ill. I.) and second section (Ill.2.) deals with cis-trans isomerism and acid-base 

interactions of the two synthetic dyes, viz., methyl orange and acridine orange, 

respectively, in the presence of oppositely charged submicellar surfactants. The third 

section (UI.3.) is divided into two sub-sections (Ill.3.l) and (ill.3.2) which deal with the 

study of the keto-enol tautamerism of the natural dye, viz., curcumin, in presence of 

cationic and anionic surfactants, respectively. 

111.1. Cis-trans isomerism of methyl orange in cationic premicelles 
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The interaction of aqueous MO with cationic surfactants stabilizing its cis-form and 

exhibiting an UV band around 368 nm has been studied by UV-visible and fluorescence 

spectroscopy, and surface tensiometry in presence of submicellar concentration of the 

surfactants. TD-DFT has also been used to predict the molecular structure and excitation 

energies of the interaction product in the ground state. 

MO form ionpairs with cationic surfactants as revealed by surface tension and UV

visible studies. The cis-isomer of MO which absorbs at 368 nm, is stabilized in the 

premicelles formed by the ionpairs and has been found to be fluorescence active when 

excited at wavelength S 270 nm. An intense fluorescence band with maximum at 575 om 

along with a broad moderate intensity band in the range of370-530 nm and a low intensity 

band at 361 nm have been observed. The hydrophobic interaction between the surfactant 

tail and the hydrophobic groups of MO facilitate the twisting of MO for which the 

symmetry forbidden S] -+ So (n-1t*) transition becomes allowed and MO stabilizes in the 

cis form indicated by the increase in the intensity at 575. The fluorescence and hence the 
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cis-isomer again disappear when normal micelles are formed above the normal CMC of 

the surfactant. 

Optimizations of both the isomeric forms of MO complexed with CT AB fragment 

(EA) shows that the MOc.s.EA is stable over the MOtrans.EA complex by ;:::: 2.94 kJ mOrl. 

Theoretical peaks at 375.18 run and 375.21 nm were observed in case of free MOc•s and 

MOc•s complexed with CT AB, respectively. Thus, the theoretical results also indicate 

stabilization of the cis form ofMO by premicellar cationic surfactants. 

111.2. Protonation of Acridine Orange in Dye-surfactant Ionpair Micelles 
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The behavior of aqueous AO in presence of submicellar anionic surfactants has been 

studied through UV -visible, fluorescence spectroscopy and surface tension measurements. 

UV-visible spectra of AO in submicellar aqueous solutions of anionic surfactants have 

been compared to the spectra of AO in varying concentration of concentrated H2S04• TD

DFT has been used to predict the possible site of protonation of AO. 

An observed increase in absorption in the 510-580 nm region of the UV-visible 

spectra of AO in submicellar anionic surfactant solutions has been attributed to 

protonation of AO in the dye-surfactant ionpair (the PDSIP). This PO SIP formation takes 

place in addition to the well known induced dimerization (H-aggregation) of AO. The 

surface tension measurements clearly show two critical micelle concentrations (CMCs) in 

the dye-surfactant system: the lower one (CMCfP) corresponds to micellization of the 

DSIP, and the higher one (CMC*) corresponds to the normal micellization of the anionic 

surfactant. The efficiencies of the OSIP and the anionic surfactant in the systems have 

been determined. 

TD-DFT of the optimized free dye and the ionpair with the surfactant reveals that 

protonation at the terminal dimethylamino N-atom of AO is a favoured site. The 

calculated absorption maximum for protonated AO and PDSIP was found to be 475.22 nm 
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and 478.94 nm, respectively. The computational results agree with the red-shift of the 

cationic dye when it gets protonated in presence of anionic surfactant. 

Ill.3. Stabilization of the ~-diketo tautomer of curcumin in premicellar ionic 

surfactants 

Ke et al. have reported that the ~-diketo form of curcumin is stabilized by a cationic 

surfactant, viz., dodecyltyimethylammonium bromide (DT AB) in submicellar 

concentrations at pH 5.00. This was followed by a spectral study by Baruah. It is 

important to acknowledge the inherent chemical features of the curcumin molecule, 

specially, because the antioxidant activity of curcumin is attributed to its diketo tautomer. 

Therefore, we extended the study to surface tension and a detail steady state fluorescence 

measurements and TD-DFT calculation. To have a complete picture of the interaction, 

UV-visible study was also done. We also have examined the salt effect on the keto-enol 

tautomerism of curcumin observed in the premicellar solutions. 

IILl.I. Curcumin in Submicellar Cationic Surfactant Solutions 
N 2 
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The interaction of aqueous curcumin with cationic surfactants of varying chain lengths and 

head group, stabilizing its ~-diketo tautomer and exhibiting an UV band around 355 nm, 

has been studied in buffered aqueous solutions in the pH range of2.00-7.50 in presence of 

submicellar concentration of the surfactants. 

The plots of surface tension of the aqueous solutions of the cationic surfactants as a 

function of surfactant concentrations in the presence of curcumin indicated that curcum~ 

forms electrostatic ionpair complexes due to cooperative attractive forces between the 
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partial negative charges of the electron rich electronegative O-atoms of curcumin and the 

positively charged cationic surfactant head groups, thus behaving like nonionic surfactant. 

The curcumin-surfactant complexes break down as the curcumin-surfactant complex 

micelles change to normal surfactant micelles as the concentration of the surfactants 

increase above the normal CMC in the buffered solutions. An observed secondary salt 

effect on the interaction indicates the involvement of a proton in the interaction. 

DFT study showed that in presence of CT AB fragment (EA), the ~-diketo 

curcumin stabilizes with the orientation of the electronegative oxygen atoms towards the 

positive moiety which otherwise takes an anti-orientation. From natural population 

analysis (NPA), we find that there is a small amount of fractional charge transfer from 

diketo curcumin to CTAB. Theoretical peaks were observed at 350.36 run for diketo 

curcumin and 369.22 om, 368.72 om for diketo curcumin complexed with EA. 

IlL 3. 2. Curcumin in Sub micellar Anionic Surfactant Solutions 
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The mechanism of the interaction, for the newly observed UV band of aqueous curcumin, 

in presence of anionic surfactants, viz., sodium dodecylsulfate (SDS), sodium 

dodecylbenzenesulfonate (SDBS), sodium dOdecylsulfonate (SDSN) in buffered aqueous 

solutions was studied. 

The diketo curcumin interacts with surrounding water through H-bond formation 

with the oxygen atoms of the carbonyl groups and then the H-atom bound to one of the 

oxygen atoms binds with the dodecylsulfate group of the surfactant. The H-bond with 

either of the oxygen atoms, more likely to that of the sulfate group, may be close to a 

protonation. Thus, the monomeric surfactant stabilizes the twisted diketo curcumin by 
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means of a dye-surfactant complex involving H-bond formation in the acidic and neutral 

pH ranges. 

The, ~-diketo curcumin-SDS complex is more stabilized than the keto-enol 

complex by:::: 4-5 kcal M·l. Formation of the complex by the diketo form decreases the 

HOMO-LUMO energy by about 0.45 eV. From NPA calculation, we also find that there is 

a small amount of fractional charge transfer from diketo curcumin to SDS fragment (ES). 

Ground state TD-DFT calculations showed absorption peaks at 350.36 nm for diketo 

curcumin and 366.93 nm, 362.03 nm for diketo curcumin complexed with ES. 

Chapter IV 

IV. Conclusions 

This chapter summarizes the conclusions drawn from the present study on the interactions 

in the chosen aqueous dyes-surfactant systems. The main conclusions drawn are as 

follows: 

1. The cis-isomer of MO, stabilized in the premicelles formed by the MO-cationic 

surfactant ionpairs has been found to be fluorescent active when excited at wavelength 

S 270 nm. The major fluorescence band at 575 nm has been attributed to Sl --+ So (n

n*) fluorescence unlike the other azobenzenes where the S2 --+ So (n-n·) fluorescence 

which is usually reported. 

2. AO in aqueous submicellar anionic surfactants solutions forms PDSIP in the 

premicelles of DSIPs in addition to the well known dimerization of the dye. The PDSIP 

formation by AO is entropy driven and stronger with SDS than with SDBS. 

3. The ~-diketo curcumin-SDS complex is more stabilized than the keto-enol complex by 

:::: 4-5 kcal M-1
• In presence of CT AB, the p-diketo curcumin is stabilized with the 

orientation of the electronegative oxygen atoms towards the positive moiety which 

would otherwise take an anti-orientation. There is charge transfer from diketo curcumin 

to CT AB and SDS. An observed secondary salt-effect indicates the involvement of a 

proton in the mechanism of the interaction with surfactants of both the charge types. 
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I. Introduction 

This chapter briefly narrates the salient features of the surfactants, the dyes, the 

background, the motivation, the objectives and the strategy of the present research work. 

1.1. Surfactants and micelles 

1.1.1. Surfactants 

The word 'surfactant' is a blend of surface active agents, which literally means active at 

surfaces and interfaces!·2 (boundary between any two phases which are immiscible). The 

term surfactant was coined by Antara products in 19503
• Surfactants are amphiphilic 

materials possessing both a polar long hydrocarbon "tail" of carbon atoms (7-20 carbon 

atoms)! and polar, usually ionic, "head" groups. An amphiphile exhibits a dual affinity, 

which can be defined as polar-apolar duality from the physicochemical point of view. The 

unusual and versatile properties of surfactants in their aqueous solutions can be ascribed to 

its amphiphilicity. The polar or ionic head group interacts strongly with a polar/aqueous 

environment, in which it is solvated via dipole-dipole or ion-dipole interactions. In fact, it 

is the nature of the polar head group which is used to divide surfactants into different 

categories. 

Hydrophilic head group 

• 

A surfactant molecule 

Fig.I.1. A surfactant molecule 

Based on the origin, surf act ants have been broadly classified into two groups, viz., 

naturally occurring surfactants and synthetic surfactants. The typical examples of naturally 

occurring surfactants are lipids and the bile salts. All others are synthetic surfactants. 

Depending upon the nature of the ionic hydrophilic head group, the synthetic surfactants 

are primarily classified into four sub classes: (i) anionic, (ii) cationic, (iii) nomonic, and 
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(iv) zwitterionic. Some common examples of synthetic surfactants of various types are 

illustrated in the Table 1.1. 

However, a new group of surfactants known as 'gemini surfactant' has also been 

identified. Gemini surfactants are a different type of surfactants which have been of more 

scientific interest due to their greater effectiveness in modifying interfacial properties. 

These surfactant molecules are chemically bonded together by a spacer4. The spacer group 

can be hydrophilic or hydrophobic, flexible or rigid and connects two surfactant moieties 

at, or near the head group. The name Gemini was coined by Menger5. 

Table 1.1. Example of some common surfactants 

Class Examples 

Anionic Sodium dodecylsulphate 

Cationic Cetyl trirnethylammonium bromide 

Nonionic Polyoxyethylene octyl phenyl ether 

Zwitterionic Dodecyl betaine 

Structures 

CH3(CH2)llS0 4"Na+ 

CH3(CH2)15~(CH3)3I3r

CI4H220(C2ffiO)n (n=9-1 0) 

CI6H33N02 

1.1.2. Adsorption of Surfactants on Surfaces and Interfaces 

Surfactants tend to form mono layers at the surfaces of solutions as well as in the 

interfaces. Surfactant mono layers are formed in a way such that the hydrophilic 

headgroups orient towards the polar environment while hydrophobic tails remain in the 

hydrophobic environment. Adsorption of surfactants at the liquid-vapour (l!v), liquid

liquid (l/l) and solid-liquid (sll) interfaces are of immense academic and commercial 

importance utilizing the phenomenon of foaming and emulsification6
. The nature of layer 

adsorbed and the manner in which it alters or modifies the surface properties depends on 

the nature of the surfactant and its interaction with the surface. Depending on the amount 

of surfactant adsorbed on the interface/surface and the structure of the interfacial! 

adsorbed layer (the manner in which the surfactant in oriented at the surface/interface), the 

surface can become more hydrophilic or more hydrophobic. 

1.1.2.1. The Gibbs Adsorption Isotherm 

The amount of surfactant adsorbed per unit area of liquid-gas and liquid-liquid cannot be 

determined directly because of the difficulty in isolating exactly the interfacial region. 

Therefore, the amount of surfactant adsorbed per unit area of a surface or an interface can 

be calculated from the surface or interfacial tension values of the surfactants indirectly. 

2 
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From a plot of surface (interface) tension as a function of surfactant concentration in one 

of the liquid phases, rather than the adsorption isotherm, is used to describe adsorption at 

these surfaces. Thus, from such a plot, the amount of surfactant adsorbed per unit area of 

interface can readily be determined by the use of the Gibbs adsorption equation I. The 

Gibbs adsorption equation at liquid-gas and liquid-liquid interface, in its general form is 

given as: 

1.1. 

df1.1 = RTd In Qi 1.2. 

where, dy = the change in surface or interfacial tension ofthe solvent, 

C = the surface excess concentration of any component of the system 

dJ..l = the change in chemical potential of any component of the system 

aj = activity of 'i' in bulk phase 

1.1.2.2. Surface Excess Concentration of Surfactant 

For an interface, the adsorption or surface excess of a given component is defined as the 

difference between the amount of that component actually present in the system, to that 

present in a reference system if the bulk concentration in the adjoining phases is 

maintained up to a chosen geometrical dividing surface (the Gibbs dividing surface)l. For 

measurements on a nonionic surfactant of dilute concentrations (10-2 mol dm-3 or less), the 

Gibbs equation is given by the following equation where the activity is replaced by 

concentration. 

dy = - 2RT Cd In Cj 

= - 4.606 RT C d log Cj 

1.3. 

1.4. 

Where, Cj is the molar concentration of surfactant. When y is in the mN/m (= mJ/m2
) and 

R = 8.31xl07 J morl K"l then fj is in moVlOOO m2
. Surface excess concentration of a 

surfactant is a measure of the effectiveness of the surfactant I in a medium. 

1.1.2.3. Efficiency of a surfactant: pC20 

The efficiency is expressed by a quantity termed pC20. It is a useful parameter to compare 

the performance of a surfactant at the liquid-gas or liquid-liquid interfaces and determines 
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the 'efficiency' of a surfactant in a medium. pC20 is the negative logarithm of the 

concentration of surfactant in the bulk phase required to produce a 20 mN/m reduction in 

the surface or interfacial tension of the solvent] and is given by: 

1.5. 

The efficiency is determined by plotting y versus log C of the surfactant solution. It has 

been reported earlier that when the surface (interfacial) tension is reduced by 20 mN/m, 

i. e. at pC20, the surface concentration is 84-99.9 % saturated]. The negative logarithm of 

the bulk phase concentration of surfactant, pC20, in mol dm-3 
, rather than the concentration 

C20 itself because the negative logarithm can be related to the standard free energy change 

~Go involved in the transfer of the surfactant molecule from the interior of the bulk liquid 

phase to the surface or an interface. The larger the value of pC20, the more is the surfactant 

adsorbed at the surface/interface and the more is the surfactant efficient in reducing the 

surface or interfacial tension. Since, this is a logarithmic relation, a value of pC20 one unit 

greater means ten times the efficiency, that is 1110 the bulk phase concentration required 

to produce surface saturation. There is a linear relationship between the efficiency of 

adsorption at the interfaces and the increase in the number of carbon atoms in a straight

chain hydrophobic group, which reflects the negative free energy of adsorption of a 

methylene group at these interfaces. 

1.1.3. Micellization and CMC 

Due to the amphiphilicity, surfactants in aqueous solutions have an inherent tendency to 

form self aggregates of nearly spherical shape called micelles as the concentration exceeds 

a certain value (Fig.I.2). In aqueous solution, at low concentration, the surfactants remain 

as single molecules or form mono layers at the surfaces. These amphiphilic molecules 

distort the water structure and increase the free energy of the system. They concentrate at 

the surface of the aqueous solution forming a monolayer with the hydrophobic tails 

oriented away from the solvent thus minimizing the free energy of the solution. Now, 

when the concentration of the surfactant is increased and reaches the critical value, the 

surface or interface becomes saturated and starts self-aggregating to form clusters known 

as the micelles as shown in Fig.I.2. 
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Fig.I.2. Schematic representation of (a) a surfactant monomer, (b) monolayer, (c) a normal 

micelle, (d) a reverse micelle and (e) a vesicle. 

This critical concentration, at which micelle formation starts, characteristic of a surfactant, 

is called its critical micelle concentration (CMC) as already mentioned. In aqueous or 

polar solutions, the surfactant molecules orient their hydrophobic tails towards the core of 

the micelles and the hydrophilic head groups toward the solvent. In nonpolar medium, the 

aggregates are oriented in such a manner that the polar head groups of the surfactants are 

shielded from the nonpolar solvent by the hydrocarbon tails. These aggregates have been 

termed as "reverse micelles". Thus, CMC of a surfactant is a narrow range of 

concentration rather than a particular concentrations. The IUPAC defines CMC as "There 

is a relatively small range of concentrations separating the limit below which virtually 

no micelles are detected and the limit above which virtually all additional surfactant 

molecules form micelles". Many of the properties of the surfactant solution appear to 

change at a differently above and below this range9 when we plot them against 

concentration 

Since the first inception made by J. McBainlo and Hartle yll , micelles have been 

very useful in various fields of science and technology due to their excellent solubilization 

power and other properties exhibited and have been the subject of excellent reviews, 

reports and books 10,12-32. The CMC can be determined by plotting the changes in the 

various physical properties viz. surface tension, electrical conductance, light scattering, 

refractive index, viscosity, turbidity, osmotic pressure, spectral changes and solubilization 

against the concentrations of surfactants which is illustrated by Preston's classic graphI9
,33-

37, (Fig.I.3). 
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Interfacial tension 

ConceJlltration of Snrfactants 

Fig.I.3. Changes of some physical properties of aqueous surfactant solution (in arbitrary 

scale) with concentration of the surfactant l
. 

The CMCs of some common surfactants at 298 K in aqueous medium are shown in 

Table 1.2 1
,12-14. The CMC of surfactants depend on a number of factors: (a) the length and 

structure of hydrophobic carbon chain, (b) the nature of the head group, (c) the presence of 

additives, (d) the temperature, etc I9
,33-37. 

Table 1.2. The literature values 1 of the CMCs of some common surfactants at 298K in 

water. 

Surfactant 

Sodium Dodecyl Sulphate (SDS) 

Sodium Dodecyl Benzene Sulphonate (SDBS) 

Sodium Dodecyl Sulphonate (SDSN) 

Cetyl trimethylammonium bromide (CTAB) 

Tetradecyl trimethylammonium bromide (TT AB) 

Dodecyl trimethylarnmonium bromide (DT AB) 

Cetyltrimethyl pyridinium chloride (CPC) 

Cetyltrimethyl pyridinium bromide (CPB) 

Iso-octylphenoxy-polyethoxy-ethanol (Triton X-I 00) 

CMC / (mol dm 3) 
8.20 x 10-3 

1.20 x 10-3 

1.22 X 10-2 

9.20 X 10-4 

3.60 X 10-3 

1.60 X 10-2 

9.00 X 10-4 

9.20 x 10-4 

3.00 X 10-5 
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1.1.4. Thermodynamics of micellization 

Micellization takes place spontaneously due to the decrease of free energy. The primary 

driving force is the hydrophobic force, though both hydrophobic and electrostatic 

interactions are responsible for micellization. The large negative. value of 6Go is mainly 

due to the large positive values of 6S. The entropies of micellization even when negative 

are much smaller than T6S1 giving negative free energies. The positive entropy change 

during micellization has been attributed to fIrstly, due the destruction of the ordered 

structure of the water molecules surrounding the hydrophobic tails of the monomeric 

surfactant in aqueous medium when the hydrocarbon tails are moved away from the 

aqueous medium to the interior of the micelle, upon micellization. Secondly, due to an 

increase in the freedom of the hydrocarbon tails in the nonpolar core of the micelles. The 

micelle formation thermodynamically has been treated using a mass action model and 

phase separation model38
, where the standard free energy of micellization 6Go nne is 

described by Eq. 1.6, 

6Gonne = - RTlnXcm: 1.6. 

where, Xcrne is the mole fraction of the surfactant at CMC 

1.1.5. Micellar features 

Surfactant monomers aggregate to form micelles and each micelle consists of a defInite 

number of surfactant molecules known as aggregation Dumber. Thus, an aggregation 

number (N) is a description of the number of surfactant monomers present in a micelle 

once the CMC has been reached. Each micelle consists of aggregation number usually 

ranging from 10 to 150, which determines its general size and shape21
,39,40. The size and 

shape of the micelle formed in aqueous medium is important in determining various 

properties such as viscosity, cloud point determination and also the capacity to solubilize 

the water insoluble substance etc. The sizes of the micelles normally cover the range of 1-

10 nm21,40. 

Ionic micelle forms an electrical double layer. The Stern layer encompasses the 

interfacial region containing the head groups in the electrical double layer formed by the 

ionic micelles and it extends to about one half of the counterions associated with the 

micelle and water19,41,42. 
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However, in case of nonionic micelles, the hydrated polyoxyethylene chains 

comprise the outer region36
. A pictorial representation of a spherical micelle with 

illustration of its different regions is shown in Fig.I.4. The micelle can assume different 

shapes depending on the nature of the surfactant and its concentration 15,43-49. Some of the 

principal morphological structures are shown in Fig.I.5. 

(a) (b) (c) (d) 

Fig.I.5. The schematic picture of some surfactant micelles: (a) spherical, (b) oblate, (c) 

cylindrical and (d) lamellar. 

The size as well as the shape of micelles is of great theoretical interest, but of very 

less significant in terms of surfactant applications. However, the more important is the 

concentration at which the formation of micelle takes place, the critical micelle 

concentration, since at this concentration, many of the most useful surfactant properties 

come to play. 
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Micellization is governed by the hydrophobic interaction between the hydrophobic 

alkyl chains and the polar repulsion between the head groups40,50. Also, in addition to 

electrostatic repulsions of the surfactant head groups, the repulsions due to the hydration 

of the head groups also govern the process of micellization. The interfacial tension exerts 

an opposing force that tends to decrease the effective area of the head group. In the year 

1976, Israelachvilli37 introduced a relationship between the shape of a surfactant monomer 

and the morphology of a micelle on the basis of the packing parameter approach. Based on 

the range of the value of the packing parameter, morphology of the aggregates was 

suggested. The approach was criticized by several authors51 ,52. Later, Dobos52 introduced a 

new parameter, viz., micellar proportion, as a parameter to express the time spent by an 

analyte in the micellar phase in comparison to the whole migration time of the analyte. 

The determined micellar proportion for various analytes differing in structure and the 

experimentally determined values were utilized to compare the hydrophobicity and 

retention ability of the pseudostationary phase. 

1.1.6. Assemblies of surfactants other than micelles 

Surfactant may self assemble to form a variety of aggregates including the microemulsions 

and biological membranes apart from the micelles and reverse micelles. If a small amount 

of oil is added to an aqueous solution of surfactant, the surfactants aggregate around the 

oil drops. This type of surfactant aggregates is called microemulsion (oil in water, O/W). 

The term microemulsion was introduced by the English chemist J.H. Schulman in 195953 

Microemulsions are thermodynamically stable, macroscopically homogeneous dispersions 

of water-in-oil (W/O)54-56 or oil in water (O/W) als057,58. O/W microemulsions can be 

formed by dispersing oil in an aqueous surfactant solution and adding a short chain 

alcohol or amine as a co-surfactant. Sometimes a cosurfactant, usually an alcohol of 

micelle chain length, is required for microemulsion formation59,6o. The solubilizing ability 

of micro emulsions is much higher than that of the micellar solutions61 . Biological 

membranes are made up of phospholipid bilayers. There are two layers of phosphate 

"heads" with fatty acid "tails" in the biological membranes62,63. 

1.1.7. Solubilization by micelles 

Solubilization into aqueous media is of practical importance in many industrial processes 

such as detergenc/ 8,64-66, emulsion polymerization67, micellar catalysis 11 ,42,68, oil 

recoverl9-71
, drug delivery8,72, etc. The extent of solubilization of the solubilizate 
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depends on factors viz., the structure of the surfactant molecule, concentration of the 

surfactant, molecular properties of the solubilised species, temperature and added 

electrolytes73-75 . The locus of solubilization varies with the nature of the solubilizate and is 

of great importance as it in a way reflects the type of interaction between the micelle and 

the solubilizate. X-ray diffraction76,n, UV-visible spectroscopl8 and NMR 

spectroscopy79,80 are the various methods that have been used to determine the sites on 

solubilization in the micelles. Based on these reports, the solubilizate is believed to be 

solubilized at different locations in the micelle l
, viz., on the micellar surface, between the 

hydrophilic head groups, in the layer between the hydrophilic head groups and the fIrst 

few carbon atoms of the hydrophobic tail and in the nonpolar core of the micelle. 

Generally, polar solubilizates are solubilized near the micelle surface, whereas non polar 

solubilizates are solubilized in the non polar micellar core. There is a linear relationship 

between the free energy of solubilization and the number of carbon atoms of the 

solubilizate as well as with the number of carbon atoms in the hydrocarbon chain of the 

surfactants 1,15,81. 

A number of experimental techniques have been used to study the solubilization 

equilibrium, ion-ion, ion-dipole, dipole-dipole as well as hydrophobic interactions of 

solubilizate with surfactant micelles, such as vapour pressure measurements82.84
, 

maximum solubilitl5, calorimetrl l ,86, semi-equilibrium dialysis87-89, etc. Additives also 

considerably affect the solubilization process l ,90-94. 

1.1.8. Applications of surfactants 

The extensive importance of surfactants in practical applications as well as of scientifIc 

interest has sparked a plentiy of published literature on the particular subject. Good 

beginning points for basics on surfactants are the classic books of Rosen l
, Myers95 and 

Mittal96. The applications of surfactants in scientifIc interest and in industries industry are ~ 

legion, which ranges from primary production processes of the recovery and purifIcation 

of raw materials used in the mining and petroleum industries, to enhance the quality of 

products such as paints, cosmetics, pharmaceuticals, and foods. Amphiphiles exhibit 

properties other than tension lowering and this is the reason they are labeled according to 

their main use such as: soap, detergent, wetting agent, dispersant, emulsifier, foaming 

agent, bactericide, corrosion inhibitor, antistatic agent, etc. They are even sometimes 

known from the name of the structure they are build such as membrane, liquid crystal, 

microemulsion, liposome, gel or vesicle etc. 
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Surfactants play an important role in many aspects of our day to day life ranging 

from the formulation of industrial products to biological applications97-112. Starting from 

the household detergencyl,97, surfactants are used in the production and processing of 

foods98-100, in the agrochemicalslol-103, pharmaceuticalsI43-107, petroleum product 

industries2,108,109, mineral ores2, 108, fuel additives and lubricantsilo-III, paints l12,l13, 

coatings and adhesives J14
-
117

, and also in removing hazardous materials from the waste 

water discharged from industries 118-120. Moreover due to greater advantages in 

performance by Gemini surfactants, we can anticipate their use in a multitude of 

app lications 121 ranging from soil remediation and oil recovery to commercial detergents, 

when a favorable cost/performance ratio is needed to be taken into account. 

1.2. The dyes 

Dyes have been used since the ancient times. They were extracted from natural sources 

like plants, flowers and also from animal substances. As early as 1500 B.C., the mummies 

of Egypt were wrapped in linen strips dyed with indigo or woad. These wrappings 

although 3500 years old still retain their blue colour. In Greco-Roman period, the indigo 

was used for the blue colour while red cloth was achieved with the use of kermes insect. 

One precious animal dye with a glorious history which became available for home 

consumption in Crete in 1600 B.C. was Tyrian purple. It was derived from crushed sea 

snails. Almost four million molluscs were required to make one pound of dyestuff. 

Therefore only rich people could afford to wear colored clothes. In 1856 William Henry 

Perkin discovered the first synthetic dyestuff 'Mauve' while searching for a cure for 

malaria. It is an oxidation product of aniline. 

Dyes are soluble compounds and possess a specific affinity for the substances for 

which they are used. A dye must have suitable color, capable to fix on the substrate, light 

fastness and resistance to water, dilute acids and alkalis. On the other hand, pigments are 

compounds insoluble in the media in which they are applied and can only be attached with 

the help of a second compound, for example, by using polymers in paints. Dyes are widely 

used for coloring textiles, leathers, in printing, photography, thermal writing displays, in 

lasers etc. Dyes also find important in latest technologies like lasers and displays. 

In the year 1876, Witt for the first time showed that color is usually exhibited by a 

compound containing a group with multiple bonds. These are known as chromophores. 

The chromophore is a region in the molecule where the energy difference between two 

different molecular orbitals falls within the range of the visible spectrum. Generally, 
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chromophores are unsaturated groups like aromatic rings, N=N, C=N, NO, N02, quinoid 

structure etc. On the other hand, there are some groups of atoms attached to a 

chromophore which modifies the ability of that chromophore to absorb light. These are 

known as auxochromes. Modifiers like alkyl group that affect the absorption spectra of the 

dyes can also alter the colour of the dyes. Dyes interact with certain histologic or cytologic 

I structures yielding a color change, known as metachromacy.122 The metachromic behavior 
• 

of dyes is used in biological staining. 

Three methods for naming the dyes exist. The first method each dye has been 

issued a C.I. (Colour Index) by the Society of dyes and Colorists, u.K. and has been listed 

in a series of books known collectively as the Colour Index of "The SocIety of Dyers and 

Colorists", Bradfort, u.K., 1971-1982. The rules of the second method of naming are 

found in the Nonemclature of Organic Chemistry (International Union of Pure and 

Applied Chemistry, IUPAC, 1957). This second method of classification was 

implemented by the Chemical Abstracts Service (CAS) in 1965 by issuing a number 

called "CAS Registry Number" which was unique for each chemical substance. The third 

system of naming the dyes constitutes the commercial and trivial names for the dyes. 

1.3. Dye-surfactant systems 

1.3.1. Interactions in the Dye-surfactant systems 

The interactions between the dyes and the surfactants both in the premicellar and micellar 

concentrations of the surfactants have been utilised for a myriad of applications. The 

combined electrostatic and hydrophobic interactions21 relate to many biologically 

important processes. Interactions between oppositely charged dyes and surfactants help us 

to understand the combined electrostatic and hydrophobic interactions that govern such 

biological processes. However, the mteraction between the oppositely charged dyes and 

surfactants is not a new aspect of study. In fact this has been the subject of several reports. 

Several reports on the spectral changes of the dyes in presence of surfactant 

medium came into being. In the year 1934, it was Hartley, who for the first time reported 

that the presence of long chain salts had a very large effect on the color of acidimetric 

indicator dyes 122. He correlated the color change of the dyes with the charge of micelles 

and stated the "Hartley's Sign Rule." According to the Hartley's Sign Rule, the indicator 

equilibrium of the indicator dye is hardly disturbed if the charge of the indicator (in acid as 

well its conjugate base form) is of the same sign as that of the micelle. Secondly, if the 

indicator is neutral in one of its form, the equilibrium is shifted to the acid side by anionic 

and to the alkaline side by the cationic micelle. Finally, if both forms of the indicator are 
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of opposite sign to that of the micelle, the direction of displacement depends on some 

particular factors. 

There have been excellent reviews of the scattered literature on dye-surfactant 

interactionsI2,123-126,. Surfactant assemblies, both in micellized and premicellized form are 

well known for tuning the electronic spectra and sometimes appearance of new bands are 

accompanied by the disapperance of the original bands of dyes and various 

chromophoresI22-136. The positions of the absorption bands of the dyes are sensitive to 

medium; therefore they can be used as reporter molecules for solvatochromatic 

micropolarity. Solvatochromism is observed in all types of dyes, viz., all classes of 

synthetic dyes as well as natural dyes. E.g., azo I26,134-160, acridinium I61-179, azine I80-187
, 

cyanine 188-192, triphenylm~thanel92-205, anthraquinone206,207, phenazinium 187,208-214 

sulphonapthalein215-219 and curcumin220-224. 

1.3.2. Dye-surfactant interactions in submicellar surfactant solutions 

If a surfactant is added to a solution of a dye at submicellar concentrations, specific 

molecular interactions takes place between the dye and the surfactant, which primarily 

occurs with surfactants that are oppositely charged to the dye123. Premicellar dye

surfactant aggregate formation and also formation of molecular complexes of having 

characteristic physicochemical features at concentrations far below CMC of some 

surfactants is a very well known phenomenon which are exhibited by ionic surfactants in 

presence of an submicellar ionic dye of opposite charge211 . The specific changes in the 

absorption spectral bands of the dyes, characteristic of the dyes, associated with such 

interactions were attributed to self-assembly of dye-surfactant complex 185,226-228,' formation 

of dye-surfactant salf26-228" ion_pairs214,217,218,229-23\ dye-rich induced micelles232-234, 

induced self-assembly of dyes234-24I , change in the microenvironment of the dye242 and 

formation of charge transfer complexes21 1,243. The type of interactions depends mostly on 

the chemical structure and nature of both of the interacting compoundsJ23. The scattered 

literature on dye-submicellar surfactant systems have been summarized below. 

The absorption spectrum of pinacyanol chloride in presence of anionic surfactants 

was studied and the changes were attributed to the formation of micelle. Based on the 

spectral changes produced by solubilization of the dyes by the oppositely charged 

surfactants, Corrin and Harkins244 developed a method for determination of the CMC of 

the surfactants. Dutta et al. 214 studied the interaction of phenazinium dyes with anionic 

surfactants in the submicellar concentration ranges and attributed the observed spectral 
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changes to an induced protonation of Safranin 0 dye in the dye-surfactant ionpairs. Hiskey 

and Downe/45 investigated the interaction between octadecyltrimethyl ammonium ions 

and methyl orange over a pH range form 0 to 12. They attributed the spectral changes to 

an association between the quaternary salt and the basic form methyl orange and reported 

that the association increased the ionization constant of methyl orange by 6.2 pKa units. 

Hiskey and Downey suggested the formation of insoluble dye-surfactant salt at the 

concentrations of the surfactant far below CMC. 

Mukherjee and Mysels246 used spectrophotometric as well as electrical 

conductivity measurements of the pynacyanol-sodium dodecylsulphate system identified 

the presence of two types of dye-surfactant aggregates: (i) below the CMC, a dye

surfactant salt is formed a coarse stable slurry in the presence of more than a 

stoichiometric amount of surfactant, and (ii) dye-rich micelles, at below and around the 

CMC, where the water-insoluble dye-detergent salt was solubilized. Guha et al. 247 

attributed the changes in the UV-visible spectra and the decrease in fluorescence intensity 

of thionine to be due the formation of a dye-surfactant complex at sodium dodecylsulphate 

concentrations below the CMC. 

Reeves and Harkaway140 also suggested a model for the metachromism of methyl 

orange (MO) in the presence of the cationic surfactants. They attributed the spectral 

change of MO with the submicellar cationic surfactants to formation of surfactant 

homomicelles. The band is shown to result from a dye-dye stacking interaction rather than 

from a change in dye geometry. They also added that the variation of the surfactant: dye 

(S:D) ratio gives distinct absorption bands characteristic of three disperse states: (1) a band 

similar to that of free dye at S:D ratios near the equivalence point is due to a 

microcrystalline suspension of the insoluble salt; (2) the dye aggregate band at larger S:D 

ratios characteristic of mixed micelles having a significant population of dye molecules 

occurring side-by-side with their molecular axes nearly parallel; and (3) a band similar to 

that of the dye dissolved in an organic medium at concentrations of the surfactant near the 

CMC. 

Dye-surfactant mixtures are more surface active than CT AB alone at surfactant 

concentrations near the CMC. Changes in the spectra of Metal-Chrome Azurol S (CAS) in 

presence of surfactants have been carried out. The reports concluded the formation of 

submicellar ternary complexes of Be-Chrome Azurol S with cetylpyridinium chloride 

(CPC)248 and CTAB249. Similar, conclusion was drawn by Callahan et al. 205 also. Goturk 

et ai. 250 studied the interaction between cationic dye Safranin 0 with the anionic 
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surfactants and by the method of continuous variations, also called Job's Method 

determined the equilibrium molecular complex formation ratio as determined as 1:1. 

Rodriguez et al.2S1 reporte!i the formation of premicellar aggregates of the surfactants in 

presence of pyranene by photophysical methods. In 2013, Rahman et al.252 attributed the 

spectral changes of malachite green to the binding of monomeric SDS with the 

carbo cationic dye. 

From surface tension study, Gohain et al. 212
,217,218,253 reported the presence of two 

CMCs - the first CMC corresponding to the micellization of the dye-surfactant ionpairs 

and the second CMC corresponds to the normal CMC of the surfactant. They reported the 

deprotonation of some sulphonapthalein and triphenylmethane dyes in the dye-submicellar 

surfactant ionpair micelles. On the other hand they also reported that some cationic dyes 

can be further protonated in the presence of submicellar anionic surfactants in the ionpair 

premicelles formed by the dye-surfactant ionpairs. These ionpair form mono layers on the 

surface and have high surface tension reducing efficiency. Also, Shahir et al. 254 reported 

the formation of ionpairs of tartrazine with some cationic and Gemini surfactants which 
-
migrate to the surface to form ionpair rich monolayer thus exhibiting higher efficiency of 

the surfactants. 

1.3.3. Interaction of dyes with micellized surfactants 

Submicellar interactions between oppositely charged dyes and surfactants are electrostatic 

and hydrophobic induced253 . However, at CMC or concentrations above CMC of the 

surfactants, the dyes are found encapsulated222,255,256, solubilized257-262, stabilized or 

partitioned via incorporation into surfactant micelles.263-269 Generally, hypsochromic apd 

bathochromic shift of the original dye bands are observed upon interaction of a dye with 

oppositely charged micelles232,245,246,27o-273. Micelles can affect the pKa of 

indicators 161,187,274-276. 

The interaction of the various dyes with micelles of different charges has been 

attributed to various types of interaction mechanisms. Association with micelles I87,268,277, 

CT complex formation243
, localization at the hydrophobic interior and hydrophilic 

interface of the micelle 162 were supposed to be the nature of interaction. Moulik et al.243 

reported the primary requirement for acridine orange-surfactant (anionic) system was 

electrostatic interaction; the hydrophobic effect to be secondary and may be also co

operative. Molecular245 and CT interactions243
, and shift in the pKa of the dyes236 were 

observed in azo dyes in presence of anionic micelles whereas solvatochromism247
, 
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electrostatic interactions274 and association with micelles275 were observed in presence of 

cationic micelles. 

1.4. Changes of the dyes induced by premicellar solutions 

1.4.1. Molecular changes in the dyes 

Premicellar solutions of ionic surfactants induce specific interactions between the dye and 

the surfactant, which primarily occurs with surfactants that are oppositely charged to the 

dye. Complex formation226-228, salt formation226, dimerization, aggregation234-24I , etc do 

not lead to a change in the structure of the dye molecule. Though dimerization or 

aggregation in dyes is induced by premicellar surfactants, yet, there are other dyes which 

exist in various isomeric or tautomeric forms. In 1971, Quadrifoglio l35 reported trans to 

cis isomerism of azo dyes in presence of cationic polyelectrolyte and with colloidal 

electrolytes. Moreover, there are other dyes which exist in various tautomeric forms and 

exhibit specific spectral characteristics in presence of premicellar surfactants. There may 

be a possibility of tautomerism of these dyes to another form in presence of oppositely 

charges submicellar surfactants as reported by Ke et al. 276 followed by a spectral study by 

Boruah277. Gohain et ai. 296 focussed on the protonationldeprotonation of the dyes after 

ionpair formation and reported changes in the spectra of some triphenylmethane, 

sulphonapthalein and phenazinium dyes. These indicate some acid-base equilibria in these 

systems. All these interactions occurred in presence of oppositely charged premicellar 

surfactants. Since, mere ionpair formation does not lead to spectral change, thus, there 

may be specific interactions in the ionpairs leading to a change in the molecular structure 

also of some of the dyes. 

On the other hand, Time Dependent Density Functional Theory (TDDFT) 

calculations can be used in reproducing or predicting absorption wavelength of 

dyes/chromophores278
-
293

• The electronic spectra of Pechmann dye family was modelled 

by TD-DFT and Time Dependent Hartree Fock (TD-HF) ab-initio calculations by 

Kantchev et ai. 280 They concluded that TD-HF underestimated the UV-Visible absorption 

maximum, while, pure TD-DFT had led to an overestimation when compared with the 

experimentally found absorption maximum. Jacquimin et a/. 281 studied the 1[-1[. transition 

of more than 100 organic dyes from the major classes of chromophores by TD-DFT 

method relying on a large number of basis sets and also solvent models. Bourass et ai. 282 

showed that TD-DFT with a hybrid exchange correlation functional in conjunction with 

polarized continuum model for solvation with 6-31+g(d,p) basis was reasonably capable 
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of predicting the excitation energy, the absorption and the emission spectra of five novel 

organk donor-n acceptor molecules used for dye sensitized solar cells and for organk 

solar cells. Also, some of the essential parameters related to the photoelectric chemical 

properties of some Ti (IV)-dye complexes were studied by DFT -TDDFT at the B3L YP/6-

31 +g (d,p) level of theor!83,284. It is also noteworthy to mention that TD-DFT calculations 

can incorporate environmental effects als0289. Homen-de-Mello et al. 29o studied the 

structure and electronic spectra of some cationic dye dimers. They reported the 

conformations for the dye dimers and also analysed the variation of interaction energy as a 

function of the monomer (dye) distance. They also reported the effects of so Ivation on the 

theoretical spectra of the cationic dye monomers29
! computed by ZINDO, TD-HF and TD

DFT calculations. 

1.4.2. Acid-base equilibrium of the dyes in aqueous medium 

The acid-base reactions are proton transfer reactions and the study occupies an 

indispensable area in chemistrY94,295. When an acid-base indicator is dissolved in water, it 

undergoes the following equilibrium 

1. 7. 

1.8. 

where, A Z and Bz-
1 are the acid and the conjugate base, respectively and Ka is the acid 

dissociation constant Due to the high values of Ka values, a logarithmic measure of the 

acid dissociation constant is used. The logarithmic constant, pKa, which is equal to -

10gIO Ka, is referred to as an acid dissociation constant: 

pKa = -log Ka 1.9. 

The acid-base forms absorb light and the absorption by the protonatedJ A Z and that of the 

deprotonated, BZ
'! species are different296. Depending on the pH of the medium, the above 

equilibrium CEq. 1.8) shifts to the left or right accompanied by the change of color. A 

characteristic property of an indicator dye is the pKa, which is the pH of the aqueous 
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indicator solution at which the activity of the acid form of the indicator dye is equal to that 

of the conjugate base form. 

1.5. Lacuna and rational 

Dye-submicellar surfactant interactions occupies an important place in the domain of 

combined electrostatic and hydrophobic study, yet some of these systems have not been 

settled and demand further study to arrive at definite conclusions. There is an enormous 

literature on the anionic methyl orange in presence of oppositely charged cationic 

surfactant. The appearance of the UV-band of the dye in presence of sub micellar cationic 

has been the subject of several reports. Despite several interpretations have been put 

forward for the appearance of the UV band of MO in submicellar solutions, the matter is 

not yet unequivocally settled and demand further study using various other tools. 

There are reports on the H-aggregation of an acridinium dye, viz., acridine orange 

but the absorptions in the longer wavelength side of the visible spectrum of the dye has 

remained unnoticed or has been paid less attention. We anticipate the possibility of 

occurrence of a proto nation of the dye, like that of phenazinium dyes, in the presence of 

the submicellar anionic surfactants in addition to the well known surfactant induced 

aggregation of the dye. The system of acridine orange-anionic surfactant system may be 

studied further to examine the possibility of the sub-micellar surfactant induced 

protonation. 

Curcumin is a natural dye of versatile medicinal activity. Most of the previous 

studies on curcumin-surfactant systems have been carried out with concentrations of the 

surfactant above CMC, where the nature of the interactions is somewhat simple and better

known. Curcumin exists in various isomeric forms depending on the polarity of the 

solvent. Surfactants solutions provide a wide range of polarity. Ke et al. 276 reported the 

stabilization of its ~-diketo tautomer by a submicellar cationic surfactant DT AB. The 

important antioxidant property of curcumin is attributed to its ~-diketo tautomeric form. A 

spectral study of curcumin in presence of submicellar and micellar ionic surfactants in 

presence as well as in absence of polymers was also carried out by Boruah277. However, 

the detail nature of the interactions leading to the tautomerism including the effect of ionic 

strength on the mechanism of stabilization of the ~-diketo tautomer of curcumin is of 

immense importance, due to the diverse medicinal importance of the dye, which needs 

systematic investigation. 

- 18 



Introduction Chapter-I 

Thus, an attempt will be made to understand the nature of forces operative in such 

systems explicitly by using UV -Vis absorption and fluorescence spectroscopy and surface 

tension measurements. Our experimental inferences will be supported by Density 

Functional Theory (DFT) combined with Time Dependent calculations. The 

computational calculations can give us the microscopic details of the structural stability 

and the excitation energies of the interaction products between the dye and a premicellar 

surfactant. 

1.6. Aim and objectives 

The aim of the present work was to understand the nature of forces operative in aqueous 

dye-surfactant systems explicitly by using both experimental and computational 

techniques. The experimental techniques include UV-Vis absorption and fluorescence 

spectroscopy and surface tension measurements and computational method, viz., Density 

Functional Theory (OFT) combined with Time Dependent calculations. The 

computational calculations can give us the microscopic details of the structural stability 

and the excitation energies of the ground state interaction products between the dye and a 

premicellar surfactant. A study of the changes in the molecular structure of two synthetic 

dyes - Methyl Orange (MO) and Acridine Orange (AO) of different charge types, and also 

the physicochemical behavior of a natural dye - Curcumin in different surfactants was 

proposed. We aim to have a detail study of curcumin in presence of surfactants of both the 

charge types in the submicellar medium in buffered with more focus on the mechanism of 

interaction. The different surfactants were chosen without a tremendous change in 

structures. 

The work was planned as described below: 

• Preparation of the aqueous solutions of dyes and surfactants and their mixtures. 

• Recording of UV -Vis and fluorescence spectra of the aqueous dye solutions as a 

function of concentration of surfactants ranging from very low below the CMC of 

the surfactant to above the CMC. 

• Recording of the surface tension values of the aqueous surfactant solutions in the 

full range in absence and in the presence of the dyes to evaluate the effectiveness 

and efficiencies of the surfactants in the dye-surfactants systems. 

~ Comparative study of the surface tension behavior of the dye-surfactant systems 

with the spectral behavior. 
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• Perfonnance of DFT-TDDFT calculations on the structures of dyes and 

surfactants, and their combinations. 

Thus, an attempt to understand the nature of forces operative in the above-mentioned 

systems explicitly by using the experimental methods, viz., UV-Vis absorption and 

fluorescence spectroscopy and surface tension 

At the end of the chapter the author would like to acknowledge all the authors cited 

in this thesis. The author also apologizes for any lapse which might have occurred due to 

oversight or not cited or error in judgement. 
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11.1. Materials and Methods 

Three dyes which include two synthetic and one natural, nine surfactants of different 

charge types have been used in the present study. The detail description of the dyes and 

the surfactants used has been given below. 

11.1.1. Dyes 

Methyl Orange (MO): MO (Product No. M0200), IUPAC name: 4-«4-dimethyl amino) 

phenyl)-azo) benzenesulfonic acid, FW 327.24g/mol, (mp 300°C), of AR grade was 

obtained from Rankem, New Delhi, India. The dye was recrystallized from water and 

dried before use. Transition interval: pH 3.1 (red) to 4.4 (yellow). Detailed description of 

the dye is given in Table 11.1. Structural formula is shown in Fig.II.1. 

Acridine Orange (AO): AO (Product No. 61841500251730), IUPAC name: N,N,N',N'

Tetramethylacridine-3,6-diamine, FW 301.81 g/mol, Cmp 300°C), of AR grade was 

obtained from Merck, Mumbai, India. The dye was recrystallised from water and dried 

before use. Transition interval: pH 6.80 (yellow) to 8.20 (red). Detailed description of the 

dye is given in Table 11.1. Structural formula is shown in Fig.II.1. 

Curcumin: (Product No. SL09143, CAS No. 458-37-7), IUPAC name: (lE,6E)-1,7-bis(4-

hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione, FW 368.39 g/mol, (mp 175°C), of 

LR grade was obtained from Sigma Aldrich, USA. The dye was used as such. Detailed 

description of the dye is given in Table 11.1. Structural formula is shown in Fig. II. 1. 

Spectrophotometry and melting point determination methods were used to check the 

purity of all the dyes after recrystallization. 

Table 11.1. Detail description of the dyes used in the study. 

SI. Name Charge Class/ CI. No. Abbreviation 

No. type Compound 

1 Methyl Orange Anionic Azo 13025 MO 

2 Acridine Cationic Acridinium 46005 AO 

Orange 

3 Curcumin Anionic Polyphenol 75300 Curcumin 
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MO (MO- form) 

AO (AO+ form) 

o OH 

HO 

OCH3 

Curcumin (ketoenol form) 

Fig.II.1. Structural formulae of the dyes studied. 

11.1.2. Surfactants and salts used 

Chapter-II 

OH 

SDS: SDS (Batch No. T8261190) FW 288.38 glmol of electrophoresis grade was obtained 

from Sisco Research Laboratory, Mumbai, India. To remove the dodecanol impurities, 

usually present in SDS as a result of hydrolysis, the surfactant was stirred overnight in 

ether. The samples were then recrystallised twice from ethanol-water mixture and dried 

thoroughly. The CMC of the surfactant was determined by using a platinum ring with a 

Do Nouy tensiometer model 276 of JENCON, Kolkata. The CMC was found to be 8.1xlO-

3 mol dm-3 in good agreement with the literature value 1
• Structural formula is shown in 

Fig. 11.2. Detail description of the surfactant is given in Table 11.2. 

SDSN: SDSN (Batch No. 10,643-7), FW 272.38 glmol, was obtained from Aldrich 

Chemical Company, USA. The CMC of the aqueous surfactant solution was determined at 

298 K and was found to be 1.25xlO-2 mol dm-3 in good agreement with the literature 
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value 1 and was used as such. Structural formula is shown in Fig.n.2. Detail description of 

the surfactant is given in Table n.2. 

SDBS: SDBS (Lot No. 02728TI, Product No. 28,995-7) FW 348.48 g/mol, was obtained 

from Aldrich Chemical Company, USA. The CMC of the aqueous surfactant solution was 

measured at 298 K and was found to be 1.25xl0-2 mol dm-3 in good agreement with the 

literature value 1 and was used as such. Structural formula is shown in Fig.n.2. Detail 

description of the surfactant is given in Table n.2. 

CTAB: CTAB (Batch No. COl Y-0301-2202-13, Product No.37665), FW 364.45 glmol, of 

LR grade was obtained from S.D. Fine Chemicals Limited, Mumbai, India. The CT AB 

was recrystallized from acetone and dried before use. The measured CMC value 8.90x10-4 

mol dm-3 in pure water at 298 K was in good agreement with the literature value l
• 

Structural formula is shown in Fig.II.2. Detail description of the surfactant is given in 

Table 11.2. 

TTAB: TTAB (Lot No. FA005752, Pro,duct No. 86,042-5, CAS 1119-97-7), FW 336.41 

glmol, was obtained from Sigma, USA. The measured CMC value (4.0xl 0-3 mol dm-3
) of 

the aqueous surfactant solution was at 298 K and found to be in good agreement with the 

literature value l
. Structural formula is shown in Fig.n.2. Detail description of the 

surfactant is given in Table n.2. 

DTAB: DTAB (Lot No. 19805, Product No. 26876-3, CAS 1119-94-4), FW 308.35 

glmol, was obtained from Sigma, USA. The measured CMC value (1.80x10-2 mol dm-3
) of 

the surfactant in pure water at 298 K was found in good agreement with the literature 

value I. Structural formula is shown in Fig. 11.2. Detail description of the surfactant is 

given in Table 11.2. 

CPC: CPC (Batch No. 02050, Product No. 027921), MW 358.01 glmol, was obtained 

from Central Drug House (CDH) LTD, New Delhi, India. The CPC was recrystallized 

from acetone and dried before use. The measured CMC value (9.2x10-4 mol dm-3
) of the 

surfactant in pure water at 298 K was found in good agreement with the literature value. 

Structural formula is shown in Fig.II.2. Detail description of the surfactant is given in 

Table II.2. 
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CPB: CPB (Art. 818188), MW 402.46 glmol, was obtained from Merck, Mumbai, India. 

The CPC was recrystallized from acetone and dried before use. The measured CMC value 

(9.0xl0-4 mol dm-3
) of the surfactant in pure water at 298 K was found in good agreement 

with the literature value. Structural formula is shown in Fig.n.2. Detail description of the 

surfactant is given in Table 11.2. 

Triton X-tOO: Triton x-100 (Lot No. 10142986, Product No. 9002-93-1, CAS), was 

obtained from Alfa Aesar, Lancester). The CMC was not determined and was used as 

such. Structural formula is shown in Fig.n.2. Detail description of the surfactant is given 

in Table n.2. 

TBAB: Tetrabutylammonium bromide, TBAB (Lot No. 4110132, Product No. 072009), 

was obtained from Spectrochem, Pvt. Ltd., India. Structural formula is shown in Fig.II.2. 

KBr: Potassium bromide, KBr (Product No. 051623), was obtained from Spectrochem, 

Pvt. Ltd., Bombay, India 

Na2S04: Sodium sulphate anhydrous, (CAS No. 7757-82-6), was obtained from Merck, 

Mumbai, India 

+Na-0 4S 

SDS 

~Na-03S 

SDSN 

+Na-03S 

SDBS 

CTAB 
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TTAB 

DTAB 

CPC 

CPB 

1 lh .1 __ ;='\ 
IbC-I-C-I~(OCB1Clh)lO OB 

CIb CIb 

Triton X-lOO 

TBAB (salt) 

Fig.n.2. Structural formulae of the surfactants studied. 
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Table n.2. Detail description of the surfactant used in the study. 

S.No. Name Charge Abbreviation 

type 

1 Sodium dodecylsulphate Anionic SDS 

2 Sodium dodecylbenzenesulphonate Anionic SDBS 

3 Sodium dodecylsulphonate Anionic SDSN 

4 Hexadecyltrimethylammonium bromide Cationic CTAB 

5 Tetradecyltrimethylammonium bromide Cationic TTAB 

6 Dodecyltrimethylammonium bromide Cationic DTAB 

7 Hexadecyltrimethylpyridinium chloride Cationic CPC 

8 Hexadecyltrimethylpyridinium bromide Cationic CPB 

9 Triton X-I 00 Nonionic TX-IOO 

n.l.3. Water 

Double distilled water of conductivity -O.IIlS, prepared by adding KMn04 in the first 

distillation was used in th~ experiments and for preparing the stock solutions. 

n.1.4. Buffer Components 

Perrin's low ionic strength (I= 0.01) buffer systems were used throughout the study297. 

The buffer components, viz., disodium hydrogen phosphate (Na2HP04), glycine 

(H2NCH2C02H), potassium dihydrogen phosphate (KH2P04), acetic acid, (CH3COOH), 

sodium acetate (CH3COONa), potassium hydroxide (KOH) , sodium metaborate 

(Na2B407.10 H20), beric acid (H3B03), sodium chloride (NaCl), hydrochloride acid 

(HCI), perchloric acid (HCI04), sodium hydroxide (NaOH) etc., were all of AR grade 

obtained from Merck, Mumbai, India and used as such. 

n.2. Experimental 

IJ.2.1. Instrumental analysis 

The UV-visible absorption spectra were recorded on Shimadzu V-2550 UV-visible 

spectrophotometer with a matched pair of cells of 1 cm path length fitted in a thermostated 

cell holder. Temperature was maintained within ±lK using a circulating cryostat bath 

connected to the spectrophotometer during the measurements. The sample cell was pre

rinsed with the respective solutions to avoid any loss of dye by adsorption in the cuvette. 
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Fluorescence spectra were recorded on a Perkin Elmer LS 55 Fluorescence 

Spectrophotometer with the excitation and emission slit widths set at 8 nm. The 

temperatures were maintained within ±l K using a circulating cryostat bath attached to the 

spectrometer during the measurements. 

The surface tensions of the experimental solutions were determined by using a 

platinum ring with a Do Nouy tensiometer model 276 of JENCON, Kolkata. 

The pHs were determined by using an Orion Five Star multiparameter kit ion meter 

(USA), J.l.-pH systems. The pH-meter was calibrated properly with care before the 

measurements. 

All experiments were repeated at least thrice to check reproducibility. 

11.2.2. Preparations of solutions 

11.2.2.1. Preparation buffer solutions 

Double distilled water was used for preparing the buffer solutions. Doubly concentrated 

stock solutions of buffer components were prepared so that after mixing with the dye and 

surfactant solutions the resulting experimental solution contains the desired concentrations 

of the components required for the desired pH and the desired ionic strength. The buffer 

solutions were prepared by following the Perrin's table of buffer systems297. The pH of the 

aqueous buffer solutions was found to be unchanged on the addition of the surfactants 

below their CMC. 

11.2.2.2. Preparation of stock solutions of the dyes 

As curcumin is poorly soluble in water, for the preparation of 3 .8xl 0-4 mol dm·3 curcumin 

solution, 2:3 ration of methanol: water was used. In the final experimental solution the 

concentration of methanol is 3.0% and that of cur cumin is 2.5xlO·s mol dm-3
. 

Similarly, 1.5xlO-4 mol dm-3 stock solutions of Acridine Orange (AO) and Methyl 

Orange (MO) were prepared by dissolving the required quantity of the dyes in water. In 

the final experimental solution, the concentration of AO and MO was l.OxlO-s mol dm-3
. 

11.2.2.3. Preparation ofstock solutions of the surfactants 

To cover a wide range of surfactant concentrations in the experimental solutions, stock 

solutions of different surfactant concentrations were prepared in double distilled water. 

27 



Materials and Methods Chapter-II 

11.2.2.4. Preparation of experimental solutions 

Double distilled was used as solvent for preparing all solutions. Experimental solutions 

with fixed dye concentration in a wide range of surfactant concentrations have been 

prepared by volume as shown in a representative table, Table 11.3. Fixed concentrations of 

the dyes were chosen in the order to have absorbance in a suitable range. 

Table 11.3. Preparation of experimental solutions for the determination of binding 

constant for an aqueous dye-surfactant system at a fixed pH. 

[Surfactant] in 

Buffer Aqueous Water Aqueous Total final solution 

Sl. solution (ml) surfactant* (ml) dye (ml) solution (mol dm-3
) 

No. (doubly (ml) volume 
concentrate (ml) 

d) 

1 7.5 0.00 6.5 1 IS 0.00 

2 7.5 0.15 6.35 1 15 1.Ox10~ 

(0.0001) 

3 7.5 0.75 5.75 1 15 5.0x1Q-O 

(0.0001 ) 

4 7.5 1.5 5.0 1 15 1.0xlO·5 

(0.0001) 

2 7.5 3.0 3.5 1 15 2.0xl0'5 

(0.0001) 

3 7.5 6.0 0.5 1 15 4.0x10') 

(0.0001 ) 

4 7.5 0.9 (0.001) 5.6 1 15 6.0x10·5 

5 7.5 1.2 (0.001) 5.3 1 15 8.0x10·5 

6 7.5 l.5 (0.001) 5.0 1 15 1.0x 1 0--=4 

7 7.5 3.0 (0.001) 3.5 1 15 2.0x10-4 

8 7.5 6.0 (0.01) 0.5 1 15 4.0xlO-4 

9 7.5 0.9 (0.01) 5.6 1 15 6.0x10-=<l 

10 7.5 1.2 (0.01) 5.3 1 15 8.0xlO-4 

11 7.5 1.5 (0.01) 5.0 1 15 l.Ox10·3 

12 7.5 3.0 (0.01) 3.5 1 15 2.0xlO·3 

13 7.5 6.Q (0.10) 0.5 1 15 4.0xlO·3 

14 7.5 0.9 (0.10) 5.6 1 15 6.0x10=3 

15 7.5 1.2 (0.10) 5.3 1 15 8.0xl0'3 

16 7.5 1.5 (0.1 0) 5.0 1 15 1.0x10·2 

17 7.5 3.0 (0.10) 3.5 1 15 1.2x10'2 

18 7.5 2.1 (0.10) 0.5 1 15 1.4xlO·2 

. . 
*Values WIthin parenthesIs mdIcate stock surfactant concentration . 
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11.2.3. Methodology 

Freshly prepared stock surfactant solutions were used to avoid hydrolysis on standing. The 

experimental solutions were prepared by mixing the components (surfactant, water, dye, 

buffer) as shown in the Table 11.3. However, the dye was added just before recording the 

data in the spectrophotometric study as well in case of the surface tension study to avoid 

any error that would arise due to degradation of the dye. In case of solutions without any 

buffer, the volume was made up with water. 

II.3. Computational 

In order to understand the details of the structural stability and the changes in spectral 

characteristics, theoretical calculations were also done. The details of the software and 

the method used are briefed below. 

11.3.1. Software: Gaussian 09298 

II.3.2. Method: ab initio Density Functional Theory (DFT) combined with Time Dependent

Density Functional Theory (TD_DFT)278.279. 

11.3.3. Functional: B3L yp299 (Becke exchange with Lee, Yang and Parr correlation) stands for 

Becke, 3-parameter, Lee-Yang-Parr. B3LYP combines Becke's 1988 exchange functional 

with the correlation functional by Lee, Yang, and Parr. Along with the component 

exchange and correlation functionals, three parameters define the hybrid functional, 

specifying how much of the exact exchange is mixed in. Becke-3-L yP uses the following 

mixing scheme involving three mixing parameters: 

Exc = 0.2*Ex(HF) + 0.8*Ex(LSDA) + 0.72*DEx(B88) + 0.81 *Ec(L YP) + O.l9*Ec(VWN) 

II.3.4. Basis set: 6-31 +g( d,p) basis set for all the atoms. 

Significance of 6-31: The inner shells of the atoms are described using a linear 

combination of 6 Gaussians, while the valence shell are described using two sets of basis 

functions, one expanded in a set of 3 Gaussians, and the other in a set of I Gaussian. 

Significance of + (d,p): An atom in a molecule experiences a nonunifonn electric field 

arising from its nonspherical environment. By adding polarization functions to a basis set 

for the atom we directly accommodate this effect. In case of first row atoms, d-type 

functions, which are not occupied in first row atoms, play the role of polarization 

functions for the atoms Li to F. One denotes this improvement with a star C*) or a Cd) 

when only the heavy atoms are corrected with d-type functions, or with two stars (**) (or 

with a (d,p» when the hydrogen (or helium) atom is corrected as well with p-type 

functions. The '+' a diffuse function, is a mUltiple polarization functions. 
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In our case, we have atoms viz., hydrogen, oxygen, sulphur, nitrogen etc. 

11.2.5. Solvent effects: The solvent effects were considered by employing the self-consistent 

reaction field (SCRF) method with Polarized Continuum Modeeoo (PCM). The PCM is a 

popular method to take into account the solvent effects. The method considers the solvent 

as a polarisable continuum and does not consider each solvent molecule as a separate 

molecule which makes the method computationally less costly. This implicit model has 

the great advantage that the dielectric continuum response can be formulated to represent 

the response of a statistically averaged solvent, so that meaningful results can be obtained 

from a single calculation. 

11.2.6. Methodology: The free dye molecules as well their complexes with the surfactants were 

optimized. In order to reduce the computational cost, the surfactants have been modelled 

by replacing the long tail non-conjugated alkyl chains with ethyl moiety which would not 

change the low energy properties significantly at least in the submicellar concentration 

range. The vibrational harmonic frequency calculations were also performed to confIrm 

the local energy minimum structures for all the molecules. The optimized structures were 

taken for the Time dependent Density Functional Theory calculations (TD-DFT). 
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m. Results and Discussion 

In this chapter the experimental results, their analysis and the interpretation have been 

discussed. For systematic organization, this chapter has been divided into three major 

sections, each dealing with a particular molecular interaction involving one of the three 

dyes, which are described below. 

m.l. Cis-trans Isomerism of Methyl Orange in Cationic Premicelles· 

Aqueous Methyl Orange (MO) shows a band in the visible region with Amen: at 464 nm. In 

presence of submicellar cationic surfactants, the intensity of the 464 nm band decreases 

and the dye shows a new band with Ame« in the UV region of368 nm to 378 nm, depending 

on the surfactant, which has been the subject of several reports I35
,137,141-145,149-151. 

Quadrifoglio et al.135 attributed the appearance of the UV band of MO in presence 

of polyelectrolytes and colloidal electrolyte to a conformational change of the dye from 

the trans to the cis form. Reeves and Harkaway attributed the UV band of MO observed in 

aqueous solutions of cationic polymers to the formation of higher aggregates of MOI
,37. 

Vijlder suggested that a change' in the chromophore environment of MO caused by 

replacement of hydrating water dipoles by metal cation was responsible for the cis-trans 

isomerism of the dye l41
. On the basis of circular dichroism experiments, Dawber et al. 

ruled out the formation of MO dimers as a reason for the appearance of the UV-bandI42
. 

Karukstis et al. 300 assumed that an increased hydrophobic interaction of the azo group of 

MO with the alkyl chains of the alkyltrimethylammonium bromide surfactants led to the 

appearance of the UV band. Alehyen et al. 143 proposed that mono and bis-quaternary 

ammonium surfactants bind with MO in aqueous submicellar solutions to cause the UV 

band. Dutta et al.l5l proposed the formation of 'water structure enforced ionpairs' to 

e?cplain the appearance of the UV band. Buwalda et al. assumed the spectral changes to be 

dqe to aggregation of the surfactant-dye ionpair149
,150. Rafati et al. 144 and Simon et al. 145 

have reported the ionpair formation of MO with cationic surfactant. However, mere 

ionpair formation does not lead to such spectral changes 146. Thus, despite several 

interpretatipns h~v~ been pU,t fOfW¥d for the ,appearan,ce pf the UV - band of MO in 

submicellar solutions, the matter is not yet unequivocally settled and demand further study 

using various other tools. 

*This work has beenpub/ished in Spectrochim. Acta A 126 (2014) 270-279. 
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111.1.1. Electronic absorption of MO in submicellar cationic surfactant solutions 

Although the changes in absorption behavior of aqueous MO caused by cationic 

surfactants are well-studied, the absorption spectra of MO in the presence of CT AB of 

varying concentrations are presented in Fig.III.1 for clarity and completeness. The 

absorption band at 464 nm ofMO initially decreases gradually on addition ofCTAB in the 

submicellar concentrations of the surfactant up to 8.0xl0-4 mol dm·3 with a simultaneous 

appearance of a band in the UV region with absorption maximum at 368 nm 135, 137,141 · 

145 ,149.1 51. On further addition of the surfactant, the UV band gradually disappears with 

simultaneous appearance of a visible band at 430 nm which remains unaffected at above 

the CMC ofthe surfactant. The band at 430 nm is due to the stabilization of MO in the non 

polar core of CT AB micelles I5 1
)O I. 
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Fig.lll1. The UV-Vis spectra of l.Oxl0·5 mol dm·3 aqueous MO in presence of varying 

CTAB concentrations. [CTAB] / (mmol dm·3) = (I) 0.00 (2) 0.005 (3) 0.01 (4) 0.05 (5) 

0.10 (6) 0.50 (7) 0.80. 

11.1.2. Fluorescence spectra of MO 

There is no report on fluorescence of MO in water or in other systems such as submicellar 

cationic surfactants except that of MO bound to nanoparticles I41
,148 . We have observed 

that MO shows fluorescence bands at 361 and 575 nm in aqueous solutions. The 

fluorescence intensity (FT) of the 575 nm band significantly increases in the presence of 

submicellar cationic surfactants. The coincidence of the observed increase in the FI and 
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the appearance of the UV band in the presence of submicellar cationic surfactants is 

interesting since fluorescence behavior depends on the polarity of the microenvironment 

of a chromophore302
• A systematic study of the fluorescence behavior may throw light on 

the interactions involving the ionpairs leading to UV band and hence on the factors 

stabilizing the cis isomer of MO. Therefore, it was thought worthwhile to investigate the 

detail steady state fluorescence behavior of aqueous MO in absence and in the presence of 

cationic surfactants of varying chain length as well as head group. 

Ill.1.3. Corrections for shading and inner filtering of fluorescence intensity 

'Shading' and 'inner filter effects' 303,304 may arise due to addition of a foreign substance 

(in our case, the surfactants) to the probe (in our case, aqueous MO solutions) and lead to 

an additional absorbance of the excitation light or to an absorbance of the emitted 

fluorescence, of the probe, by the foreign substance. However, the 

alkyltrimethylammonium bromide surfactants (CT AB, TT AB and DT AB) do not absorb at 

all in the entire wavelength range of 200 nm to 800 nm (Fig.Ill.2). We have excited MO 

at 270 nm for our studies and therefore the excitation light, in the presence of the 

alkyltrimethylammonium bromide surfactants, has been used for the excitation of MO 

alone and is observed that the emitted light of MO is intact. On the other hand, the 

alkylpyridinium bromide surfactants (CPC and CPB) absorb in the range 231 nm to 272 

nm with a maximum absorbance at 257 nm. They have very weak absorptions at the 
• 

excitation wavelength, 270 nm and hence there may be a small shading effect by these 

surfactants. However, since the surfactants do not absorb in the wavelength range of the 

emission (300 nm to 800 nm), there is no inner filter affect due to the surfactants. So, the 

FIs in case of CPC and CPB have been corrected by considering the absorbance of CPC 

and CPB at the excitation wavelength by using the following equation suggested by 

Weert304 at each surfactant concentration: 

A +A ex, em 

2 Fcorr = Fobs * 10 IlL1. 

where, FeoIT is the corrected fluorescence value, Fobs the measured fluorescence value, Aexe 

the absorption value at the excitation wavelength, and Aem the absorption value at the 

emission wavelength. 
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Fig.III.2. Absorbance of the alkyltrimethylammonium bromide (CT AB and DT AB) and 

alkylpyridinium surfactants (CPC and CPB) in the wavelength region 200 nm to 600 nm. 

111.1.4. Steady state fluorescence spectra of Aqueous MO 

To see the emission properties of aqueous MO, we excited the molecule at five 

wavelengths viz., 250 nm, 270 nm, 290 nm, 368 nm and 464 nm. The steady state 

fluorescence spectra of aqueous MO at the different excitation wavelengths are shown in 

Fig.III.3. Two peaks were observed at 361 run and 575 nm in the emission spectra of MO 

when excited at wavelengths :::; 290 nm whereas only one peak at 575 nm was observed on 

excitation at wavelengths ~ 368 nm. With the change in the excitation wavelength from 

250 run to 464 run, the positions of both the 361 run band and the 575 nm band in the 

emission spectra remained unchanged, which suggests that these bands are true emission 

bands and not due to any second order diffraction of the excitation light305 ,306. It is 

reported that usually, azobenzenes show an intense emission band around 428 run 

corresponding to a n:-n:' transition and a weak emission band in the higher wavelength side 

corresponding to a symmetry forbidden non:' transition307-309 . A rotation around the NN 

double bond is also induced by the n:-n:' excitation309. However, it has been observed with 

MO that the excitation of MO with higher wavelengths lowered the intensity of the 575 

run band but there was no definite trend in intensity change in the 361 run band on 

changing the excitation wavelength. 
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Fig.III.3. Fluorescence spectra of aqueous MO (l.OXIO-s mol dm-3) at different excitation 

wavelengths. 

A fluorescence excitation in the azo Jr.-Jr. transition leads to an overall trans to cis 

conversion, while excitation in the n-Jr.· transition leads to an overall cis to trans 

conversion307
. 

111.1.5. Fluorescence of MO in presence of premicellar cationic surfactants 

Excitation of aqueous MO in presence of submicellar CT AB (3.0x! 0-5 mol dm -3) resulted 

in the emission of a greenish yellow light in the UV-chamber but no such emission was 

observed in the absence of CT AB (Fig.IlI.4). Green-yellow light falls in the wavelength 

region ~ 550-570 nm. This observation indicates that the 575 nm band observed in 

presence of submicellar CT AB is an emission band of MO. 
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Fig. 111.4. The emission of green-yellow light from aqueous solutions of MO in (a) 

absence of CTAB, and (b) presence of 3.0xlO·5 mol dm·3 CTAB, as observed in a UV

chamber. 

In order to examine the behavior of both of the fluorescence bands of MO in the 

presence of CT AB, we excited aqueous MO at 270 nm in the presence of varying CT AB 

concentrations (Fig.III.5). In absence of CT AB (spectra 1 of Fig.III.5.(a» , an intense 

emission band of MO is peaked at 361 nm whereas a weak band is peaked at 575 nm 

which may be assigned to the S2 -> So (11:-11:*) and the SI -> So (n-11:*) transitions, 

respectively like the usual azobenzenes307
,308. 
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Fig.III.5. Fluorescence spectra of i .OxlO-5 mol dm-3 MO in presence of varying CT AB 

concentrations. [CTAB] / (mmol dm-3) == (a): (1) 0.00, (2) 0.03 , (3) 0.06, (4) 0.09, (5) 0.30 

and (6) 0.60; (b) : (7) 0.80, (8) 0.90, (9) 1.00 and (10) 1.50; with 270 run as the excitation 

wavelength. (c) Fluorescence spectra of l.OxI0-5 mo l dm-3 MO when excited at 464 nm of 

[CT AB] == 0.00 to 1.50 mmol dm-3. 
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On increasing the concentration of CT AB above 3 .Oxl 0-5 mol dm -3, within the 

submicellar concentration range, we have observed that the intensity ofthe band at 361 nm 

does not show any significant change whereas there is about 20 times increase in the 

intensity of the band at 575 nm. In presence of sub micellar CT AB, the major steady-state 

fluorescence SI ~ So (n-1t*) transition is at 575 nm which is energetically lower than that 

of the S2 ~ So (1t-1t*) transition. The increase in the intensity values of the SI ~ So (n-1t*) 

transition in presence of submicellar CT AB compared to that of S2 ~ So (1t-1t*) transition 

indicate that the major component of the steady-state fluorescence for MO is the SI 

fluorescence and not the S2 fluorescence unlike that of the usual azobenzenes309
. The 

symmetry forbidden SI ~ So (n-1t*) transition of azobenzenes is allowed in the case of 

MO due to a distortion of the molecule along the coordinates, viz., a properly symmetrized 

twistings around the CN bonds3\O. In the present case, the hydrophobic interaction 

between the surfactant tail of CT AB and the hydrophobic phenyl groups of MO may 

facilitate the twisting of MO and stabilizes it in the cis form, as indicated by the increase 

in the intensity of the S1 ~ So (n-1t*) transition at 575 nm in presence of submicellar 

CTAB (Fig.III.S). Thus, the decrease in the 1t-1t* band and increase in the n-1t* band of 

MO in the presence of sub mice liar CT AB indicates that the dominant form here is the cis

isomer307
. 

At [CTAB] concentration ofS.lxlO-4 mol dm-3
, MO reverts back to its trans form 

in the CTAB micelles. The CMC ofCTAB is 9.10xl0-4 mol dm·3 which may be lowered 

by the presence of dyes to :::::: 6.0xl0·s mol dm·3 (ref.21S) due to formation of CTAB-dye 

premicellar aggregates. So, the reversal of MO to the trans form at S.l xl 0-4 mol dm-3 

CTAB may correspond to the disappearance of the premicellar CTAB-MO aggregates, 

where the cis form is stabilized, into the pure micelles of CT AB, where the trans form of 

MO is stabilized. 

The fluorescence response of MO in presence of the cationic surfactants also show 

a low intensity peak at :::::: 690 nm and hump at around 420 nm. This hump around 420 nm 

shifts to a position at 510 nm on changing the concentration of the surfactant. We may 

assign the peak at 690 nm, which neither shifts its position nor changes its intensity 

significantly on addition of CT AB, to be due to other transitions such as the S2 ~ S1. It 

can be noted that when MO was excited at 464 nm, an increase in the concentration of 

CTAB decreases the intensity of the main emission band of MO at 575 nm (Fig.III.S(c) 

and Fig.III.6) with a slight increase in the intensity around 625 nm (Fig.III.S(c». 
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Fig. 111.6. Plot of FI, absorbance and y of MO ( I.Ox] 0-5 mol dm-\ as a function of 

concentration of CTAB at 298 (±I) K. (a) FI at 575 nm (SI -> So (n-n*)) excited at 270 nm 

( . ), FI at 575 nm (S I -> So (n-n*)) excited at 464 nm ( . ), and (b) absorbances at 368 nm 

( .), y in the presence ( . ), and in absence ( ) of MO. 

111.1.6. Surface tension behavior 

The variations in the surface tension, y, of the aqueous alkyltrimethylammonium bromide 

surfactant as well of the alkylpyridinium surfactants in absence and in presence of 1.0x] 0-5 

mol dm-3 MO are shown in Fig.III.7. The plots of the absorbances at the -1ma:c of the UV 

band of MO are also included in this figure . In the absence of MO, the surface tension of 

the surfactants reduces gradually and at some concentration attains a minimum and 

becomes constant, the concentration being the CMC of the surfactant in absence of any 

other substance, CMC' (ref. 212,218 ,254). The plots of surface tension (y) vs. log [CTABJ 

in the presence of I.OxI0-5 mol dm-3 MO shows that firstly, on addition of CT AB 

(Fig.III.6) in the submicellar concentration range, the surface tension decreases much 

more rapidly in the presence of MO than that in its absence. It is known that nonionic 

surfactants have greater surface tension reducing efficiency than that of the ionic 

surfactants I. The observed better surface tension reduction by the interaction product than 

the surfactant alone can be attributed to the formation of close-packed dye-surfactant 

ionpair (DSIP) which behave like a nonionic surfactant. Similar observations were 

reported earlier in the cases of other oppositely charged dye-surfactant systems2 12
,2 17,2 18,254. 
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Fig.III.7. Plots of FI, absorbance and y of MO (I.OxlO-5 mol dm-\ as a function of 

concentration ofTTAB, DTAB, CPC and CPB at 298 (±l) K. Symbols: FI at 575 nm ( A ) 

(the S1 -> So (n-n*)) excited at 270 nm; y in the presence (. ), absence ( ) of MO; 

absorbances at 368 nm (for CPC and CPC) and 377 nm (IT AB and DT AB) (A). Vertical 

dotted lines indicate CMCs. 

Secondly, we can note the existence of two well-separated and distinct CMCs in 

the premicellar surface tension curve at CT AB concentrations of :::: 3.01 xl 0-5 mol dm-3 and 

:::: 8.1 Ox! 0-4 mol dm-3 in the presence of the dye as shown in Fig.III.6. The second CMC is 

the CMC* as indicated by the plots ofy for the aqueous surfactant alone. Above 8. IOxl0-4 

mol dm-3 of CT AB, the y values in absence and in the presence of MO are exac tl y equal 

indicating the formation of normal CT AB micelles above this concentration even in the 

presence of the dye. Thus, the fIrst CMC, (CMC[p) can be attributed to micellization of the 

DSIP, whereas, the second one, (CMC*) can be attributed to the formation of normal 

micelles of CT AB . The surface tension of solution is affected by any change in the 
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Table 111.1. pC20, surface excess concentration (rs), CMCIP and CMC* of the 

cationic surfactimts in the presence of MO at 298 (±1) K. 

Surfactant CMC*/rnM pC20 rs (mmoIll 000m2
) CMClP/m 

M 

a b a b 

CPC 0.81 (0.91) 4.39 5.00 1.44 1.01 0.030 

CPB 6.31 (0.92) 4.21 4.79 1.47 0.95 0.040 

CTAB 0.91 (0.91) 4.22 4.79 1.33 0.83 0.051 

TTAB 4.01 (3.70) 3.79 4.63 1.04 0.82 0.204 

DTAB 12.1 (16.0) 3.52 4.39 0.94 0.89 0.316 

Experimental error limit :: ±5%, values in parentheses indicates the CMC values form 

literature. 

a In absence of MO 

b In presence ofMO 

structure of the monolayer at the air/water interface. The DSIP has a larger head group and 

surface area per DSIP molecule compared to that of CT AB alone which results in the 

lower CMC of DSIP than that of CT AB alone3 
\1. The ionpair formation is a pronounced 

interaction and it exists in the monolayer. The formation of the air-water (alw) interfacial 

monolayer by the DSIP in the present case can be compared with the reported alw 

monolayer of CT AB in presence of p-tosylate counterion311
. The area per surfactant 

molecule in the monolayer of CT AB was reported to increase by one-quarter to generate 

space for the p-tosylate ions within the monolayer. The CT AB-MO ionpair bears a larger 

head group thus it forms aggregation with a lesser number of molecules leading to a lower 

CMC. The pC20, the negative logarithm of the concentration of the surfactant required to 

reduce the surface tension by 20 mN/m, is a measure of the efficiency of the surfactant l
. 

The pC20 of the surfactants in presence of MO has been found much greater than that in 

the absence of the MO (Table m.l). The efficiency increased with increase in the chain 

length of the surfactants in absence as well as in presence of the dye. The surface tension 
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behavior of MO showed similar trends in the presence of all cationic surfactants but the 

effects decreased with decrease in the surfactant chain length. 

The excess surface concentration at the surface saturation of the surfactants, viz, f 5 

has been calculated using the Gibbs adsorption equation commonly used for nonionic 

surfactants 1: 

dy = - 4.606 RT fsd log Cl II1.2. 

where, dy is the surface tension at the surface saturation and C1 is the surfactant 

concentration. 

The f 5 ofthe cationic surfactants in presence of MO have been found to be smaller 

than that in absence of MO. This is consistent with the fact that a larger surface area is 

required for the formation of the ionpair. From the plots (Fig. Ill. 7), it is seen that the y 

values at CMCIP are greater than that at CMC·. This indicates that the effectiveness of the 

surfactant in presence of MO is less than that in its absence. CPC and CPB surfactants are 

found to be more effective and exhibit a higher surface excess value compared to that of 

the alkyltrimethylammonium surfactants. The observed greater effectiveness as well as 

higher fs values of these surfactants carrying pyridinium head groups indicate that the 

. pyridinium head groups may contribute towards better packing of the ionpairs compared 

to the trialkylammonium head group of CT AB. Moreover, cr is reported to have larger 

contribution than Br- counterion towards micellizationl46 and other submicellar dye

surfactant interactions l46
,312. 

Ill.1.7. Correlation between the spectral and the surface tension behavior 

It has been reported that cationic surfactants have the ability to deprotonate an anionic dye 

in certain premicellar aggregates of closed-packed DSIPs218
• However, there is no 

replaceable proton in the base form ofMO, in which MO exists in pure water. S~, we can 

rule out the possibility of deprotonation of MO. We have observed that aqueous MO obeys 

the Beer-Lambert's law up to a concentration of 1.0xlO-3 mol dm-3 indicating absence of 

dimerization of MO under such conditions. We also did not observe poor solubility of 

MO-CTAB complex showing the UV band234
. Therefore, the UV band is unlikely to be 

due to dimerization of MO-CT AB ionpairs. 

We can also rule out the possibility of appearance of the UV band merely due to 

MO-cationic surfactant aggregation because had there been only ionpair aggregation, we 
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would not get two CMCs and the surface tension would keep on decreasing continuously 

without any break in the plot of surface tension vs. log [surfactant] (Fig.Ill.7). It is seen 

from the figure that the UV-band which is attributed to the cis form of MO appears at 

CMCIP Now what is the driving force that converts trans MO to cis MO? 

The DSIPs starts forming micelles of their own as the surfactant concentration 

exceeds the CMCIP • These DSIP micelles are small and compact aggregates where the dye 

molecule in the trans form experiences a steric strain. Under this situation, the MO 

molecule will prefer a conformation with the minimum strain. Thus, the hydrophobic tails 

of CT AB molecules in the DSIP micelles interact with the phenyl groups of trans MO, 

distort the dye molecules and reduce the molecular volume3
!3 ofMO in the DSIP micelles, 

converting MO to its cis isomer. The twisted V-shape allows more hydrophobic 

interaction between the surfactant tail and the two hydrophobic phenyl groups. When there 

is DSIP micelle formation at [CTAB] concentration of 3.05xlO-5 mol dm-3
, the dye 

remains at the highly polar surface region of the CT AB domir1ated small DSIP-CT AB 

mixed micelles, where the polar cis form is favored. Hypsochromic shifting of the band of 

a conjugated system by about 96 nm can be attributed as to have attained a structure with 

restriction in the conjugation like in case of the polyphenolic curcumin276. 

The surface tension behavior suggests that the air/water interfacial monolayer 

breaks down as the CT AB concentration approaches the CMC*. This coincides with 

gradual but complete replacement of the DSIP in the air/water interfacial monolayer by the 

surfactant (CTAB) at CMC*. The shift of the Amax ofMO from 377 nm to 430 nm above 

the second CMC suggests that the DSIP's too break down and form normal micelles of 

CTAB above CMC* and the dye exists only in the trans form solubilized in the nonpolar 

CT AB micelles. 

We get three distinct regions in the plot of the FI of MO at 575 nm versus the 

concentration of CT AB (Fig.Ill.6). There is an initial slow and gradual increase in the 

intensity up to [CTAB] = 3.05xlO-5 mol dm-3
, then there is a steep increase above [CTAB] 

= 3.05xI0-5 mol dm-3
. The FI remains almost steady in the concentration range 8.10xIO-5

-

4.07xIO-4 mol dm-3
. Then there is a steep decrease in the intensity of the band at [CTAB] 

above 6.00xl0-4 mol dm-3 and then above 1.00xlO-3 mol dm-3
, the FI levels off. It is 

interesting to note the coincidence of the appearance of the UV band and the increase in 

the FI of MO in the submicellar concentrations where MO exists in the micelles of the 

DSIP. The increase in the FI in the CTAB concentration range is unusual because the FI is 

expected to decrease due to a likely positioning of MO in a highly polar surface region of 

the DSIP micelles. Also, above the normal CMC of the surfactant, the FI of MO is again 
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decreased whereas it is expected to increase due to possible transfer ofMO to the nonpolar 

core of the micelles. This unusual fluorescence behavior of MO in the presence of the 

submicellar and micellar surfactants may be due to the greater fluorescence of the cis form 

compared to that of the trans form, a factor that dominates over the polarity factor. The 

difference in the spectral properties of the two forms may be reflected in the TO-OFT 

results of the two forms complexed with the cationic surfactant. 

The appearance and gradual shifting of the hump from 420 nm to 510 nm in the 

fluorescence spectra (Fig.Ill.S(a,b)) can be attributed to the change in the 

microenvironment of MO on increasing the concentration of the cationic surfactant - MO 

being in the OSIPs, then in the OSIP micelles above CMCIP and finally in the micellar 

core above CMC*. At these situations MO may be stabilized in intermediate 

conformations other than exactly the trans and the cis isomers. These changes in the 

microenvironment of MO in the premicellar aggregates can be compared to the defect 

states as in solids which playa significant role in the fluorescence process in this region 

(370 nm - 520 nm)3t4. 

Ill.1.8. DFT optimized structures of cis form, trans form and DSIP 

The OFT optimized structures of the individual molecules and the OSIP are shown in 

Fig.Ill.8. The trans to cis isomerization of an azobenzene moiety changes its dipole 

moment, structural geometry, and optical spectrum. The estimated water phase OFT 

dipole moments for the ground state of the basic trans, basic cis, MOtrans.EA and the 

MOcls.EA are 28.60, 39.92, 8.54 and 25.77, respectively. The calculated dipole moments 

are found to be smaller for the trans form than for the cis form. From the fully optimized 

geometries, we find that free trans MO stabilizes in planar geometry while the cis form 

stabilizes in a twisted geometry with an angle of 124.43 between the two phenyl rings 

around the azo group (NI-N2-C33 in Table Ill.2) which is increased by - 0.2 AO on 

complexation with EA. The conversion from trans to cis MO decreased the distance 

between the C-atom and the O-atom of the terminal methyl and sulphonate groups 

respectively, from 14.59 to 5.5 A. 

Optimization of both the isomeric forms ofMO complexed with EA shows that the 

MOC1S.EA is stable over the MOtrans.EA complex by ;:::: 2.94 kJ mole-to We find that the 

shortest distance of separation (as measured from the nearest O-atom of the terminal 

sulfonate group of MOC1S and the nearest H-atom of the terminal methyl group of EA) in 

cis-MO.EA is 2.35 AO while 2.31 AO in case of MOtrans.EA in water phase. 
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Fig.III.S. DFT optimized structures of individual molecules and the ionpair complexes. (a) 

MOtrans, (b) MOcts, (c) EA+, (d) MOtrans- EA+, (e) MOcts-EA+. 

Table ID.2. Some structural parameters (bond length, bond angle and torsion 

angle) for each system. The values in bracket correspond to gaseous phase. 

System 

MO anion 

trans 

MO-.EA+ 

MO anion 

cis 

MO-.EA+ 

N1-N2 N1-C3 C5-C3-N1-N2 Shortest distance 

methyl of approach of 

EA+(Ao) 

N2-

C22 

1.269 1.396 

(1.263) 1.416 

1.269 1.395 

(1.262) 1.416 

1.262 1.411 

(1.256) 1.431 

1.262 1.411 

(1.254) 1.431 

(ring with 

groups) 

N 1-N2-C22-C24 

(ring with sulfonate 

group) (0) 

TransMO 

CisMO 

179.976 

179.843 

179.150 

177.852 

160.024 

129.848 

161.004 

129.420 

2.312 

2.353 
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To be noted that the inclusion of the solvent effects reduces the stabilization energy 

significantly while increases the shortest distance between MO and cationic EA because of 

the presence of significant solvent screening effect. This geometrical change associated 

with trans to cis isomerization of azobenzenes is significant, and can be used to destroy or 

rearrange the order of an organized media. 

The UV-Vis study has already demonstrated that MO absorbs at lower energy 

region (464 nm) which shifts to a high energy wavelength in presence of a cationic 

surfactant. We supposed that this is the consequence of dye-surfactant ionpair induced 

trans to cis isomerism of MO. Consequently, a possibility of preferred complexation of the 

EA + with cis MO compared with its planar trans MO isomeric form exists and could 

rationalize the current experimental band shifts. Presumably, we have considered the 

complexes of cis MO and EA + for further investigation of optical properties. 

Ill.1.9. Prediction of the spectral properties of cis and trans forms of MO 

To understand the observed shifts in the peak position in the UV-Vis absorption spectra of 

MO in presence of the cationic surfactants we have carried out TD-DFT of excitati~n 

energies on the ground state optimized geometries of the free dye as well as for their 

complexes with CT AB in both water and gas phase. Fig.llI.9 shows the plots of the 

absorption spectra and Table Ill.3 includes the corresponding stabilization energies, 

absorption wavelengths (Amax), oscillator strengths, transition dipole moments, and the 

molecular orbitals involved in the main excited states together with the error (%) in Amax 

with respect to the experimentally observed values in the aqueous solution. The calculated 

results for MO/rans, Amax = 446.11 nm is in quantitative agreement with the current 

experimental findings (Amax = 464 nm) within a percentage error of 3.85% in water phase. 

We also obtained theoretical peaks at 375.18 and 375.21 nm in case of free MOc,s and 

MOc,s complexed with EA, respectively, with strong absorptions resulting mainly from the 

HOMO to LUMO and HOMO-l to LUMO electronic excitations of appreciable oscillator 

strength (0.34) (Table Ill.3) as obtained at 368 nm in our experiments at cationic 

surfactant concentrations::::: 2xl0-5 mol dm-3
• Thus the calculated absorption spectra of the 

trans and the cis forms of MO quantitatively match with their experimentally obtained 

absorption wavelengths. 
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Fig.III.9. Computed spectra of the individual molecules and the DSIPs. 

The enhancement ofFI of the 575 nm fluorescence band ofMO in the DSIP micelles may 

be attributed to the cis form where the electronic excitation is possible through absorption 

around 375 nm band (though the excitation wavelength was 270 nm) which then fluoresce 

at 575 nm (Fig.III.5(a,b)). This is supported by the fact that there was no fluorescence 

enhancement when excited at 464 nm because the electronic excitation around 375 nm is 

not possible with excitation at 464 nm (Fig.III.5(c»). 

The experimental UV -Vis spectra showed the appearance of a new band at the 

higher energy side of MO in aqueous solution of submicellar range of CT AB, which we 

attribute to the formation of the cis form of the dye. To rationalize these observations, we 

focus on the occupation of relevant frontier molecular orbitals (FMOs) (Fig.III.10) 

responsible for these higher energy electronic transitions. 
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Table 111.3. Stabilization energy for the ionpair complex (kJ mor\ oscillator strength (f), 

transition dipole moment (!lx, !ly, !1y), molecular orbital contribution (H=HOMO and 

L=LUMO), and corresponding absorption wavelength (Amax) for each system. 

System Stabilization f Transition 

TransMO 

Error 

in /...max 

(%t 

MO anion 

trans 

1.2096 28.57 1.26 0.004 H~L=0.706 446.11 3.85 

0.0481 

-10.23 1.2246 7.l8 -2.32 2.37 

0.0019 

CisMO 
MO anion 0.1956 39.90 0.58 -1.10 

cis 

0.3404 

MO·.EA+ -13.12' 0.1914 7.87 24.02 -5.97 

0.3468 

H-2~L=O.685 315.88 

H-3~L=0.15 

H~L=0.698 447.09 3.64 

H-l~L=O.I03 

H-3~L=O.544 311.26 
H-2~L=0.44 

H~L=0.58 487.20 
H-l~L=O.IOI 

H~L=0.38 

H-l~L=0.55 375.18 0.48 

H~L=0.57 485.68 

H-l~L=O.38 

H-l~L=O.54 375.21 0.47 
H~L+2=0.11 

aError (%) corresponds to the difference between the calculated Amax (run) and the 

experimental values in aqueous solutions. 

From the FMOs, it is seen that in the trans form, the L and L+ 1 are delocalized 

over the entire molecule while the H is localized in the central part of the molecule. In 

case of the cis form, the H, L, L+1 are delocalized over both the arms of the molecule with 

a kink in the central azo group. On complexation of the cis MO with EA, there is no 

significant change in the FMOs, however, complexation brings about changes in the 

symmetry of the lobes of the relevant FMOs. These changes may significantly render the 

electronic transition energy towards higher energy values. Thus, experimental and 

computational results are in good agreement on the appearance of the UV band in that MO 
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isomerizes to the cis form in the DSIP micelles in the presence of submicellar cationic 

s urfactants. 
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Fig.III.10. Orbital energies of FMOs and their wave function plots together with the 

corresponding transitions. 
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111.2. Proto nation of Acridine Orange in Dye-surfactant lonpair Micelles* 

Phenazinium dyes are known to be protonated in the dye-surfactant ionpairs (DSIP) 

formed in aqueous submicellar anionic surfactants solutions214
• Recently, spectroscopic 

and tensiometric studies revealed that other cationic dyes, viz., neutral red212 and 

triphenylmethane dyes217 form protonated dye-surfactant ionpairs (PDSIP) on 

micellization of their DSIP in aqueous submicellar anionic surfactant solutions. 

Neutralization of electric charge due to close packed ionpair formation was assumed to 

generate strong hydr?phobicity in the ionpair and redistribute electron densities in the dye 

ion, which lead to further protonation of the cationic dyes. On the other hand, some 

sulphonapthalein dyes were reported to undergo further deprotonation in their DSIPs 

formed in presence of submicellar cationic surfactants2i8
• It has also been shown that 

submicellar cationic surfactants can further deprotonate the sulphonapthalein dyes218 from 

their mono anionic forms to their dianionic forms in their DSIP micelles even below the 

pKa in water. 

It is well-known that AO undergoes aggregation in submicellar anionic surfactant 

solutions243
• However, the detail of the micelle formation process in aqueous AO-anionic 

surfactant system is not known. In a preliminary investigation, we had observed some 

changes in the low energy side of the spectra of aqueous AO in premicellar solutions of 

anionic surfactants, viz., sodium dodecylsulfate (SDS) and sodium 

dodecylbenzenesulfonic acid (SDBS) which were not paid enough attention earlier. While 

spectrophotometric study is a suitable tool to monitor the protonation-deprotonation 

equilibrium or the existence of the different forms of the dye, surface tension 

measurements give the surface tension as well micelle forming behavior of the surfactants 

in presence of the dye. In addition to that, fluorescence measurements provide insight to 

the micro environmental variations of the dye in the premicellar and micellar concentration 

ranges of the surfactant in the presence of the dye. We thought it worthwhile to 

systematically study the low energy side of the spectra of aqueous AO in premicellar 

solutions of anionic surfactants in order to study the premicellar behavior of the AO

anionic surfactant system, in general, and to see if any protonation of the dye also takes 

place in addition to the reported dimerization, in particular. 

*Part a/this work has been published in J. MoL Liq. 178 (2013) 25-30. 
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We also carried out theoretical calculations using time dependent density functional theory 

(TD-DFT) on the AO dye and the model dye-surfactant systems in order to verify the 

experimental results. 

III.2.1. Electronic absorption spectra of AO in the low-energy region 

The spectra of l.Oxl 0-5 mol dm-3 aqueous AO show a maximum absorbance at 491 nm and 

a shoulder at 469 nm which have been attributed to the monomeric AOH+ and the dimeric 

(AOH)l+ forms of AO, respectively171. The variation in the band and the shoulder of the 

spectra observed in presence of submicellar sodium dodecylsulfate were studied by 

Moulik et al. and attributed to dye-surfactant complex formation and induced dimerization 

dye-surfactant mixed micelle formation243. In the presence of submicellar SDS, in addition 

to the increase in the dimer band (469 nm) at the cost of the monomer band (491 nm), 

there is an increase in the absorbances in the higher wavelength range (508-580 nm) of the 

AO spectra as can be seen in Fig. III. 11 (a), which has not been paid enough attention so 

far315-317
• As no maximum was observed in the 508-580 nm region, we have estimated the 

absorption Amax to be 523 from the difference of spectra 1 and 5 of Fig.III. 11 (a). We have 

observed an isosbestic point (Q) at 508 nm in the presence of SDS from 0.5x10-4 to 

4.0x10-4 mol dm3 indicating the presence of an equilibrium condition between two forms 

of AO. The absorptions in the 508-580 nm range starts decreasing as [SDS] exceeds 

4.0x10-4 mol dm-3 and totally disappears above 8.0XlO-3 mol dm-3 with the reappearance of 

the monomeric AO band (Fig.ill.11(b». 

The spectra of 1.0xlO-5 mol dm-3 aqueous AO show a maximum absorbance at 491 

nm and a shoulder at 469 nm which have been attributed to the monomeric AOW and the 

dimeric (AOH)l+ forms of AO, respectivelyl71. Increasing the concentration of SDS in 

aqueous AO gives a series of spectra that pass through an isosbestic point (Q) at 508 nm 

(Fig.III.11). It is to be noted that the absorbances between 508-580 nm gradually 

inc~eased on increasing the SDS concentration above 3 .2x1 0-5 mol dm-3 up to 4.0x10-4 mol 

dm-3. This occurred simultaneously with a gradual appearance of the band due to the dimer 

and a rapid decrease in the absorbances of the band of the monomeric dye. Thereafter, the 

absorbances in the 508-580 nm range remained almost unchanged up to 3.0x10-3 mol dm-3 

of SDS but gradually disappeared with a corresponding sharp increase in the intensity of 

the monomer band as the concentration of SDS was increased to 8.2xlO-3 mol dm-3 

(Fig.III.11.(b)). The Amax of the monomer band also shifted while increasing in the 

intensity and finally settled at 496 nm. 
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Fig.I1I.II. The effect of variation in the spectra of AO (lxlO-5 mol dm-3) in presence of 

SDS 298K (±1). 

A bathochromic shift observed in another acridine dye, viz. , proflavine in presence 

of submicellar SDS was attributed to J-aggregate of the dye l79
, whereas, the aggregation 

reported in the case of AO is H-aggregation (hypsochromic)243,315. On the other hand, it is 

interesting to note that AO shows increase in the absorbances in the same range (508-580 

run) in presence of concentrated H2S04 analogous to that as reported in case of Safranin 

0 214
• The difference spectra (Spectra 4 in Fig.III.12) obtained by subtracting the spectra 

3 from spectra 1 gives the ).max of the new higher wavelength absorption band as 530 nm 

which is close to that observed in presence of the submicellar surfactants. The AO spectra 

observed in presence of H2S04 also passed through an isosbestic point (Q) at 514 nm 

(Fig.III.I2). The pKa of AO is reported to be 10.2, which corresponds to the protonation 

of the nonionic form of AO to the monocationic form I71
,316. Thus, the observed absorbance 

in the higher wavelength range in the presence of concentrated H2S04 is due to 

protonation of the monocationic form of AO (AOH+) to the dicationic (AOH/+) form. 

Therefore, the absorptions in the 508-580 nm region in the presence of submicellar SDS 

also may be due to formation of the doubly protonated dye. Though ionic micelles can 

shift pKa of dyes only up to about 2 units 122,180, the ionic submicellar surfactants are 
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Fig.III.12. Effect of H2S04 on the spectra of AO (2.5xIO-5 mol dm-3) at 298K (±l). 

reported to shift the pKa of some oppositely charged dyes up to 5-6 units212,217,2 18,253 . 

Though SDS may not make the solution acidic as H2S04, it may provide a local 

environment to the dye in the SDIP through a strong electron withdrawing effect arising 

from combined hydrophobic-electrostatic interactions . Thus, it is possible to attribute the 

observed increase in the absorbances in the 508-580 nrn regions to protonation of AO. 

Analogous absorption behavior of l.OxIO-5 mol dm-3 AO has been observed with 

another anionic surfactant, viz., SDBS. But we have not observed the increased absorption 

of AO in the higher wavelength range around 523 nrn with Triton X 100, 

(CH3)2C6!L(OCH2CH2)!OOH (a nonionic surfactant) and also with CT AB, 

hexadecyltrimethylammonium bromide (a cationic surfactant) in the submicellar 

concentration range which indicates that, as is in the case of induced dimerization243
, the 

opposite charge on the dye and the surfactant, i. e., ionpair formation, is a primary 

requirement for the interaction leading to the absorptions of AO around 523 nrn. However, 

mere ionpair formation cannot lead to such spectral changes 146. 

The pH of the above aqueous dye-surfactant solutions was ;:::: 6 .60 where the dye is 

in the singly protonated form, AOIi. It is possible that the absorbances of AO around 523 

nrn in the submicellar SDS may be due to the doubly protonated dye, AOHl + formed by 

protonation of the AOIi form , caused by a local acidic effect of the DS- ion in the DSIP, 

as is reported in other similar systems212
,214. Thus, the isosbestic point at 508 nrn in the 
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spectra can be attributed to an equilibrium condition between the OSIP and protonated 

OSIP (POSIP), AOH/+SOS-. The POSIP probably breaks down as normal micelles are 

formed on approaching the CMC of SOS in pure water, CMC* = 8.2xlO,3 mol dm,3 

(ref.2I8). 

111.2.2. Surface tension study 

The plots of surface tension vs. log [SOS] in the presence of l.Ox} 0'5 mol dm,3 AO 

(Fig.III.13) revealed some interesting facts. Firstly, on addition of SOS in the submicellar 

concentration range, the surface tension decreases much more rapidly in the presence of 

AO than that in its absence. This means the interaction product between an SOS monomer 

and AO has a higher efficiency than SOS as was reported in similar systems212,217,218,253,254. 

The value of pC20, has been estimated to be 3.39 and 3.09 in presence and in the absence 

of the dye, respectively (Table 111.4). Nonionic surfactants have greater efficiency than 

the ionic surfactants. The present increase in the efficiency of 

the surfactant in presence of the dye can be attributed to the formation of the OSIP. Since 

the electrical charges in the close packed OSIP are practically neutralized, the OSIP 

behaves like a nonionic surfactant having higher efficiency than the surfactant alone. The 

higher efficiency of the DSIP surfactant also suggests that the DSIP retains its electrically 

neutral character upon micellization1
• 

Secondly, there exists two well-separated and distinct CMC's at SOS 

concentrations of::::: 5.0} xl 0,5 mol dm,3 and ::::: 8.2xIO,3 mol dm,3 in the presence of the dye 

as shown in Fig.III.13(a) as reported in similar systems. Interestingly, the second CMC is 

the CMC of SOS in pure water (CMC*) as has been indicated by the surface tension vs. 

log [SOS] plot in the absence of the dye. Above 8.2xlO,3 mol dm,3 of SOS the surface 

tensions in absence and in the presence of AO are exactly equal indicating formation of 

normal SOS micelles above this concentration even in the presence of the dye. Thus, the 

first CMC, (CMCIP) can be rightly attributed to micellization of the OSIP whereas the 

second one, (CMC*) can be attributed to the formation of normal micelles ofSOS. 
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Fig.III.13. Plots of surface tension (mN/m), absorbance and fluorescence intensity of 

aqueous AO (l X10-5 mol dm·3
) solutions as a function of logarithm of the concentration of 

SDS (a) and SDBS (b) at 298K (±l). Symbols: surface tension in the presence ( ) and 

absence ( ) of AO, absorbances at 523nm (.), fluorescence intensity (I 103
) at 535 nm ( \). 
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Table In.4: Critical micelle concentration of the surfactants in water (CMC\ as DSIP 

(CMCIP) and the surfactant in the presence of the buffer (CMC*), and pC20 in absence and 

in presence of buffer and AO (lxlO-5 mol dm-3
) at 298K. 

Surfactant (CMC*±0.05) 

SDS 

SDBS 

1(l0-3 M) 

without 

buffer 

8.1 

8.2 a 

1.25 

1.20 a 

with 

buffer 

4.27 

0.91 

a Literature values from Ref. 1,318 

pC20 

without buffer 

without with 

dye dye 

3.09 3.39 

4.17b 

3.69 4.31 

4.61 b 

bCorresponds to [AO] = 2.5xlO-5 mol dm-3 

with buffer 

without with 

dye Dye 

3.15 3.52 

4.30b 

3.52 4.17 

4.48b 

(CMCIP± 0.1) 

1(10-5 mol dm-3
) 

With 

dye 

5.1 

5.1 b 

3.3 

3.3 b 

The DSIP formation between AO and SDS in the present case can be considered 

equivalent to formation of a nonionic surfactant with a larger head group. The nonionic 

DSIP is expected to have a high affinity towards the a/w interface and occupies larger 

surface area per surfactant resulting in greater efficiency and lower CMC than SDS 

alone212
. 

Thirdly, the absorbances above 508 run started to increase as the surfactant 

concentration approached the CMCIP. The increase in the absorbance in the 508-580 range 

can be due to second protonation of the dye caused by high electric potential at the DSIP 

micelle (or mixed micelle243
) surface as reported in the cases of cationic triphenylmethane 

dyes and other phenazinium dyes under similar conditions253 The presence of a minimum 

in the surface tension of SDS was attributed to the presence of impurities like dodecano I or 

Ca2+ or M~+ ions and a slight increase after the minimum was attributed to their 

solubilization3l9
. However, as ionic surfactants are in general less efficient than nonionic 

surfactants, the observed increase in the surface tension above CMCIP in the present case 

can be attributed to the presence of some ionic character of the DSIP surfactant in the 

DSIP micelles, which is possible through the formation of the PDSIPs. Finally, the PDSIP 
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band disappears with corresponding increase in the absorbance of the micelle solubilized 

monomeric AO on approaching the second CMC (CMC*) at 8.2xlO'3 mol dm'3. The 

observed surface tension behavior and the spectral changes suggest that the PDSIP in the 

ionpair micelles and in the air/water interfacial monolayer breaks down as the SDS 

concentration approaches the CMC*. SDBS showed analogous surface tension behavior in 

presence of 1.0xlO,5 mol dm'3 AO (Fig.m.13(c)). SDBS also shows two well separated 

CMC's in the presence of AO (Table 111.4). CMC* :::: I.Oxl,3 mol dm'3 and CMCIP :::: 

3.3x10,5 mol dm,3. The pC20 values have increased in the presence of higher concentration 

of the dye (2.5xIO,5 mol dm'3) in cases of both SDS and SDBS indicating formation of 

more DSIPs at the higher concentration of the dye. 

111.2.3. Fluorescence intensity increases due to PDSIP 

The changes in the steady state fluorescence intensities (PI) of 1.0x10,5 mol dm,3 AO in 

presence of varying concentrations of SDS are also shown in Fig.III.13(a) The 

fluorescence spectra of AO in presence of varying concentration of SDS is shown in 

Fig.III.14. We as well as Luo and Shen320 did not observe any fluorescence band at 620 

nm as was reported by Ban et al. 321 at [AO] :::: 0.20 mmol dm,3. This may be due to the 

reason that the concentration of the induced dimer is very low at the experimental 

concentrations of AO in our case and in the case of Luo and Shen. The FI initially 

decreased with increase in SDS concentration, showed a minimum near the CMCIP at 

3.2xlO,5 mol dm,3 ofSDS, then increased to a maximum at 2.0x104 mol dm,3, then started 

to decrease rapidly showing another minimum near the CMC* at 6.3xlO,3 mol dm,3 and 

then finally increased rapidly (Fig.III.13.(a)). The first minimum was not noticed by the 

earlier workers Ghosh et al. and Ganguly, may be because it occurs at very low 

concentration of SDS 165,319,321 . 

The first mirlimum in the FI (Fig.III.13) can be attributed to increase in the 

micropolarity of the dye in the DSIP. The small increase in the FI starting from the CMCIP 

up to the maximum at 2.0xI0-4 mol dm'3 of SDS may be due to prominence of somewhat 

irregular shaped DSIP micelles, where, the dye remains in contact with more than one 

surfactant hydrophobic chains and experiences low micropolarity. 
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Fig.III.14. Fluorescence spectra of AO in varying concentration of SOS. 

This effect is opposed by the fonnation of POSIP which dominates just above the SOS 

concentration corresponding to the maximum of the FI. The POSIP fonnation, which 

probably peaks at around 4.0xlO,4 mol dm,3 of SOS gives a polar environment to the dye, 

lowering the FI. Above 4.0xl0-4 mol dm'3 of SOS, although the POSIP gradually breaks 

down, as indicated by decreasing absorbance at 523 nm, the dye probably experiences the 

highest micropolarity in the surface region of the SDS dominated DSIP-SOS mixed 

micelles at the second minimum of FI. The final marked increase in the FI above 6.3xlO,3 

mol dm,3 of SOS is attributed to the commencement of formation of normal SOS 

micelles32o. The changes in the FI of AO showed similar trends in presence of SOBS 

(Fig.III.13(c)). However, the positions of the two minima and the maximum in between 

were at lower concentrations of the surfactant which can be attributed to the lower surface 

activity of SOBS than SOS. The second minimum in the FI curve is lower than the CMC* 

ofthe surfactant as indicated by surface tension. 

111.2.4. The interactions at fIXed pH 

The plots of absorbances at 523 nm, FI at 535 nm and surface tension of 1.0xl 0,5 mol dm,3 

aqueous AO at pH 7.00 as functions of log [SDS] are shown in Fig.III.13(b) along with 

surface tension without the dye. The absorbance and surface tension curves are almost 

similar to those in the absence of the buffer except for a relatively small increase in the 

absorbances at 523 nm and the lowering of CMC*, which has been found to be 7.0xlO,3 

mol dm,3 of SDS. Such decrease in the absorbances at 523 nm may be attributed to 

increase in the ionic strength due to the buffer components218. The lowering in the CMC* 
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is due to the presence of the buffer components and 1.0xlO-5 mol dm-3 AO_ Higher 

concentration of the dye (2.5x10-5 mol dm -3) does not bring out any noticeable changes in 

the values of CMC* except in the pC20 values (Table Ill.5.). Similar variations are seen in 

case of SDBS. The PI vs. [SDS] plots in presence of the buffer of pH 7.00 were similar to 

that in the absence of the buffer except that the two minima are closer in the presence of 

the buffer than in its absence. The present model is consistent with the observed trend in 

the fluorescence curve in the presence of the buffer where the changes in the intensity and 

the positions of the minima and the maximum can be attributed to variations in the 

prominence of the different interactions, including the PDSIP formation. 

Ill.2.S. The Thermodynamics of PDSIP Formation 

The equilibrium of the sub micellar PDSIP formation between AO and SDS can be 

represented by 

IlI.3. 

Or, 

IlI.4. 

Here, [SDS-] and Kc are the concentrations of the surfactant anion and the equilibrium 

constant of the interaction, respectively. The pH of the mixed solutions of AO and SDS 

remained around 6.61 (within the experimental concentration range of SDS). Therefore, 

assuming that the [W] constant, the above equation can be written as: 

Kc* = Kc [Hj = [AOH/+SDS-] I[AOW][SDS-] IlL 5 . 

Using Ketelaar's equation 214 

IlI.6. 

Here, [AOW]o and [SDS-]o are the initial concentrations of the dye and the surfactant, 

respectively. d and E are the absorbance and molar extinction coefficient of the PDSIP, 

[AOH/+SDS-] at 523 nm in the presence of the surfactant, respectively and do and Eo are 

the absorbance the molar extinction coefficient of the dye at 523 nm in absence of the 
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surfactant. Only those absorbance values of the- Amax of the PDSIP in the submicellar 

concentration ranges have been considered in the calculations whose spectra passed 

through the isosbestic point at 508 nm. The plots of [AOW]J(d - do) vs. (lI[S]o) for 

various temperatures yielded straight lines in a wide range of the concentration of SDS 

(Fig.lll.1S). The true equilibrium constants Kc (where Kc= Kc*/ [W]) have been 

determined and consequently the thermodynamic parameters have been calculated (Table 

Ill.S). 

Table III.S. Thermodynamic parameters of the PDSIP formation by AO with SDS and 

SDBS in absence of any buffer. 

TIK Kc* KJ109 -t-GolkJmol I LlHoll4mol I t-So/JKlmorl 

Surfactant 

298 750 3.0 54.0 

SDS 303 600 2.4 54.4 31.9 74.2 

308 500 2.0 54.8 

298 333 1.3 52.0 

SDBS 303 285 1.4 52.5 23.9 94.2 

308 250 1.0 52.9 

* Average of at least three experiments with maximum error limit of 5%. The squired 

correlation coefficients are included in the respective plots in the inset of Fig.lll.1S. 

The standard Gibbs free energy change for the PDSIP formation has been determined from 

the following equation: 

1lI.7. 
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t:.Ho and t:.So have been determined from the slope and intercept of the van' t Hoff 

plot of InKe versus liT (Fig.DlI5, inset) at temperatures 298K, 303K and 308K. The 

values of the thermodynamic parameters are shown in Table 111.5. The high values of 

equilibrium constants are comparable with those reported earlier for similar 

systems21 2
,2 14,217,2J8. The equilibrium constant (Ke) and the t:.Go values of the interaction of 

AO with the premicellar anionic surfactants, SDS and SDBS show that the PDSIP 

formation interaction is stronger with SDS than with SDBS. The overall PDSIP formation 

in both the cases is driven by entropy, indicative of an increase in the entropy by breaking 

the ordered water structure around the DSIP due to the PDSIP formation which probably 

dominates over an endothermic transfer of the proton from water to the dye, the reverse of 

an exothermic acid-base reaction. 
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Fig.III.IS. Plot of [AOW]J( d - do) vs. (l /[S]o) and the InKe versus lIT (inset). 

111.2.6. DFT Optimized Structures of DSIP and PDSIPs 

It is well known that in the groWld state AO is protonated on the intracyclic nitrogen where the 

resulting positive charge is mainly located (Fig.ID.16). On the other hand, the second 

protonation of some phenazinium cationic dye, e.g. , neutral red 212 in presence of anionic 

surfactants are reported to occur at the terminal dimethylamino N-atom which is supposed 

to be rich in electron density due to the presence of the two electron donating methyl 

groups present in it. 
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Fig.III.16. Schematic figure of formation ofprotonated dye-surfactant ionpair (PDSIP). 

The structure with protonation at one of the terminal diamino N·atom with surfactant near 

the other terminal N·atom, was considered for optimization. As these are charged systems, 

we optimized the doubly protonated AO (AOH22+Cr), DSIP (AOW Cr .ES-) and PDSIP 

with higher level of calculation including more polarization, 6-311 ++ g (d,p). It has been 

found that the shortest separation (as measured from the two H-atoms of the terminal 

methyl groups of the dye to the O-atoms of the surfactant) between the dye and surfactant 

moiety in the DSIP is 2.50 A in water phase and 2.08 A in gas phase. It can be noted that 

in gas phase, the cationic dye and the anionic surfactant come closer to make O-H 

hydrogen bond and get stabilized, while with inclusion of solvent, the cationic dye and 

anionic surfactant get more separated and are stabilized by interacting through the 

dielectric medium (water). 
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Fig.III.17. The optimized structures of all the individual molecules and complexes: (a) 

AOWCr, (b) AOH/ +Cr (c) ES- (d) DSIP, and (e) PDSIP. 
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In the PDSIP, the shortest distance of separation between the H-atom of the methyl groups 

of the tenninal amino group of AO and the O-atom of the sulphonate group of the 

surfactant head group is 2.43 A. The DFT optimized structures are given in Fig.III.17. 

The stabilization energy of the PDSIP has been calculated as follows324
; 

Stabilization energy: 

PDSIP Is E = E PDSIP - (EES + E dlcatlon) 

= -2063.3117 - (-778.4519 - 1284.8600) 

= -0.0703 Hartrees 

= -184.5727 kJ mole-1 

111.2.7. Prediction of Spectral Properties of DSIP and PDSIP 

The experimental UV -Vis spectra showed the appearance of a new band, at the higher 

wavelength side of AO in aqueous solution of concentrated H2S04 and also in the 

presence of submicellar concentration range of SDS, which have been attributed to the 

fonnation of a new species with doubly protonated dye. To support and understand these 

experimental findings, we have also calculated the absorption spectra of the protonated 

cationic dye in aqueous solution as well as the PDSIP in the presence of aqueous 

sub micellar SDS. These calculations were also done using the same level of calculations. 

The calculated absorption spectra of AOWCr was now found at Amax= 444.30 nm in water 

(433.33 nm, in gas phase) which matches fairly well with the previous reported values, 

Amax = 444.10 nm in water (432.90 nm, in gas phase i 90,291 and are in qualitative 

agreement with the current experimental findings within a percentage error of 10% (12%) 

in water (gaseous) phase. However, a small red shift of 1.99 nm (Fig.III.1S) from 444.30 

nm to 446.29 nm of the cationic dye is found in presence of ES in water phase on ionpair 

fonnation. The calculated absorption maximum for AOH22+Cr (Table 111.6) was found to 

be 475.22 nm which is red shifted by 3.72 nm fonn 475.22 nm to 478.94 nm on PDSIP 

fonnation (Fig.III.1S) which qualitatively supports the observed new shoulder or band at 

523 nm in submicellar SDS. The different experimental conditions could not be captured 

to reproduce 530 nm for AOH2
2+Cr and 523 nm for PDSIP, as observed experimentally. It 

can however be mentioned that even 20-30% of errors are reported in the literature as even 

with this much error one can get some qualitative agreements. 
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Fig.III.18. Computed absorption spectra of AOWCr, AOHl +cr, DSIP and PDSIP. 

Fig.1I1.18 shows the plots of the absorption spectra and Table 111.6 includes the 

corresponding absorption wavelengths ()"max), oscillator strengths, transition dipole 

moments, and the molecular orbitals involved in the main excited states together with the 

error (%) in Amax with respect to the experimentally observed values in the aqueous 

solution. 

To have a better picture of this transition we plot the important FMOs and 

calculated the transition dipole moment and the contribution of FMOs to the transitions as 

shown in Table 111.6. To rationalize the experimental observations, we focus on the 

occupation of relevant frontier molecular orbitals (FMOs) responsible for these lower 

energy electronic transitions. As can be seen from Table 111.6, the HOMO-I , HOMO, 

LUMO, and LUMO+ 1 are mainly governing the observed transitions . In Fig.III.19, we 

present the energy levels and orbital plots of the important FMOs along with the 

corresponding absorption wavelength. As can be seen from Fig.III.19, the FMOs are 

mostly localized on the dye moiety in the DSIP, AOH+SDS-. Ionpair formation leads to a 

change in the symmetry of the relevant FMOs which may lead to the absorption in the 

higher wavelength. 
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Table 111.6. Oscillator strengths (t), transition dipole moment (!lx, !ly and, !lz), molecular 

orbital contributions (H == HOMO and L == LUMO), and corresponding absorption 

wavelength ()"TIUlX) together with percentage error in )"= for each system. The values in 

bracket correspond to gaseous phase. 

System F Transition AmaxCom) Error in Amax 

(%t 

AOH~Cr 0.81 H~L = 0.69 443.78 (433.33) 10(12) 

H-l~L+I=0.13 

DSIP 0.82 H~L= 0.69 446.29 (458.76) 10 (8) 

H-l ~L+I =0.13 

AOHl~cr 0.29 H~L=0.60 475.22 (473.13) 10(11) 

PDSIP 0.31 H~L=0.60 478.94 (476.22) 8 (9) 

aError (%) corresponds to the difference between the calculated )"= (om) and the 

experimental values in aqueous solution. 

Thus, from the UV-Visible absorption spectral observation supported with 

fluorescence and surface tension data of the systems, for the first time, we show that AO 

undergoes protonation in some of the DSIPs. The experimental observations have been 

supported by theoretical calculations using time dependent density functional theory (TD

DFT). The electronic structures and spectral characteristics of these complexes have been 

studied extensively and our computed results validate the experimental prediction that the 

dye gets partially protonated in presence of surfactant in submicellar concentrations. 
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Fig.III.19. Orbital energies and of FMOs of AOH22+Cr and AOH2
2+Cr.ES (PDSIP) and 

their wave function plots together with corresponding transitions. 
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In.3. Stabilization of the p-diketo tautomer of curcumin in premicellar ionic 

surfactants 

Curcumin, (lE,6E)-I, 7 -bis( 4-hydroxy-3-methoxy phenyl)-1,6-heptadiene-3,5-dione, also 

known as C.L Natural Yellow (Fig.ln.20.), is a hydrophobic polyphenol obtained from 

the dried rhizomes of Curcuma longa Linn325. It was fIrst isolated from turmeric nearly 

two centuries ago and its chemical structure as diferuloylmethane was identified in 1913326 

and confirmed in 2005327. It is approved as a food additive by World Health Organization 

and Food and Agriculture Organization328
. It is used as a spice and as a coloring agent in 

cosmetics, pharmaceuticals, and hair dyes329. It has attracted great interest in recent years 

because of its outstanding divergent medicinal activities, viz., anticancer33o, antioxidant331
, 

antimicrobial332
, antiamyloid333

, anti-ischaemic334, anti-inflammatory35 etc., adding new 

dimensions in the branch of medicinal chemistry. The upsurge in research activities over 

the past decade on Curcumin is largely due to the discovery that Curcumin possess the 

ability to prevent protein aggregation in debilitating diseases such as Alzheimer's and 

Parkinson's336-338. It also has potential in the treatment of cystic fIbrosis336 and can be 

considered as a model substance for the treatment ofHIV infection340-342. 

Curcumin has two tautomeric forms - the cis enol curcumin and the ~-diketo 

curcumin, and these keto and enolic forms can also exist in different cis and trans 

forms343,344. The relative contribution of the different keto and the enol forms depends on 

the factors such as temperature, polarity of the solvent and the substitution on the aromatic 

rings. Under physiological conditions, it exhibits keto-enol tautomerism having a 

predominant ~-diketo form in acidic and neutral solutions and a stable keto-enol form in 

alkaline media346. Some important medicinal activities of curcumin were attributed to its 

~-diketo tautomeric form345. Aqueous curcumin exists in its neutral (AR3) form up to pH 8 

and in protonated (~") form at pH < 1344,346 (Fig.ID.20). It is reported to have three pKa 

values at 8.38, 9.30 and 10.69 347,348 which correspond to its deprotonation of the AH3, 

AR2- and AR2- forms, respectively. Aqueous curcumin is characterized by a broad peak at 

425 nm with a small shoulder at 355 nm corresponding to the absorbances of the 

diferuloyl structure and the feruloyl unit, respectivelY47. 

Most of the previous reports on curcumin-surfactant systems were with 

concentrations of the surfactant above CMC, where the nature of the interactions is 

somewhat simple and better_known22o-224. Leung et al. and Tonnensen et al. used 

67 



Results and discussion Chapter-III 

HO HO 

CHJO ~ ~ ~ ~ 

I 

HO 1~ pKal-O 

OH 0 

CHJO ~ 

IT 

HO 1 ~ pKal = 8.38 
OH 

0- 0 

CHJO ~ 

ill 

HO 1~ pK.3 = 9.88 

0- 0 

CHJO ~ 

~ 
IV 

1~ pK.. = 10.51 

0- 0 

CHJO ~ 

v 

Fig.III.20. Prototropic equilibria of aqueous (25.0 Ilmol dm-3
) curcumin along with the 

pKa's 344, 

cationic micelles to entrap the curcumin molecule within its hydrophobic micellar 

core220
,222, Within the nonpolar core only the keto-enol fonus of curcumin is predominant 

irrespective of the medium pH. 

As already mentioned in the introduction section, Ke et al. have reported a striking 

interaction of curcumin with a cationic surfactant, viz" dodecyltyimethylammonium 

bromide (DT AB) in submicellar concentrations at pH 5.00276
, Based on the fluorescence 

spectral evidences, they attributed an observed UV-Visible band at A.max of 355 nm of 
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curcumin under the experimental conditions to a complex formation between curcumin 

and the cationic surfactant. After this, a spectral study on the stabilization of the ~-diketo 

tautomer in presence of submicellar cationic and anionic surfactants as well as in polymers 

was also carried out277. In considering the potential mechanisms for its range of biological 

activities, it is important to acknowledge the inherent chemical features of the curcumin 

molecule, specially, because the antioxidant activity of curcumin is attributed to its diketo 

tautomer. Therefore, we extended the study to surface tension and a detail steady state 

fluorescence measurements and TD-DFT calculations. To have a complete picture of the 

interaction, UV-visible study was also done in the entire pH range of 2.00 to 7.50. We also 

have examined the salt effect on the keto-enol tautomerism of curcumin observed in the 

submicellar solutions. The study on the stabilization of ~-diketo tautomer curcumin in 

aqueous premicellar ionic surfactants has been presented in two different subsections 

below. 

111.3.1. Curcumin in Submicellar Cationic Surfactant Solutions* 

111.3.1.1. UV -Visible spectral study 

Although the changes in absorption behavior of aqueous curcumin caused by cationic 

surfactants have been studied276,277, the absorption spectra of curcumin in the presence of 

cationic surfactants varying in chain length as well as head group and counter ion, have 

been studied in the entire pH range of 2.00 to 7.50 for clarity and completeness. The 

variations in spectral properties of aqueous curcumin (25.0 ~mol dm-3
) in the presence of 

five cationic surfactants, in buffered solutions have been studied. Figlll.21 shows that as 

the concentration of the CT AB increases from 1.8xlO-5 mmol dm-3
, the main absorption 

band of curcumin at 425 nm loses its intensity gradually into a broad shoulder at 355 om 

while this shoulder at 355 nm increases gradually into a clear peak .. 

It is also observed that the new absorption peak at 355 nm above CT AB 8xlO-5 mol 

dm-3 has some red shifts when [CT AB] increases from 8.0xlO-s to 2.0xl0-4 mol dm-3 

(Fig.III.21). This indicates that there is an allowance of a low-energy 1t-1t. excitation of the 

conjugated curcumin structure because of the coupling between the electric transition 

dipole moments of the two feruloyl chromophore units349
. 

* This work has been published in J. MoL Liq. 187 (2013) 350-358. 
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Fig.III.21. UV-visible spectra of curcumin (2 .5xlO"5 mol dm·3
) in presence of various 

concentrations ofCTAB at pH 7.00 and 298 (±1) K: [CTAB] I (10"5 mol dm-J
) = (a): (1) 

0.00, (2) 1.0, (3) 2.0, (4) 4.0 and (5) 6.0; (b): (6) 8.0, (7) 10.0, (8) 12.0, (9) 14 .0, and (10) 

18.0; (11) 20.0; (e) (12)40.0, (13) 60.0, (14) 80.0, (15) 100.0, and (16) 120.0. 

Therefore, the absorption peak of aqueous curcumin at 425 nm and a shoulder at 355 nm, 

correspond to the absorptions of the conjugated diferuloyl structure and the feruloyl unit 

respectively. The opposite changes of the absorption bands at 425 nm and at 355 nm at 

[CT AB] less than 0.20xl0·J suggests that binding of CT AB with curcumin can destroy or 

recover the conjugated structure of curcumin. Moreover, had the binding between the 

CT AB and curcumin occurred at the active groups in the aromatic rings of curcumin, the 

added surfactant would have lowered the absorption intensities of curcumin at both 425 

nm and 355 nm. However, this is not observed. 

The ~-diketone group has maximum electron densityJ50 in the structure of 

curcumin and it has been reported to form chelated complexes with metal ions such as 

Na+, Cu2+, Mg2+ and AlJ- (ref. 351), etc. The positively charged head group ofCTAB 

interacts electrostatically with the ~-diketone group of curcumin to form CT AB/curcumin 

complex. The binding of the CT AB molecule to the central methylene bridge of the two 

feruloyl units breaks the extended aromatic conjugation in the planar geometry of 

curcumin. Thus, at [CT AB] from 0.18xlO·5 mol dm·3
, the 355 nm bands appears persists 

up to [CT AB] of 0.20xl O·J mol dm"J, and then at [CT AB] > 20 mmol dm"3, the 425 nm 

band reappears at 420 nm. The inversion of the absorption pattern of curcumin above 

[CT AB] = 20 mmo I dm·3 indicates the departure of the head of CT AB from the ~-d iketone 

group of curcumin and the recovery of the planar conjugated enol form. 
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It is reported that ionic micelles can shift the pKa of dyes up to 2 units due to 

difference in electric potential between the bulk and the micelle surface l80
. On the other 

hand the ionic submicellar surfactants are reported to shift the pKa of dyes up to 5-6 units 

in dye-surfactant ion pairs through combined hydrophobic-electrostatic interactions, 

including H-bonding, resulting in a strong electron withdrawing or releasing effects296
. We 

could find a new peak at 454 nm at surfactant concentrations above the CMC at pH 7.00 

unlike that obtained earlier277
. This new peak is due to deprotonation of enolic proton 

whose pKa corresponds to 8.38. Thus cationic micelles at pH 7.00 which is close to the 

second pKa (Fig.III.20) of curcumin can deprotonate the proton stabilized by hydrogen 

bonding. This new peak was observed in case of all the cationic surfactants except 

DT AB277 at pH 7.00 which can be seen in Fig.III.22 and Fig.III.23 for CPB and CPC, 

respectively. 
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Fig.III.22. UV-visible spectra of curcumin (2.5xl0-5 mol dm-3
) in presence of various 

concentrations ofCPB at 298 (±1) K: [CPB] / (10-5 mol dm-3
) = (a) : (1) 0.00, (2) 1.0, (3) 

5.0, (4) 10.0 (5) 20.0, (6) 40.0, (7) 60.0 
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Fig.III.23. UV-visible spectra of curcumin (2.5xlO·s mol dm-3
) in presence of various 

concentrations ofCPC at 298 (±l) K: [CPC] / (10-5 mol dm-3
) = (a): (1) 0.00, (2) 1.0, (3) 

5.0, (4) 10.0, (5) 20.0, (6) 40.0, and (7) 60.0. 

The spectra of aqueous curcumin observed at a higher ionic strength of 0.06 (in 

presence of 0.05M KBr) at pH 5.00 in presence of varying concentrations of CT AB, 

TT AB and DT AB have been studied and are also presented in Fig.III.24, Fig.III.25 and 

Fig.III.26, respectively. 
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Fig.III.24. UV-visible spectra of curcumin (2.5xlO·5 mol dm-3
) in presence of various 

concentrations ofCTAB atpH 5.00 (l = 0.06) and 298 (±1) K: [CTAB] / (l0·5 mol dm-J
) 
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Fig.III.25. UV-visible spectra of curcumin (2.5xlO-5 mol dm-3
) in presence of various 

concentrations ofITAB at pH 5.00 (l = 0.06) and 298 (±1) K: [TTAB] / (10-5 mol dm-3
) 
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40.0, (11) 60.0, (c) (12) 80.0, and (13) 10.0 . 
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Fig.III.26. UV-visible spectra of curcumin (2.5xlO-5 mol dm-3
) in presence of various 

concentrations ofDTAB at pH 5.00 (l = 0.06) and 298 (±l) K: [DTAB] / (10.3 mol dm-J
) . 

(1) 0.00, (2) 0.90, (3) 1.20, (4) 2.0, (5) 3.0, (6) 4.0, (7) 5.0 , (8) 6.0, (9) 8.0, (10) 10.0. 
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It is observed that at higher ionic strength, aqueous curcumin exhibited similar trends of 

appearance/disapperance of the band at 355 nm, however, the band appeared with higher 

absorption intensities at a lower concentration (e.g., 0.9x10·5 mol dm·3 CT AB) also 

reverted to the 425 nm band at a lower concentration (e.g., 1.0x10-4 mol dm·3 of CTAB) 

compared to that at the ionic strength of 0.0 1. 

III.3.1.2. Equilibrium analysis 

The presence of isosbestic points in the spectra of curcumin in presence of the cationic 

surfactants indicates equilibrium between the free dye and surfactant with their complex. 

Assuming the interaction to be of 1: 1 stoichiometry, the interaction can be represented as 

follows: 

- IIL8 

and 

III. 9 

where, S+, C and S+.C represent the surfactant, the dye and their complex, respectively. 

The equilibrium binding constant, Kc has been determined by using the equation277
,352: 

do ~d Ed (1.) 
d-do = EC + ECKC Cs 

III.lO. 

where, d and do are the observed absorbances of the curcumin solutions at the Amax of the 

complex in the presence and absence of surfactant, respectively. cd and Cc are molar 

extinction coefficients of the dye and its complex, respectively and Cs = [SJ. 

The plots of lI(d-do) vs. lies were found to be linear with squired correlation coefficient 

between 1 and 0.981. The observed large values of Kc (Table 111.7) are comparable to 

those reported in similar oppositely charged dye-surfactant systems212
,217,218. The Kc 

increased by over an order on increasing the ionic strength from 0.01 to 0.06. We report 

the Kc values at ionic strength of 0.06 of all the surfactants at pH 5.00 only (Table III.S). 

Since, curcumin is as such electrically neutral in the experimental pH range, the increase 

in the interaction with ionic strength may be indicative of a secondary salt effect 

suggesting involvement of an acid-base interaction in the complex formation. The 

presence of aromatic pyridinium ring in the head group did not show any prominent effect 
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on the spectra of aqueous curcumin. The Kc was found to increase on changing the 

surfactant in the order: DTAB < TTAB < CPB < CPC < CTAB151
. 

The Kc showed a considerable increase with increase in the chain length of the 

surfactant indicating an important role of hydrophobic interaction in the complex 

Table Ill.7: The binding constants (Ke) of curcumin with cationic surfactants at 298 (±l) 

K. 

Surfactant Amax of the pH Kc /(103 M i )", 

complex (nm) at ionic 
strength 0.01 

7.00 3.26a 

CTAB 6.00 3.42 
353.5 5.00 3.47a 

4.00 3.28 
3.00 3.21 
2.00 3.12a 

7.00 2.83 a 

TTAB 351.5 5.00 2.99 a 

2.00 2.68a 

7.00 2.47a 

DTAB 349.5 5.00 2.59a 

2.00 2.29a 

7.00 3.14 
CPC 357.5 5.00 3.34 

2.00 3.07 
7.00 3.12 

CPB 356.5 5.00 3.20 

2.00 2.88 
*Experimental error limit = ±5%, adata from ref. 277. 

Kc /(103 M i
)", 

at ionic 
strength 0.06 

42.4 

36.9 

35.2 

31.1 

26.5 

formation. Moreover, the appearance of the 355 nm UV-band of curcumin is not seen in 

presence of Tetra-n-butylammonium bromide (TBAB) salt which lacks a hydrophobic tail 

in its structure which indicates that the interaction is hydrophobicity induced. As the head 

group of the surfactant changes from cetyltrimethyl ammonium to pyridinium ring in CPC 

and CPB, delocalization of positive charge of the head group occurs and the electrostatic 

attraction between the head group and electronegative oxygen atoms of curcumin becomes 

weaker, so the complex formation decreases and the Kc gives smaller values (Table 111.7) 

compared to that of CT AB inspite of having similar tail lengths. Replacement of the 

counterion of the surfactant from Br- in CPB to cr in CPC causes an increase of the 

complex formation as observed from the pC20 values (Table 111.8). This phenomenon is 
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originated from the size difference between the ions. A larger size of Br" makes its 

hydration difficult, so these ions are preferred rather than cr ions to bind to the surfactant 

molecules. As a result, freedom of the surfactant molecules to interact with curcumin 

molecules is lowered. cr counterion is reported to have larger contribution towards 

micellizationl and submicellar dye-surfactant interactions238 than the Br" counterion. These 

observations indicate that the interaction between the dye and the surfactants is highly 

influenced by conditi~!lS of the medium and the structural properties of both the dye and 

the surfactant 

The value of Kc is largest at pH 5.00 and decreases gradually as we go away from 

it to either side (Table 111.7). Although the Ketelaar does not give highly accurate Kc, this 

trend vs. pH is very clear from the table. This analogy with enzyme reactions can be 

explained on the basis of dominance of the nonionic form of curcumin at pH 5.00. The 

interaction gradually disappears as the nonionic form changes to the mono-anionic form of 

curcumin on approaching the 2nd pKa (7.7-8.5) and also as the nonionic form changes to ' 

the mono-cationic form on approaching the 1 st pKa «0) (Fig.III.20). The ionic forms of 

curcumin are obviously less hydrophobic than the nonionic form predominating around 

pH 5.00. A strong hydrophobic interaction between the surfactant tail and the curcumin 

molecule seems to be crucial for the stabilization of the ~-diketo form as only the nonionic 

form of curcumin shows the interaction. 

The observed secondary salt effect in the present case indicates an involvement of 

acid-base interaction in the dye-surfactant complex formation. However, the absence of 

such complex formation by the ionic curcumin forms (I, ill, IV & V) makes it difficult to 

understand the mechanism of the salt effect. An increase in the hydrogen ion concentration 

probably facilitates protonation of the central methylenic carbon atom of curcumin which 

in turn facilitates the removal of the enolic proton from oxygen atom favoring the 

formation of the diketo tautomer. Since only the diketo form complexes with a cationic 

surfactant head group, the complex formation is favored by the increase in the ionic 

strength. 

111.3.1.3. Surface Tension study 

The surface tension behavior of the buffered solutions on increasing the concentration of 

the surfactants in the absence and presence of curcumin at pH 7.00 are shown in 

Fig.III.27. The CMC of the surfactants in the buffer solution in the absence of curcumin 
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(Table ill.8), as estimated from the curves, are lower than the CMCs in water because of 

the presence of the buffer components217
,218. 

But, interestingly, the decrease in the surface tension of the solutions was more 

rapid in the presence of curcumin (25.0 f.lmol dm-3
) than that in its absence indicating a 

considerably higher efficienci I2,217,218,253,254 of the surfactant in the presence of curcumin. 

The values of pC20, also markedly decreased in the presence of curcumin (Table 111.8). 

For, example, the pC20 has been found to be 3.69 and 4.69 for CT AB in the absence and 

the presence of curcumin, respectively, which were attributed to a nonionic surfactant-like 

nature having a large head group of the dye- surfactant ion pairs formed at submicellar 

concentrations. Curcumin, being nonionic in the experimental pH range, is incapable of 

forming ion pairs. But the observed higher efficiency of the complex suggests that the 

complex still behaves like a cationic surfactant with a larger head group than the original 

cationic surfactant. A larger head group ofthe complex occupies larger surface area of the 

solution reducing the surface tension more rapid Ii II. The complex may form a monolayer 

at the air/water interface and any change in the structure of the monolayer at the air/water 

interface affects the surface tension, y of a solution. In this case, the dye-surfactant 

complexes have larger head groups than that of the corresponding cationic surfactants and 

therefore occupy a larger surface area per surfactant in the monolayer at the air/water 

interface compared to that of the individual cationic surfactant. A larger surface area per 

surfactant leads to a lower CMC of the complex (CMCc). Fig.III.27 shows change in trend 

in the surface tension behavior in the surface tension vs. surfactant concentration curves 

Table 111.8: CMC* of the surfactants, pC20 values in presence of buffer and in presence of 

buffer and aqueous (25.0 f.lmol dm-3
) curcumin at pH 7.00. 

CMC/(mol dm-3
) pC20, in 

Surfactant Buffer Buffer and Buffer Buffer and 

curcumin curcumin 

CTAB 4.08 x10=4 4.00 x 10=4 3.69 4.69 

TTAB 2.82 x 10-3 3.01 x 10-3 2.92 4.22 

DTAB 1.02 x 10-2 8.13 x 10-3 2.52 3.22 

CPB 8.12 x 10-4 9.01 x 10=4 3.698 4.39 

CPC 6.03 x 10-4 4.07 x 10=4 3.698 4.32 

Experimental error limit = ±5% 
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Fig.llI.27. Plot of surface tension and absorbance of curcumin (25.0 !lmol dm-3
) as a 

function of concentration of (a) CTAB (b) TTAB and (c) DTAB (d) CPB, and (e) CPC at 

pH 7.00 at 298 (±l) K. Symbols: Surface tension of aqueous surfactant in absence (0) and 

in the presence (.) curcumin, absorbance (.) at 355 nm and FI / 102 (Ll) at 535 nm. The 

vertical orange bars indicate the CMC values. 

with CT AB, TT AB and CPC as was reported with oppositely charged dye-surfactant ion 

pairs217. These points (concentration of the surfactant) after which the rapid decrease in 

surface tension of the surfactant in presence of curcumin decreases, correspond to 

micellization of the respective complexes. The surface tension vs. logarithm of surfactant 

concentration plots, in the presence of curcumin; also indicate changes in the slopes 

around the concentrations of surfactants where the ~-diketo band starts to appear as shown 
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in Fig.III.27. The slopes of the curve before the breaks showed a significant decrease with 

decrease in the surfactant chain length. The changes in the slopes and the increase in the 

efficiency of the cationic surfactants in the presence of curcumin can be attributed as the 

possibility of formation of surface active curcumin-surfactant complexes. The complex is 

formed due to cooperative attractive forces between the partial negative charges of the 

electron rich electronegative O-atoms of curcumin and the positively charged cationic 

surfactant head groups and the hydrophobic forces. 

111.3.1.4. Fluorescence spectral behavior: 

The Amax of the fluorescence band of curcumin shifts from 517 nm to 439 nm on lowering 

the polarity of the solvene53-357
• Similarly, with decrease in the hydrogen bonding ability 

of the solvent, i.e., on going from protic to aprotic solvent, the Amax showed blue shift355.357
. 

Thus, the greater the interaction with water, the lesser is the extent of blue-shift. It was 

reported that the fluorescence intensity (FI) of the fluorescence band of curcumin with 

emission Amax at 570 nm decreases with increase in the concentration of DT AB up to the 

CMC and above that along with a shift of the Amu to about 500 nm277. We have examined 

the fluorescence behavior of curcumin in more detail as a function of the surfactant 

concentration in presence of all the five surfactants. The spectra with CT AB have been 

shown in Fig.III.28. The fluorescence intensities (FI) at 535 nm for all five surfactants 

have been included in Fig.m.27. Though we observed the ILmax of emission at 570 nm in 

pure water, we have observed the ILmax of emission at 535 nm (after being excited at 425 

nm) in our solutions as the solutions in our case contained a small amount of methanol 

used for dissolving curcumin may be one of the possible reason for the shift. This small 

shift in emission imu may be attributed to a variation in the solvent polarit!53-357. This 

red-shift in the fluorescence maximum as observed here after going water: methanol 

mixture to pure water (M ;::: 20 run), indicates that the exited singlet state must be very 

polar. 

It can be noted that the FI actually started to decrease only on addition of surfactant 

above the CMCc, i.e., on micellization of the curcumin-surfactant complex. The FI 

decreased to a minimum indicating an increase in the polarity of its environment as the 

micelles of the complex consolidate with increase in the surfactant concentration 

(Fig.III.27). However, over the range of pH 2.00-7.50, the FI is not much affected with 

the change in pH. In presence of submicellar CT AB, curcurnin may experience a more 

polar environment through increased exposure to more hydrophilic region and hence the 
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Fig.III.28. Fluorescence spectra of curcumin (25 .0 Ilmol dm-3
) in presence of CT AB at pH 

7.00 and temperature 298 (±I) K: [CT AB] / (mmol) (a): (1) 0.00 (2) 0.05 (3) 0.08 (4) 1.00 

(5) lAO (6) 1.80 (b): (7) 2.00 (8) 3.00 (9) 4.00 (10) 6.00 (11) 8.00. 

fluorescence quenching. The presence of bromide ion may partly affect the fluorescence 

intensity (FI) as reported for DT AB surfactant276
. Our observations for curcumin in 

submicellar cationic surfactants indicate that, there is a probability of formation of a weak 

fluorescent complex between the fluorescent curcumin and the cationic surfactants. We 

can attribute it as the formation of a weak dye-surfactant complex between the ~-diketo 

form of the curcumin and the CTA+/TTA+/DTA+/Cp· head groups . 

Even though all curcumin molecules may exist in several tautomeric forms as well 

as geometric (cis-trans) isomeric forms of enol configuration, the fluorescence spectra 

exhibit no wavelength dependency on these forms 346
. The spectra recorded at different 

absorption maxima gave fluorescence maximum at 535 nm only. The fluorescence 

intensity (FI) of the band with )-nuu of 535 nm of 25 .0 IlmOI dm-3 buffered curcumin 

decreased slightly as [CT AB] increased above 0.025 mmol , reached a minimum 1.80 

mmol dm-3 of CT AB and then showed a marked increase (Fig.III.28). As the changes in 

the trends in the surface tension behavior coincide with the appearance of the UV band of 

the ~-diketo tautomer and the lowering of the Fl, the tautomerization perhaps takes place 

upon micellization of the complex (premicelles). This suggests that the ~-diketo tautomer 

is stabilized in the curcumin-cationic surfactant premicelles. While the marked increase in 

the intensity at higher concentrations of the surfactant can be attributed to curcumin 

solubilized in nonpolar environment of micelle core, the initial decrease in the intensity is 

indicative of a more polar environment of the dye which is possible only through ion-
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dipole interaction of the cationic head group of the surfactant with the two electronegative 

oxygen atoms of the curcumin molecule. 

At concentrations above 10 mmol dm-3
, there was a shift of the fluorescence 

maximum to :::::500 nm. The increase in the fluorescence intensity above 2.00 mmol dm-3 of 

CTAB coincided with the disappearance of the UV- absorption band of the diketo form. 

At [CTAB] > 2.00 mmol dm·3
, curcumin is solubilized in the planar keto-enol form in the 

nonpolar micellar core of CT AB, which is reflected by the appearance of the 420 nm band. 

Therefore, the ion-dipole binding must be through the ~-diketo group breaking the 

conjugation of the dye to be consistent with the observed changes of the UV -Vis spectra. 

Since the UV-band does not appear in the high concentration above the CMC of the 

surfactants, we have not studied further in this concentration range. 

The Fls at 535 vs. the surfactant concentrations showed almost similar trends for 

all five surfactants except observation of change in the trends at different concentrations 

for different surfactants. This indicates similar interactions of curcumin with all five 

cationic surfactants with variation in the strengths of the interaction and the concentration 

ranges where the dye is under a particular type of microenvironment. 

111.3.1.5. Computational study of curcumin - cationic surfactant interactions 

The OFT optimized structures of curcumin, the model surfactant (EA) and the proposed 

interaction products have been shown in Fig.III.29. We have also performed the 

vibrational energy calculations to confirm the local energy minimum structures for all the 

molecules. From the fully optimized geometries, we find that the keto-enol curcumin 

stabilizes in planar geometry with a cis-configuration of two oxygens forming hydrogen 

bonds while the diketo curcumin stabilizes in a V-shaped geometry as reported 

earlier348
,357. Geometry optimization starting with the syn-diketo structure did not produce 

a minimum, and it rearranged to the anti-diketo form. The calculated gas phase and 

methanol phase energy of the keto-enol form of curcumin has been found to be lower than 

that of the diketo form by::::: 7.39 kcal mor l and 7.81 kcal mor l respectively which agrees 

with the reported values348
,357. A possibility of preferred complexation of the surfactants 

with diketo curcumin compared with its keto-enol tautomeric form exists which could 

rationalize the observed experimental UV band at submicellar solutions. 

To obtain insight on the charge density profile and bonding aspects, we have 

performed calculations of the natural bond orbital (NBO) and natural electronic 

configuration. As can be seen from the relaxed structures of the individual molecules and 
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the complex as shown in Fig.III.29, the diketo curcumin could not retain its anti

configuration in presence of EA. In presence of EA, the anti-diketo curcumin stabilizes 

with the orientation of the electronegative oxygen atoms towards the positive EA moiety. 

This indicates interaction between the EA moiety with the two electron rich O-atoms of 

the ~-diketo tautomer of curcumin which would otherwise take an anti orientation. We 

find that the shortest distance of separation (as measured from the closest H-atom of the 

methyl group attached to the N-atom of EA to the closest 0 atom of curcumin) between 

curcumin and EA is within 2.395 A. From natural population analysis (NPA), we also find 

that there is a small amount of fractional charge transfer from d iketo curcumin to EA. We 

also observe that the re-distribution of electronic charges in diketo curcumin moiety 

occurs in presence of EA and the excess transferred charge is mainly localized on 2Pz 

orbital of N. The very small value of charge transfer in the complex indicates that the 

interaction does not mainly govern through the electrostatic Coulombic interaction, ion 

(EA)-dipole (curcumin) and van der Waals interactions may significantly contribute to the 

overall stabi lity of the complex between the ~-diketo curcumin and EA. [nelusion of 

solvent effect causes a very huge change in the of EA complex stabilization viz. -21 .27 

kcal mole,l in gas phase to -6.71 kcal mole' l in methanol phase. We find that the HOMO

LUMO energy of diketo curcumin reduces ::::: 0.44 e.Y on complexation (Table 111.9) with 

EA. 
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J Hydrogen 

Fig.III.29. The optimized structures of all the individual molecules and complexes : (a) 

ketoenol curcumin, (b) EA, (c) ~-diketo curcumin and (d) ~-diketo curcumin.EA complex. 
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To understand the observed shifts in peak position in UV -Visible absorption 

spectra upon complexation with the surfactant, we have carried out TD-DFT computations 

on the ground state optimized geometries of free keto-enol and diketo 

Table III.9. Relevant terms for the individual tautomers and the complex with EA. ~Estab. 

~EH-L and CT representing stabilization energy, HOMO-LUMO energy gap, and charge 

transfer, respectively. The values within parentheses correspond to methanol as solvent. H 

and L stand for HOMO and LUMO respectively. 

System ~Estab 

Keto-enol 

Curcumin 

Diketo 

Curcumin 

Diketo 

(kcal 

mor l
) 

Curcumin. -21.27 

EA (-6.71) 

~EH- CT 
L (e) 

(eV) 

3.15 

3.59 

3.15 0.03 

Transition 
energy (nm) 

429.90 

(461.95) 

391.59 

( 408.57) 

378.37 

(350.36) 

443.80 

(425.38) 

417.44 

(407.43) 

375.19 

(369.22) 

365.61 

(368.72) 

Oscillator 
Strength 

1.53 

(1.66) 

0.26 

(0.52) 

0.15 

(0.37) 

0.23 

(0.43) 

0.22 

(0.13) 

0.30 

(0.15) 

0.28 

(0.16) 

MOs 
contribution 

H-7L (0.64) 

H-7L (0.45) 

H-2-7L (0.48) 

H-2-7L (0.43) 

H-7L (0.66) 

H-I-7L (0.60) 

H-I-7L+l 

(0.54) 

H-7L+l 

(0.40) 

curcumin and of the diketo curcumin complex with EA. In solution, curcumin 

predominantly exists as the keto-enol tautomeric form with a strong intramolecular 

hydrogen bond in the ground state as shown in Fig.III.29. As shown in Table III.9, the 

TD-DFT computed gas phase excitation energies for keto-enol curcumin and its diketo 
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curcumin tautomer are 429.90 run and 391.59 run, respectively, with strong absorption 

resulting mainly from the HOMO to LUMO electronic excitations (Fig.Ill.30). The 

calculated results for free curcumin tautomers match quantitatively with the previously 

reported values348
,357 of 419 run of the keto-enol form and 389 run for the diketo form, 

respectively, in gas phase. The calculated values in methanol solvent obtained also match 

qualitatively with the experimental findings. Experimentally, we fmd that the presence of 

low concentration of surfactants in curcumin solution results in a new absorption peak at 

higher energy, at:::o 355 run, along with the original peak at 425 nm. Interestingly, we do 

find new absorption peaks at 350.36 run for diketo curcumin and 369.22 run, 368.72 run 

for diketo curcumin complexed with EA. Here the situation is completely different from 

the case of metal ion chelation of curcumin which report the absorption peak at lower 

energy, i. e., red shift358 due to the significant amount of charge transfer effect between the 

metal ion and curcumin in the metal chelated complexes. 

To rationalize this observation, we focus on the occupation of relevant FMOs 

responsible for these higher energy electronic transitions. As can be seen from Table 

Ill.9, the HOMO-2, HOMO-I, HOMO, LUMO, LUMO+I, LUM0+2 FMOs are mainly 

governing the observed shift to the higher energy side. It is also clear from the Fig.llI.30 

that the LUMO+2 is mainly localized on the one half and the HOM0-2 is mainly 

localized at the central region of the diketo curcumin On the other hand, the LUMO is de-

'localized almost over the entire molecule but the HOMO-I, HOMO and LUMO+I are 

predominantly localized over the two arms with a kink at the central tetrahedral 

methylenic carbon (Fig.Ill.30). Whereas, complexation of diketo curcumin with EA 

render changes in the delocalization of FMOs as seen in Fig.Ill.30. The significant 

changes in relevant FMOs occupation for curcumin complexed with EA render the 

transition energy towards higher energy values. Thus, the theoretical results help in 

understanding the origin of the UV absorption peak of curcumin in presence of the 

sub micellar cationic surfactants. 
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111.3.2. Curcumin in Submicellar Anionic Surfactant Solutions* 

111.3.2.1. UV -Visible spectral study 

Chapter-III 

The variations in spectral properties of 25.0 ~mol dm·3 aqueous curcumin in presence of 

different concentrations of SDS at pH 7.00 and 298 K have been shown in Fig.III.31. As 

our subsequent discussions are focused on the UV -Vis spectral observations, we briefly 

describe the spectral variations of curcumin on additions of SDS though the same has been 

reported earlier276,277,. The absorption of the 425 nm band of curcumin solution starts 

decreasing with appearance of the new band with I,max at 355 nm as the concentration of 

SDS is increased to 0.50 mmol dm,3. Further addition of SDS increases the intensity of the 

new band with corresponding decrease of the 425 nm band with a slight bathochromic 

shift from 355 nm to 362 run. The intensity of the new band increases up to a 

concentration of SDS of 1.80 mmol dm,3 and then again starts decreasing on further 

addition of SDS. In the concentration range of 2.0-4.0 mmol dm,3, there was the reversal 

of the 425 run band. The UV band disappeared completely at 6.00 mmol dm,3 SDS with 

simultaneous appearance of the original band at 420 run above the CMC ofSDS. 

The spectra recorded between 0.50 mmol dm,3 and 1.80 mmol dm3 of the 

surfactant concentrations passed through a clear isosbestic point at 374 nm. It is interesting 

to note that the new band at 355 run corresponding to the ~-diketo curcumin, appears as 

the same manner as observed in presence of cationic surfactants at the pH range 2.00-7.50. 

The ~-diketone moiety of curcumin can chelate cationic metal ions347 such and 

cetyltrimethyl ammonium ion. Here, the interaction of curcumin is with a negatively 

charged head group. Here, at the [SDS] = 0.50 mmol dm,3 to 1.80 mmol dm,3, the twisted 

diketo form of curcumin is stabilized by a complex formation with SDS. At [SDS] = 2.00 

mmol dm,3, the complex begins to break down due to formation of premicelles276
• The 

disappearance of the UV band above [SDS] > 6.00 mmol dm'3 and the simultaneous 

appearance of the 420 nm band can be attributed to micellar solubilization of curcumin in 

the keto-enol form. The CMC of SDS is 8.21 mmol dm,3 (ref.218), which is reduced to 

6.00 mM due to the presence of buffer components218. The 420 nm band can be attributed 

to the keto-enol form of curcumin in the nonpolar SDS micellar core l33 The 5 nm 

hypsochromic shift of the band from 425 run to 420 run may be attributed to change in the 

microenvironment of the dye on incorporation to the miceUe276. 

*This work has been published in Spectrochim. Acta A 104 (2013) 150-157. 
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However, this high energy band was not observed in presence of Triton X-I 00, a nonionic 

surfactant. 

As observed that cationic micelles atpH 7.00 (Fig.III.21) can deprotonate the most 

acidic H-atom, the anionic micelles cannot as indicated the non appearance of the band at 

454 nm. The present experiments have been carried out in acidic and neutral medium. It is 

possible that the diketo curcumin interacts with surrounding water through H-bond 

formation with the oxygen atoms of the carbonyl groups and then the H atom bound to one 

of the oxygen atoms binds with the dodecylsulfate group of the surfactant. The H-bond 

with either of the oxygen atoms, more likely to that of the sulfate group, may be close to a 

proto natio n. The whole process may be assisted by ion-dipole and hydrophobic 

interactions involving the dye-surfactant combination. Thus, the monomeric surfactant 

stabilizes the twisted diketo curcumin by means of a dye-surfactant complex involving H

bond formation. 

Addition of SDSN to aqueous curcumin in the experimental pH range also induced 

spectral variations analogous to that observed with SDS. The )-max of the submicellar band 

of the dye was the same as that with SDS and the absorption spectra passed through an 

isosbestic point. A slight red shift from 355 nm to 365 nm is observed on increasing 

[SDSN] from 0.30 mmol dm-3 to 1.20 mmol dm-3
. 
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Fig.III.31. UV-visible absorption spectra of curcumin (25.0 !lmol dm-3) In various 

concentrations of SDS at pH 7.00 and temperature 298 (±1) K: [SDS] / (mmol dm-3) (a): 

(\) 0.00 (2) 0.50 (3) 0.80 (4) 1.00 (5) 1.40 (6) \ .80 (b): (7) 2.00 (8) 3.00 (9) 4.00 (10) 6.00 

(11) 8.00. U;z ) C) .OO 
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With SDBS under similar experimental conditions, the spectral variations were somewhat 

different from that observed with SDS and SDSN277 (Fig.III.32). The new sub micellar 

absorption band appears at 360 om in presence of 0.30 mmol dm-3 SDBS. A gradual red 

shift of 360 om to 387 om is observed on going from 0.30 mmol dm-3 to 1.00 mmol dm-3 

of SDBS. The original curcumin band appears at 416 om above 1.20 mmol dm-3 

concentration of the surfactant with gradual disappearance of the UV band. The only 

significant difference in SDBS from the other two anionic surfactants that may bring about 

the observed difference in the spectra is the presence of the benzene ring in SDBS. The 

interaction of the aromatic ]I-electrons of SDBS with curcumin may affect the H-bond 

formation and as a consequence may weaken the diketo curcumin-surfactant complex. 
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Fig.III.32. Absorbance spectra of curcumin (25.0 IlmOI dm-3
) in presence of various 

concentrations of [SDBS] / (mmol dm-3) at pH 7.00 and 298 (±l) K (a): (1) 0.00 (2) 0.30 

(3) 0.40 (4) 0.60 (5) 0.80 (6) 1.00 (6) 1.20 (b): (7) 1.50 (8) 1.80 (9) 2.10 (10) 4.00 (11) 

6.00 (12) 8.00 . 

111.3.2.2. Equilibrium analysis 

The presence ofisosbestic points in the spectra of cur cumin in presence ofSDS and SDSN 

indicate equilibrium between the free dye and surfactant with their complex. Assuming the 

interaction to be of 1: 1 stoichiometry, the interaction can be represented as follows: 

Kc 
)p" 

S-+ C - III. 1 1. 

and 
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III.12. 

where, S', C and S'.C represent the surfactant, the dye and their complex, respectively. 

The equilibrium binding constant, Kc has been determined by using the equation Ill.tO. 

The plots of lI(d-do) vs. 11Cs were found to be linear with squired correlation coefficient 

between 1 and 0.979. The determination ofKc with SDBS, however, may not be as reliable 

as with SDS and SDSN since no isosbestic point was observed in this system. Addition of 

an electrolyte (viz., 0.05M Na2S04) to the solutions increasing the ionic strength from 0.01 

to 0.06 increased Ke by over an order for all three surfactants (Table Ill.tO). Since, 

curcumin is as such electrically neutral in the experimental pH range, the observed 

increase in the interaction with ionic strength may be indicative of a secondary salt effect 

suggesting involvement of an acid-base interaction in the form of protonation or 

deprotonation. In the present case there may be a protonation of either the diketo group of 

curcumin or the anionic surfactant headgroup. The observed secondary salt effect supports 

our assumption made in Sec Ill.3.2.1 about binding between the diketo oxygen and the 

anionic surfactant head group oxygen through a proton. 

Table ill.tO. The binding constants (Ke), of the interaction of buffered aqueous curcumin 

with the submicellar anionic surfactants at 298 (±1) K and ionic strength of 0.01 and 0.06. 

Surfactant pH KJ (l03 M,1 dm3)* KJ (l03 M,1 dm3)* 

at ionic strength 0.01 at ionic strength 0.06 

SDS 5.00 1A8a 2904 

SDBS 5.00 1.28a 18.1 

SDSN 5.00 1.34a 2004 

"Experimental error limit z: ±5%. aData from ref.277 

Ill.3.2.4. Surface Tension Study 

Fig.III.33 shows the variation of surface tension with variation in the surfactant 

concentrations of the buffered aqueous anionic surfactant solutions in absence and in the 

presence of25.0 !lmol dm,3 curcumin at pH 7.00. The surface tension gradually decreased 

with increase in the concentration of the surfactant, reached a minimum (e.g, at 2.50 mmol 

dm,3 in the case of SDS) and then almost levelled off. The concentration 2.50 mmoJ dm,3 

is therefore the CMC of SDS in the experimental buffered medium. The CMCs obtained 

from the surface tension vs. concentration plots are indicated by vertical bars in Fig.III.33 
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at pH 7.00. It can be mentioned here that the CMCs of the surfactant in the buffered media 

were within the experimental error in the absence and the presence of curcumin. The 

insignificant difference in the CMC due to curcumin may be due to already drastic 

decrease in the CMC caused by the buffer components. The surface tension in the 

presence of the dye was less than that in the absence at very low concentration of SDS 

probably due to adsorption of curcumin initially at the air/water interface. Between [SDS] 

of 0.10 mmol dm-3 and 2.50 mmol dm-3
, the surface tension in the presence of curcumin is 

slightly higher than that in its absence, which indicates the formation of a less surface 

active curcumin-SDS complex. The crossover (Fig.III.33(b)) of surface tension curves 

also coincided by the appearance of the diketo curcumin UV-Visible band at 355 nm. The 

values of pC20 have been found to be 3.25 and 3.19 in the presence and absence of 

curcumin, respectively. The surface tension of SDBS and SDSN showed similar variations 

in the absence and presence of curcumin (Fig.ID.33). 

The absence of significant lowering of surface tension of the surfactants and 

absence of two CMCs in the presence of curcumin as reported earlier with other ionic 

dyes296 indicate that the curcumin-anionic surfactant complex does not behave like a 

nonionic surfactant but retains the anionic charge with comparable surface activity. At 

[SDS] = 18 mmol dm-3
, the intensity of the 355 nm band is maximum and at this 

concentration the surface tension of SDS in presence of curcumin is lower than that in 

absence. This indicates that some of the surfactant molecules occupy the surface 

monolayer. 
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Fig.III.33. Plot ofUV absorbance at 355 run, fl uorescence intensity at 550 run and surface 

tension of aqueous solution of cur·cumin (25.0 IlmOI dm-3
) as a function of concentration of 

(a) SDS (b) SDBS and (c) SDSN atpH 7.00 at 298 (± l ) K. Symbols: Absorbance (_), FI / 

102 
( . ) and surface tension of aqueous surfactant in the absence ( ) and the presence (. ) 

of curcumin. 
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111.3.2.5. Fluorescence spectral behavior 

The changes in fluorescence behavior of curcumin have been attributed to the solute

solvent interactions, intramolecular charge transfer character, intermolecular hydrogen 

bonding with polar solvents, and 7t-7t interaction with molecules possess ing aromatic 

entitY69. The plots of fluorescence intensity (FI) VS. concentration of the surfactants are 

shown in Fig.1I1.34. After being excited at 425 nm curcumin exhibits an intense 

fluorescence maximum at ::::: 550 nm in aqueous solution. The FI of the band at Amax of 550 

nm, of 25.0 !-lmol dm'3 buffered curcumin decreased very slightly as [SDS] increased 

above 0.50 mmol dm,3, reached a minimum 1.80 mmol dm'3 of SDS and then showed a 

marked increase. While the marked increase in the FI at higher concentrations of the 

surfactant can be attributed to curcumin solubilized in nonpolar environment due to 

premicelles, the initial slight decrease is indicative of a slightly more polar environment of 

the dye which is possible only through ion-dipole or H-bond interaction of curcumin with 

the anionic head group of the surfactant. The increase in the FI above 2.00 mmol dm'3 of 

SDS coincided with the disappearance of the visible absorption band of the proposed 

diketo form. Therefore, the ion-dipole interaction or the H-bond interaction is perhaps 

through the ~-diketo group breaking the conjugation of the dye to be consistent with the 

observed changes of the UV-Visible spectra. 
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Fig.III.34. Fluorescence spectra of curcumin (25 .0 !-lmol dm'3) in presence of various 

concentrations of SDS at pH 7.00 and 298 (±1 K). [SDS] / (mmol dm'3) (a): (1) 0.00, (2) 

0.50 , (3) 1.00, (4) 1.40, (5) 1.80; (b): (6) 2.00 (7) 3.00 (8) 4.00 (9) 6.00 (10) 8.00. 
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III.3.2.6. Computational study of curcumin - anionic surfactant interactions 

The calculated gas phase energy of the keto-enol fonn of curcumin has been found to be 

lower than that of the diketo fonn by ;:::; 7.39 kcal mor l which agrees with the reported 

values348
•
357

• A possibility of preferred complexation of the surfactants with diketo 

curcumin compared with its keto-enol tautomeric form exists which could rationalize the 

observed experimental UV band at submicellar solutions. To ensure that the diketo 

curcumin forms the complex with the surfactant, we considered both the tautomeric forms 

of curcumin to interact with ES and compared the calculated stabilization energies. All the 

OFT optimized structures are shown in Fig.Ill.35. From the fully optimized geometries, 

we find that the keto-enol curcumin stabilizes in planar geometry with a cis-configuration 

of two oxygens forming hydrogen bonds while the diketo curcumin stabilizes in a V

shaped geometry with anti-configuration of two keto groups . The methanol phase 

stabilization energy of the diketo curcumin.ES and keto-enol.ES have been calculated as -

19.51 kcal mole-I and -15.8132 kcal mor l, respectively. Thus, the diketo complex is more 

stabilized than the keto-enol complex by ;:::; 4-5 kcal mOrl. 

(a) (b) Oxvgen 
J~ 

~ ./.. 
Sulfm 

., Carbon 
.# Hychogen 

~ j 

,,~ 

" 
(c) (d) 

" 

Fig.III.35. The optimized structures of all the individual molecules and complexes: (a) 

ketoenol curcumin, (b) ES, (c) diketo curcumin and (d) diketo curcumin.ES complex. 

To obtain insight on the charge density profile and bonding aspects , we have 

performed calculations of the natural bond orbital (NBO) and natural electronic 

configuration. As can be seen from the relaxed structures of the individual molecules and 
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the complex as shown in Fig.lll.35, the diketo curcumin retains its anti-configuration in 

presence of ES. We find that the shortest distance of separation (as measured from the 

closest 0 atom of ES to the closest 0 atom of curcumin, hydrogen atom in between) 

between curcumin and ES is within 2.574 A. From natural population analysis (NPA), we 

also find that there is a small amount of fractional charge transfer from diketo curcumin to 

ES. We also observe that the re-distribution of electronic charges in diketo curcumin 

moiety occurs in presence of ES and the excess transferred charge is mainly localized on 

3d orbitals of S atom of ES. The very small value of charge transfer in the . complex 

indicates that the interaction does not mainly govern through the electrostatic Coulombic 

interaction. The dipole-dipole, H-bonding and van der Waals interactions may 

significantly contribute to the overall stability of the complex between the diketo curcumin 

and ES. Inclusion of solvent effect causes a very small change in the of ES complex 

stabilization. We fmd that the formation of the complex by the diketo form decreases the 

HOMO-LUMO energy by about 0.45 eV (Table m.ll). 

To understand the observed shifts in peak position in UV -Visible absorption 

spectra upon complexation with the surfactant, we have carried out TD-DFT computations 

on the ground state optimized geometries of free keto-enol and diketo curcumin and of the 

diketo curcumin complex with ES. As shown in Table 111.11, the TD-DFT computed gas 

phase excitation energies for keto-enol curcumin and its diketo curcumin tautomer are 

429.90 nm and 391.59 nm, respectively, with strong absorption resulting mainly from the 

HOMO to LUMO electronic excitations (Fig.III.36) .. The calculated results for free 

curcumin tautomers match quantitatively with the previous reported values348
,357 of 419 

nm of the keto-enol form and 389 nm for the diketo form respectively, in gas phase. The 

calculated values in methanol solvent obtained also match qualitatively with the 

experimental findings. Experimentally, we find that the presence of low concentration of 

surfactants in curcumin solution results in a new absorption peak at higher energy, at ::::: 

355 nm, along with the original peak at 425 nm. The transitions of the complex, chosen on 

the basis of higher oscillator strength in methanol, are shown in Fig.lll.36. 

Interestingly, we do find new absorption peak at 350.36 nm for diketo curcumin 

and 366.93 nm, 362.03 nm for diketo curcumin complexed with ES. Here the situation is 

completely different from the case of metal ion chelation of curcumin where generally one 

finds the new absorption peak at lower energy, i.e., red shift358 due to the significant 

amount of charge transfer effect 
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Table III.H. Relevant terms for the individual tautomers and the complex with ES. llEstab, 

llEH-L and CT representing stabilization energy, HOMO-LUMO energy gap, and charge 

transfer, respectively. The values within parentheses correspond to methanol as solvent. H 

and L stand for the HOMO and LUMO, respectively. 

System 

Keto-enol 
Curcumin 

Diketo 

Curcumin 

Diketo 
Curcumin.ES 

bEstab bEH-L 

(kcal (eV) 

mor I
) 

3.15 

3.59 

-17.36 3.14 
(-

19.51) 

CT Transition 
(e) energy 

(om) 

429.90 
(461.95) 

391.59 
(408.57) 

378.37 
(350.36) 

0.07 452.65 
( 434.55) 

386.87 
(412.82) 

366.71 
(366.93) 

350.05 

(362.03) 

Oscillator MOs 
Strength contribution 

1.53 H~L (0.64) 
(1.66) 

0.26 H~L (0.45) 

(0.52) H-2~L (0.48) 

0.15 H-2~L (0.43) 

(0.37) 

0.07 H~L (0.69) 
(0.34) 

0.44 H-l ~L+l (0.39) 
(0.30) 

0.25 H-I ~L (0.39) 

(0.41 ) H-2~L+l (0.44) 

0.28 H~L+l (0.54) 

(0.10) 

To rationalize this observation, we focus on the occupation of relevant FMOs 

responsible for these higher energy electronic transitions. As can be seen from Table 

III.II, the HOM0-2, HOMO-I, HOMO, LUMO, LUMO+I FMOs are mainly governing 

the observed shift to the higher energy side. It is also clear from the Fig.III.37 that the 

LUMO+2 is mainly localized on the one half and the HOM0-2 is mainly localized at the 

central region of the diketo curcumin. On the other hand, the LUMO and LUMO+ 1 are 

de-localized almost over the entire molecule but the HOMO-l and HOMO are 

predominantly localized over the two arms with a kink at the central tetrahedral 

methylenic carbon. Whereas, complexation of diketo curcumin with ES render changes in 

the delocalization of FMOs as seen in Fig.ID.37. The significant changes in relevant 
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FMOs occupation for curcumin complexed with ES render the transition energy towards 

higher energy values. Thus, the theoretical results help in understanding the origin of the 

UV absorption peak of curcumin in presence ofthe submicellar anionic surfactants . 
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Fig.III.36. The relevant frontier molecular orbitals (FMOs) involved in the absorption 

processes. The blue and red lines indicate the transitions of the free and complexed ~ 

diketo curcumin, respectively. 
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The above experimental and theoretical evidences including the salt-effect clearly 

demonstrate that the observed UV band of aqueous curcumin in the presence of the 

premicellar anionic surfactants is due to the diketo tautomeric form of curcumin stabilized 

by binding of the diketo group with the anionic surfactant headgroup through a proton. 
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IV. Conclusions: 

The present experimental and computational study of the three chosen dyes in the 

environment of aqueous surfactant solutions with more focus in the submicellar 

concentration ranges has revealed some interesting novel information regarding the dye

surfactant interactions, which have been summarized below: 

IV.l. Cis-trans Isomerism of Methyl Orange in Cationic Premicelles 

• The cis-MO stabilized by submicellar cationic surfactants has been reported to be 

highly fluorescence active compared to the trans form. 

• The cis form of MO is stabilized in the premicelles formed by the MO-surfactant 

ionpairs in presence of cationic surfactants below the normal CMC. The dye 

isomerizes to the cis form to reduce its molecular volume to minimize the steric 

restrictions in the ionpair premicelles. 

• The intensity of the 575 nm fluorescence band due to formation of cis MO increases 

when there is DSIP micelle formation and starts to decrease when the cis form reverts 

back to the trans form near the normal CMC of the cationic surfactants. 

• The observed unusual fluorescence behavior ofMO in the presence of the submicellar 

and micellar surfactants may be attributed to a greater fluorescence of the cis form 

compared to that of the trans form, a factor that dominates over the solvent-polarity 

factor. 

• The symmetry forbidden SI~SO (n-n*) fluorescence becomes allowed in a twisted 

cis-MO stabilized in .cationic premicelles, unlike the usual azobenzenes. 

• A broad moderate intensity emission band appears in the range of 420 - 530 nm 

which has been attributed to a stabilization of MO in intermediate conformations 

between the trans and the cis isomers. 

• TD-DFT calculations show that MOc1s.EA is stable over the MOtrans.EA complex by 

::::::2.94 kJ mo!"l. On complexation of the cis form with EA, there is no sigrlificant 

change in the FMOs, however, complexation brings about changes in the symmetry of 

the lobes of the relevant FMOs which renders the wavelength of absorption to the 

higher energy side. 

• The ground state geometries of the free and complexed MO confirm that UV band of 

MO observed in the presence of the submicellar cationic surfactants is due to the cis 

form of the dye which arises from HOMO~LUMO and HOMO-l ~LUMO 

transitions. 
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• The enhancement ofF.I. at 575 nm ofMO in the cis form is originated through initial 

absorption around 375 nm when excited with 270 nm radiation. 

IV.2. Protonation of Acridine Orange in Dye-Surfactant Ion Pair Micelles 

• The present study of the interactions of aqueous AO with submicellar anionic 

surfactants unequivocally establishes the formation of PDSIP in the DSIP micelles in 

addition to the well known induced dimerization ofthe dye. 

• The anionic surfactants clearly exhibit two CMCs in presence of AO as is exhibited 

also by some other cationic dyes, which do not show induced dimerization, as 

reported earlier. 

• The PDSIP formation by AO is entropy driven and stronger with SDS than with 

SDBS. 

• The plots of FI of AO in the presence of an anionic surfactant vs. concentration of the 

anionic surfactant show two minima along with a short maximum in between contrary 

to the previous reports. The fIrst minimum (shallow) and the short maximum of the FI 

curve have been attributed to formation of DSIP and DSIP micelle, respectively. The 

second minimum (deep) has been attributed to formation of PDSIP and location of 

AO at highly polar surface region of the surfactant rich DSIP-surfactant mixed 

micelles. 

• The anionic surfactant approaches AO through one of the terminal N-atom and 

protonation occurs at the other basic terminal diamino N-atom, as shown by TD-DFT 

calculations. 

IV.3. Stabilization of the ~-diketo tautomer of aqueous curcumin in premicellar ionic 

surfactants 

IV.3.1. Curcumin in Sub micellar Cationic Surfactant Solutions 

• The present work consolidates the newly observed phenomenon of keto-enol 

tautomerism of curcumin in premicellar ionic surfactants in addition to the other well 

known interactions. Stabilization of the ~-diketo tautomer increases on increasing the 

tail length or the charge density ofthe head group of the cationic surfactant. 

• Though the curcumin-cationic surfactant complex is formed at a very low 

concentration of the surfactants, the ~-diketo tautomer is stabilized only on 

micellization of the curcumin-surfactant complex. 

99 



Conclusions Chapter-IV 

• The V-shaped ~-diketo form of curcumin is probably a more favored form than the 

planar keto-enol form in the compact aggregates (premicelles) of the complex due to 

steric reasons. The V-shape allows more hydrophobic interaction between the 

surfactant tail and the two hydrophobic feruloyl moieties of curcumin. 

• An observed secondary salt-effect indicates the involvement of a proton in the 

mechanism of the interaction. It is suggested that as the surfactant head group 

approaches curcumin, a protonation of the central methylenic carbon breaks down the 

1t-conjugation in curcumin and facilitates deprotonation of the enolic proton 

stabilizing the ~-diketo tautomer and hence the curcumin-cationic surfactant complex. 

• The formation of the complex by the ~-diketo tautomer further lowers the HOMO

LUMO energy by about 0.44 eV. The complex formation is mainly governed by ion

dipole, van der Waals interactions and a small charge transfer component as was 

reported with anionic surfactant. 

• Natural population analysis reveals that there is a small amount of fractional charge 

transfer from diketo curcumin to cationic surfactant and the excess charge is localized 

on the 2Pz orbital ofN-atom ofCTAB. 

• The significant changes in relevant FMOs occupation for curcumin complexed with 

anionic surfactants also render the transition energy towards higher energy values. 

IV.3.2. Curcumin in Submicellar Anionic Surfactant Solutions 

• The medicinally active diketo tautomer of curcumin observed in submicellar 

anionic surfactants is stabilized in a complex formed between curcumin and 

monomeric anionic surfactant involving a proton. 

• The curcumin moiety experiences a higher polarity in the complex than in its free 

form indicating a role of ion-<iipole or H-bonding interaction as suggested by 

fluorescence behavior. 

• Enhancement of the interaction by secondary salt-effect indicates involvement of 

the protonation in the interaction. 

• The formation of the complex by the diketo form further decreases the HOMO

LUMO energy by about 0.45 eV. The complex formation is mainly governed by 

ion-dipole, dipole-dipole, H-bonding, van der Waals interactions and a small 

charge transfer component. 

• Natural population analysis reveals that there is a small amount of fractional 

charge transfer from diketo curcumin to anionic surfactant also and the excess 
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charge is transferred to the 3d orbitals of S-atom of the anionic surfactant, viz., 

SDS. 

• The significant changes in relevant FMOs occupation for curcumin complexed 

with anionic surfactants also render the transition energy towards higher energy 

values. 

Finally we can say that the complex formation between the electron-rich diketo group 

and the anionic surfactant head group is quite unusual unlike that between curcumin and 

cationic surfactant head group. Such unusual ability of curcumin to bind with species of 

both charge types may have pertinence to the reported versatile medicinal activities of 

curcumin. 

Future scopes 

The fluorescence behaviour of methyl orange can be further studied to know in detail, 

particularly, the broad fluorescence band and the variation in its intensity on changing the 

concentration of cationic surfactant. The connection between the ~-diketo form of 

curcumin and the versatile medicinal activities of curcumin can be studied in detail. The 

possibility of utilizing the various changes in dyes induced by sub micellar surfactants, 

e.g., cis-trans isomerism, dye aggregation, dye protonation and deprotonation and keto

eno I tautomerism can be exp lored. 
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