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The thesis entitled “Study of Solvation Dynamics in Micelles and Interactions 

of Gemini Surfactants with β-Cyclodextrin and Biomolecules in Aqueous Media” 

deals with several spectroscopic tools such as UV-visible absorption, steady-state and 

time-resolved fluorescence and circular dichroism (CD) and dynamic light scattering 

(DLS), 1H NMR and field emitting scanning electron microscopy (FESEM) to explore 

various aspects of the thesis work. Present thesis demonstrates the solvation dynamics and 

rotational relaxation of Coumarin 480 (C-480) in the different aqueous micellar systems 

and micelles in presence of urea. It also illustrates the interactions of cationic gemini 

surfactants with bovine serum albumin (BSA) to unfold the BSA and further refolding of 

unfolded BSA using cationic surfactant stripping agents β-cyclodextrin (β-CD) and 

anionic surfactant, sodium dodecyl sulfate (SDS). The binding interactions of gemini 

surfactants with nanotubes of β-CD induced by guest molecule, Coumarin 485 (C-485) 

and binding of guest molecule with Calf thymus DNA (ctDNA) after being released from 

the nanotubes of the β-CD have also been explored.   

The effect of an organic counterion, p-toluenesulphonate (p-TS-) and a Hofmeister 

series of inorganic counterions, NO3
-, Br- and SO4

2- on the solvation dynamics and 

rotational relaxation of C-480 in the Stern layer of aqueous micelles of 

hexadecyltrimethylammonium surfactants (C16TAX) has been studied. The rate of 

solvation increases in the order C16TABr < C16TANO3 < (C16TA)2SO4 < C16TAp-TS. 

Effectively, the solvation process is controlled by the extent of release of water molecules 

during the formation of micelles which depends on the nature of counterion. Counterions 

indirectly contribute to the slow solvation by the formation of clusters of water molecules. 

The decreasing order of the average rotational relaxation time of C-480 in the micelles of 

surfactants is C16TAp-TS >> C16TABr > C16TANO3 > (C16TA)2SO4, which is the same as 

the decreasing order of microviscosity of micelles.  

Solvation dynamics and rotational relaxation of C-480 in aqueous micelles of 

cationic gemini surfactants with diethyl ether (EE) spacer group (m–EE–m) and tails with 

varying tail lengths (m = 12, 14 and 16) have been studied. Effects of hydrocarbon tail 

length and hydrophilicity of spacer group on solvation dynamics and rotational relaxation 

processes at inner side of the Stern layer of micelles have been studied. With increasing 

hydrophobicity of tails of surfactants water molecules in Stern layer become progressively 

more rigid resulting in decrease in the rate of solvation process with slow solvation as a 
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major component. With increasing hydrophilicity of the spacer group of gemini surfactant 

the extent of free water molecules is decreased thereby making the duration of solvation 

process longer. Rotational relaxation time increases with increasing tail length of 

surfactant as a result of increasing microviscosity of micelles. With increasing 

hydrophilicity of the spacer group the anisotropy decay becomes slower due to the 

formation of more compact micelles.  

The effect of urea on solvation dynamic and the rotational relaxation of C-480 in 

the Stern layer of aqueous micelles of cationic gemini surfactants, 12-4(OH)n-12 (n = 0, 1, 

2) has been explored. The formation of micelles becomes disfavored in presence of urea 

at high concentration.  Solvation dynamics is bimodal in nature. Average solvation time 

increases, reaches a maximum and then decreases with increasing concentration of urea 

because the degree of counterion dissociation also follows the same order with the addition 

of urea in the micellar solution. With increased degree of counterion dissociation the extent 

of clustering of water molecules is increased resulting in slower solvation process. The –

OH group present in the spacer group of gemini surfactant controls the rate of solvation. 

The microviscosity of micelles is decreased with increasing concentration of urea as a 

result of it rotational relaxation process becomes faster. In presence of –OH group in the 

spacer group the microviscosity of micelles is enhanced resulting in longer rotational 

relaxation time.  

The interactions between protein, bovine serum albumin (BSA) and cationic 

gemini surfactants, 12-n-12 with varying number of –CH2- group (n = 3, 6, 8, 12) in the 

spacer has been demonstrated. At low concentration range of surfactants, the decrease in 

secondary structure (-helix) of the protein is more with decreasing chain length of the 

spacer group due to the interaction of larger-sized pre-micellar aggregates with the protein. 

However, the unusual decrease in -helix found in case of 12-12-12 is because of the 

greater extent of hydrophobic interactions between its long spacer chain and the protein. 

Present study also demonstrates the step-by-step refolding of protein present in the form 

of protein-gemini surfactant complex using β-CD)/SDS as stripping agents. This method 

is in contrast to the refolding of protein via artificial chaperone protocol. The mechanisms 

of interactions between β-CD/SDS and protein-gemini complex have been described. It 

has been observed that a gemini surfactant molecule with a long flexible spacer chain can 

more easily be stripped off by β-CD molecules forming simple inclusion complexes or 
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nanotubes/rods depending on the concentration of β-CD. Gemini surfactant induced 

unfolded proteins are also refolded by SDS molecules through the formation of catanion 

(mixed micelles, vesicles etc.).  

The formation of guest molecule (C-485) induced nanotubes by β-cyclodextrin (β-

CD) and their interactions with cationic gemini surfactants (12-n-12, where n = 3, 6, and 

12) have been explored. β-CD at high concentrations forms extended nanotubes and 

secondary aggregates of nanotubes. A gemini surfactant has a role on binding between C-

485 and nanotubes of β-CD. At a low concentration range, surfactant molecules are co-

associated with the guest molecules, C-485, however at high concentrations they are 

capable of pushing C-485 out of the nanotubular cavities. A gemini molecule with a 

comparatively longer spacer chain is more efficient in removing the guest molecules out 

of the nanotubular cavities. Also, rate of release of guest molecules increases with 

increasing concentration of surfactants. Guest molecules after coming out of the 

nanotubular cavities, get solubilized in the micelles formed by surfactant molecules in the 

solution.  

The binding interactions of C-485 with ctDNA have been described by means of 

UV-visible absorption and fluorescence studies. Ethidium bromide displacement assay and 

iodide ion quenching experiment confirm that C-485 binds with ctDNA through the groove 

binding mode.  The binding of C-485 with β-CD is reduced in presence of ctDNA. β-CD 

molecules in presence of C-485 form the nanotubes and secondary aggregates of 

nanotubes, which has been explored as the carrier for C-485. Gemini surfactants, m-4-m 

induced the release of C-485 from the cavity of nanotubes of the β-CD. After being 

released from the cavity, C-485 molecules interact with ctDNA at the low concentration 

of the gemini surfactants. The releasing efficiency of gemini surfactants increases in the 

order as 12-4-12 < 14-4-14 < 16-4-16, which is according to the increasing order of 

hydrophobicity of their tails. 
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1.1 Fluorescence spectroscopy: An overview 

Principles and applications of fluorescence spectroscopy deliver essential 

information to the users in order to assist them to perceive and use the technique positively 

in various applications. Fluorescence is a spectrochemical technique used for analysis, in 

which the molecules of interest are excited by a specific short wavelength and emit 

radiation of a longer wavelength. The fluorescence spectrum offers details of both 

qualitative and quantitative analysis. Fluorescence is widely accepted and is an imperative 

investigational technique in countless applications in the areas of environmental, 

industrial, forensics, medical diagnostics, DNA sequencing, genetic analysis, and 

biotechnology, due to its exceptionally great sensitivity, high selectivity, simplicity, and 

low cost as compared to other analytical techniques. In the present scenario, this technique 

is highly used for chemical, biochemical, pharmaceutical, and medical research, providing 

detailed information about the real-time observation of the structure and dynamics of intact 

biological systems and dynamics of molecules in complex self-assembled amphiphilic 

systems with an extremely high resolution. Steady-state and time-resolved fluorescence 

methods are frequently cast off to characterize emissive belongings of fluorophores. Time-

resolved fluorescence measurements are superior to steady-state fluorescence 

measurements as it provides the information regarding the changes in the molecular 

surroundings of the fluorophore because of the competing or perturbing kinetic processes 

such as collisional quenching, energy transfer, solvent relaxation, and rotational 

reorientation, which disturb the fluorescence. These processes are very fast as compared 

to the fluorescence (10−9 s). Therefore, time-resolved fluorescence spectroscopy can be 

applied to quantify these processes and gain insight into the chemical surroundings of the 

fluorophore. This thesis explores different microheterogeneous systems and process, 

which can be positively studied by means of fluorescence spectroscopy, in precise: steady-

state fluorescence and fluorescence anisotropy, excited state fluorescence lifetime, time-

resolved fluorescence anisotropy, and solvation dynamics.  

1.2 Surfactants 

Surfactants, surface-active agents, are decent soaking agents. They reduce the 

surface tension or interfacial tension of polar and non-polar liquids at their surface and 

therefore lay at the heart of interfacial chemistry. Surfactant molecules belong to the 
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colloid and interface science. The term ‘colloid’ is signified as glue-like materials 

appearing in one phase system under the microscope. The boundary between the two 

phases is designated as an interface. Most of the surfactants have a long hydrocarbon tail 

that can be linear/branched and interacts very weakly with the water molecules in an 

aqueous media. The hydrophilic head is a rather small polar or ionic group that interacts 

strongly with water through ion-dipole or dipole-dipole interactions. Hence, a surfactant 

is said to have a split personality, as it is composed of two parts with entirely different 

characteristics. Surfactants are denoted as amphiphiles too, due to the presence of both 

hydrophobic and hydrophilic parts in its structure.  

In general, the surfactants are organic molecules, which have polar hydrophilic 

headgroup and a non-polar hydrophobic tail. Polar headgroup helps to interact with the 

aqueous/polar solvent and the hydrophobic tails with the non-aqueous/non-polar solvents. 

The basic properties of surfactants depend on its structural features. The headgroups can 

be ionic (cationic and anionic) or non-ionic type and hydrophobic tails can consist of 

hydrocarbon, fluorocarbon, or siloxane. The basic structural sketches of different types of 

surfactants are shown in Figure 1.1. Surfactants have the tendency to be absorbed at the 

surface and interface (the boundary between any two immiscible phases, i.e. gas, liquid 

and solid). A very little amount of surfactant molecules reduces the surface tension of 

water at the water-air interface up to a noticeable level.  

The surfactants have entropy driven self-assembling tendency in the aqueous or 

aqueous-organic mixed medium and they try to reduce the contact of hydrophobic tails 

with the aqueous phase. This is the way by which surfactant molecule reduces the surface 

tension (the energy required to create the interface per unit area). The aggregation 

properties of surfactants and physicochemical properties of solution can be tuned by tuning 

the structural features of surfactant. The self-assemblies of surfactants can either be called 

micelles or reverse micelles depending on the polarity of the medium. Self-assembled 

molecular systems of surfactants have received intense attention among the scientific 

society. These self-assembled microstructures of surfactants can be micelles, reverse 

micelles, vesicles etc., which have many similarities with the biological membrane. Hence, 

the physicochemical properties of surfactants systems mimics the properties of biological 

membrane. 
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Figure 1.1. Schematic representation of (a) Conventional surfactant, (b) Gemini 

surfactant, and (c) Bola surfactant. 

1.2.1 Applications of the surfactants  

Surfactants are the most versatile chemicals, being key components in a diverse 

range of products and technologies. Surfactants are extensively used in our day-to-day 

lives in countless ways and are existing essentially in the areas like food, water, drinks, 

household and personal care products, foams, agriculture, pesticides, pharmaceuticals, oil 

recovery, and particle synthesis etc.1-7 In addition to these applications, surfactants possess 

bacteriostatic and bactericidal properties, and thus, they can be used as antimicrobial 

agents in biocatalysis and bioprocessing.8  

The widespread use of surfactants in various fields makes it an important research 

material for further modification and safer use. Surfactant assemblies for instance micelles, 

reverse micelles, vesicles etc. are vastly used in different biological aspects because of 

their extraordinary ability to solubilize the membrane proteins. They are tremendously 

important in simulating the complex environmental conditions present in larger 

bioaggregates such as biological membranes. Thus, these systems are mimicking the 

physicochemical properties of biological systems. Several times newly developed active 

pharmaceutical drugs are facing water solubility problem that can be vanquished by 

surfactants. Many efforts to increase the solubility of drugs using a suitable carrier for 

enclosing hydrophobic drugs, like inclusion complexes with cyclodextrins, 

microemulsions, and liposome formulations have been well developed. However, all these 

systems have some drawbacks.9, 10 Therefore, nowadays numerous articles appear on the 



 Chapter 1 
 

4 
 

surfactant chemistry. Modern research is based on the new application of these surfactants 

in various fields such as biotechnology, analogous processes in biological membranes, a 

drug carrier, solubilization of drugs, and gene therapy.11-13  

1.2.2 Types (classes) of surfactants  

Surfactants are sorted into four categories based on the nature and the type of the 

surface-active moiety that exists in the molecule, which are given below:  

1. Anionic surfactants 

2. Cationic surfactants 

3. Nonionic surfactants 

4. Zwitterionic/Amphoteric surfactants  

1.2.2.1 Anionic surfactants 

          The headgroup of anionic surfactants is negatively charged. Anionic surfactants are 

comparatively less expensive and are used extremely in a wide variety of applications. The 

most commonly used anionic surfactants contain sulfates, sulfonates, carboxylates, or 

phosphates moiety as hydrophilic anionic headgroup and sodium, potassium, ammonium, 

calcium and various protonated alkyl amines as a counterpart.14 Mostly, anionic 

surfactants are effective in cleaning oily soil and oil/clay soil suspension. Anionic 

surfactants are also used to remove the hardness of water, especially, the positively charged 

ions such as calcium and magnesium. Examples of anionic surfactants are: sodium stearate 

[CH3(CH2)16COO-Na+], sodium dodecyl sulfate [CH3(CH2)11SO4
-Na+], sodium dodecyl 

benzene sulphonate [CH3(CH2)10 CH2C6H4SO3
-Na+]. 

1.2.2.2 Cationic surfactants 

The headgroup of cationic surfactants is positively charged. The most frequently 

used cationic surfactants contain amine or ammonium groups but some other sulfonium, 

phosphonium, and sulfoxonium moieties also act as hydrophilic cationic headgroup and 

Cl-, Br- as counterions. Cationic surfactants reduce the surface tension and are active 

wetting agents in the acidic medium. However, these surfactants do not have detergent 

property in the alkaline medium due to the formation of quaternary ammonium salts.15 

Examples of cationic surfactants are: cetyltrimethyl ammonium bromide (CTAB) 
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[C16H33N
+(CH3)3Br-], cetylpyridinium chloride (CPC) [C6H5N

+C16H33Cl-], 

tetradecyltrimethylammonium bromide (TTAB) [CH3(CH2)13N
+(CH3)3Br-], taurylamine 

hydrochloride [CH3(CH2)11NH3
+Cl-]. 

 1.2.2.3 Nonionic surfactants 

           The headgroup of non-ionic surfactants does not carry any electrical charge, which 

makes them resistant to deactivation of water hardness. They are lesser irritant than the 

anionic or cationic surfactants. Non-ionic surfactants generally have ethylene oxide chains 

or hydroxyl groups as a polar center and are less reactive compared to the ionic ones. The 

most common hydrophilic part consists of the polyoxyethylene, polyoxypropylene or 

polyol derivatives. The hydrophobic part is made up of saturated or unsaturated fatty acids 

or fatty alcohols. These surfactants can be classified as polyol esters, polyoxyethylene 

esters poloxamers. Normally used non-ionic surfactants are ethers of fatty alcohols.16  

Examples of the non-ionic surfactants are: Triton X-100, Brijs, Tweens, PEGs 

[Polyoxyethylene (4) dodecanol (CH3(CH2)11-O-(CH2-CH2O)4H). 

1.2.2.4 Zwitterionic/Amphoteric surfactants 

           Amphoteric surfactants have both positive (cationic) and negative (anionic) charges 

on the same molecule. Since the zwitterionic surfactants contain both cationic and anionic 

parts, so its ionic behavior depends on the pH of the solvent. These surfactants are good in 

household cleaning and personal care products because of the excellent dermatological 

properties of the surfactants. The cationic part can be primary, secondary, or tertiary 

amines or quaternary ammonium cations and the anionic part can include variables such 

as sulfonates, as in CHAPS 3-[(3-Cholamidopropyl)dimethylammonio]-1-

propanesulfonate). Some common zwitterionic surfactants are N-alkyl and C-alkyl betains 

and sultains as well as phosphatidyl amino alcohols and acids. Examples of the 

zwitterionic surfactants are: Dodecyl betaine C12H25N
+(CH3)2CH2COO-, 

Dodecyldimethylammonium acetate CH3(CH2)11(CH3)2N
+CH2COO-, 3-

(dimethyldodecylamino)-propane-1-sulphonate [CH3(CH2)11N
+(CH3)2CH2CH2CH2SO3

-]. 

Two monomer units of surfactants connected by a spacer group comprise a special 

type of surfactant depending on their connection position, which can be divided into two 

types: first, the spacer groups connected at their headgroups, are called gemini surfactant 

17  (Figure 1.1), and the spacer groups connected at their hydrophobic tails, are called bola 
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surfactants.18 (Figure 1.1). The nature of the spacer group of surfactants can be varied. The 

present research work has been carried out with gemini surfactants, hence the details of 

the gemini surfactants are given below:  

1.2.3 Gemini surfactants 

            The word “gemini” signifies twins and the gemini or dimeric surfactant is an 

amphiphilic molecule containing two hydrophobic tails united by a spacer group at their 

hydrophilic headgroups. A schematic representation of a gemini surfactant is given in 

Figure 1.1. Gemini surfactants have three structural parts namely, hydrophilic headgroup, 

hydrophobic tails, and the spacer group. The hydrophobic tail can be short or long and the 

spacer group of gemini surfactants can be rigid, flexible, hydrophilic or hydrophobic in 

nature.19, 20 The polar headgroups can be cationic, non-ionic, anionic, or zwitterionic. 

Properties of gemini surfactants depend on its various parts.21-24 Hence, properties of 

gemini surfactants are advanced as compared to their conventional surfactants.19 Gemini 

surfactants were first identified by Bunton et al.25 and named as bis-surfactants in 1991 by 

Menger and Littau.17 In 1971, Bunton et al.25 have first studied the catalytic role of gemini 

surfactants in the nucleophilic substitutions reactions. Bis-quaternary ammonium gemini 

surfactants with a variation in its structures are synthesized by the Devinsky et al.4 

Similarly, Okahara et al.26, 27 have synthesized anionic gemini surfactants with different 

variation in its structures. Many kinds of gemini surfactants have been synthesized and 

explored which contain anionic, cationic, zwitterionic, and non-ionic gemini surfactants 

with different kinds of spacer groups and a variety of structural types: alkylglucoside-

based,28 arginine-based,29 glucamide-based,30 sugar-based,31 with unsaturated linkages,32 

hydrolysable,33 and with nonidentical headgroups.34 

The revolutionary and passionate exploration of the gemini surfactants are mainly 

done by research groups of Zana,35, 36 Menger,37, 38 Rosen,39, 40 Okahara,26, 27 Oda,41, 42 

Engberts,43 and others. Mostly, the explored gemini surfactants are the m-s-m type with 

quaternary ammonium headgroups, where, s and m symbolize the number of carbon atoms 

of the spacer group and the hydrophobic tail, respectively.44, 45 Gemini surfactants have 

attracted the attention of academic researchers and field experts because of their unique 

properties such as low critical micelle concentration, better wetting ability, low Kraft 

temperature, good water solubility, unusual micelle structures and aggregation behavior, 

high efficiency in reducing oil/water interfacial tension, and interesting rheological 
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properties.46-50 Some gemini surfactants have strong electrostatic interactions with a 

charged surface, especially with the lipid membrane, thus, surfactants show a toxic effect 

on the aquatic lives by the hemolytic activity. Gemini surfactants are adsorbed quickly at 

cellular membranes of microorganisms and provide high antimicrobial activity.51 Gemini 

surfactants have been used in potential drug delivery system,52 synthetic vectors for gene 

transfection,13 drug and vitamin solublization,53 antibacterial and antifungal 

formulations,54 personal care products55 etc. Interactions of gemini surfactants with 

conventional surfactants,56 cyclodextrins,57 DNAs,58 proteins,59 room temperature ionic 

liquids60 and nanoparticles61 have importance in real-world life. 

1.2.4 Micellization of surfactants 

Surfactants have the most interesting property of self-aggregation in aqueous 

solution to form the association colloids known as micelles, accompanied by an overall 

decrease in the free energy of the system.62 At very low concentration, the surfactants are 

adsorbed at the water-air interface in such a way that its hydrophobic tail directs away 

from the water surface thereby dropping the interfacial tension.63 As the concentration 

increases, the number of absorbed molecules increases and strongly condensed monolayer 

is formed at the surface, is called Gibb’s monolayer. With further increasing the 

concentration of the surfactant, the surfactant molecules remain in the aqueous phase.62 

After a certain concentration of surfactant, they start self-assembling and try to keep the 

hydrophobic tails away from the water phase. This concentration of surfactants is called 

critical micellar concentration (cmc). These self-assemblies or self-aggregates are known 

as micelles and this whole process of micelle formation is called micellization. After the 

cmc, the physicochemical properties of surfactant solution change abruptly. A schematic 

representation of the micellization process of gemini surfactants in aqueous solution is 

shown in Figure 1.2.  

For the estimation of cmc of surfactants, many methods are being used viz. surface 

tension, conductance, fluorescence, viscosity, calorimetry, dynamic light scattering, sound 

velocity, dye solubilization etc.  Out of them, the conductometric method is limited for the 

ionic surfactants; it is not applicable for the non-ionic or zwitterionic surfactants. The 

physicochemical properties of surfactant solutions before the cmc are entirely different 

from that after the cmc. Hence, a breakpoint in the plot of appropriate physicochemical 

property with the surfactant concentration will provide the cmc of that surfactant. The 
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sharpness of the break in the physical properties depends on the nature of the micelle and 

on the method, which is used for the cmc determination.64  

 

Figure 1.2. Schematic representation of the micellization process of gemini surfactants. 

1.2.5 Structure and shape of the micelles 

The first model proposed by Hartely65 stated that the micelles have globular 

structures with hydrocarbon core surrounded by a highly hydrophilic zone created by the 

surfactant headgroups, counterions and water molecules, as given in Figure 1.3. The radius 

of the sphere is almost equal to the extended length of the hydrocarbon chain of the 

surfactant. The spherical aggregate comprises 50-200 monomer units, sometimes less than 

50 (for gemini surfactants). If we see the micelles on the macroscopic level then micelles 

are described as a mixed aqueous-organic solvent.66 The ionic headgroups of the 

surfactants and some of the counterions form a compact “Stern” layer at the micellar 

surface, in which about 60-75% of the micellar charge is believed to be neutralized.67 Rest 

of counterions take part in the formation of a diffused Gouy-Chapman layer, where, they 

are dissociated from the micellar region and are free to exchange with ions distributed in 

the bulk aqueous phase. The inner hydrophobic region made up by hydrocarbon chain is 

known as the core of the micelle. In the core, the hydrocarbon portion of the micelle cannot 

have an open space at middle and therefore, micelle size does not go beyond the maximum 

stretched out length of the hydrocarbon chain.68 Many experiments such as 1H NMR, 13C 

NMR, and other spectroscopic studies support that water cannot be strictly excluded from 

the micellar core.67 According to the proposed Menger's model, the micelles have open 

structures with a series of microchannels, which allow the deeper penetration of water 

towards the core.68 But according to the “Reef” model, water does not penetrate beyond 

the ionic group, whereas “Fjord” model states that water penetrates closely to the center 
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of the micelle. Menger et al.69 proposed that water cannot go to the very center of the 

micellar core, but can penetrate up to seven carbon atoms of tail away from the headgroup.  

 

Figure 1.3. Cross-section of spherical micelle of cationic gemini surfactant. 

Micelles always show structural dynamics and there is an equilibrium between 

monomers and other forms of aggregates in solution. Micelles can be spherical, ellipsoidal, 

disk-like or rod-shaped and bilayers in shape depending on the temperature, concentration, 

and other experimental conditions. The micellar shape can also vary with the structure of 

surfactant, and headgroups and charge on the headgroups. The ionic surfactants can form 

the spherical, rod-shaped micelle throughout the entire concentration range or spherical at 

a low concentration and rod-shaped at the higher concentration according to the structure 

of their headgroups. The micellar shape depends on the length of tail (l), headgroup area 

(a), and the molecular volume (v) of the molecule.70 Israelachvili et al.71 observed that on 

the basis of the value of packing parameter p (p = v/al), the surfactant aggregates could 

grow in different shapes given in Table 1.1.   

Table 1.1 The relationship between critical packing parameter and shapes of the micelle. 

Critical packing 

parameter p, (v/al) 

< 1/3 1/3 –1/2 1/2 -1 ~1 >1 

Critical packing shape 
 

Cone Truncated 

Cone 

Truncated 

Cone 

Cylinder Inverted 

truncated 

cone 

Structure of the 

micelle 

Spherical 

micelles 

Cylindrical 

micelles 

Flexible 

bilayers, 

Vesicles 

Planar 

bilayers 

Inverted 

micelle 
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The spacer of gemini surfactants has great influences on the shape of the micelles. 

Therefore, the shape of gemini surfactant can’t be explained only by packing parameter 

because the link between headgroups can modify both the spontaneous curvature and the 

bending modulus.  For a fixed tail length, the morphology in aqueous solutions depends 

strongly on the spacer. For the series with m = 12 and 2 ≤ s ≤ 16, it was detected that the 

surfactant aggregated into spherical micelles, cylindrical micelles or vesicles, depending 

on the value of s. Measurement of a at the air/water interface represents that this parameter 

changes in non-monotonic fashion. a increases rapidly for short spacers, reaches a 

maximum for medium spacers of 10 to 12 methylene groups, and after that again decreases 

for larger spacers. Determination of p depends on the two parameters a and l.  If l is 

constant and the number of carbon is enhanced then it’s expected to have a slow monotonic 

increase, except for very long spacers (s ≥ 14). Therefore, the spacer group of gemini 

surfactant has a strong impact on the morphology of micelle.  

1.2.6 Factors affecting micellization of surfactant 

Many factors influence the micellization process of surfactant in an aqueous medium. 

The most important factors are given below: 

1. The chemical structure of surfactants  

2. Presence of electrolytes 

3. Presence of organic additives 

4. Experimental conditions for instance temperature, pH, pressure, solvent, etc. 

1.2.6.1 The chemical structure of the surfactant 

The architecture of surfactants such as headgroups, hydrophobic tails, counterions 

and the spacer groups (applicable for gemini surfactant) has a strong impact on the cmc of 

the surfactants and are discussed below: 

1.2.6.1.1 Effect of headgroups 

During the micelle formation, headgroup-headgroup repulsion has an impact on 

the stabilization of formed micelles. For the formation of stable micelles, headgroup-

headgroup repulsion should be less. Non-ionic surfactants do not have any charge on the 

headgroup, hence, the cmc of non-ionic surfactants is much lower as compared to ionic 

surfactants. Anionic gemini surfactants with sulfonate, phosphate, sodium sulfate or 
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carboxylate headgroups have been synthesized.72-74 The cmc of gemini surfactant is highly 

influenced by the size of headgroups and charge as compared to their counterpart, 

monomeric surfactants. The surfactants with same alkyl tail length and with different size 

of headgroups have difference in their cmc.75 It is also reported that the cmc does not get 

altered with the replacement of CH3-group by CH3CH2- of the gemini surfactants.76 A 

series of cationic gemini surfactants have been synthesized but with replacement of the 

CH3- with HOCH2CH2- and found that these surfactants form dimers below their cmc.77 

But above their cmc, they form micelles as well as vesicles by the micelle-to-vesicle 

transition. The hydrogen bonding between the water molecules and -OH groups of 

headgroups as well as the strong hydrophobic interaction among the hydrocarbon side 

chains should be the main reason for the special type of aggregation behavior of these 

gemini surfactants.78  

1.2.6.1.2 Effect of hydrophobic tails  

 The cmc of surfactant decreases effectively with increasing the hydrophobic tail 

length of surfactant. However, after the chain length of 16 carbon, decreasing order of cmc 

is ruled out because the coiling of the tail happens in the solution.75 Generally, the cmc of 

ionic surfactants drops by factor 2 and cmc of non-ionic surfactants drops by factor 3 on 

increasing the one methylene group in the unbranched hydrophobic tail. If phenyl group 

is present in the alkyl chain then it is considered to be approximately 3.5 methylene group. 

Whereas, in the branched alkyl chain, the carbon atom on which branching occurs appears 

to exhibit one-half of an effect than that on an unbranched chain. In presence of unsaturated 

hydrophobic carbon chain, the cmc exhibits increasing tendency despite the decreasing 

tendency of cmc on the increasing alkyl chain of sp3 hybridized carbon.75, 79  

In the symmetric gemini surfactants (m-s-m), the variation in the cmc with m is in 

line up to m = 16 (with s = 2, 3, 5 and 6) and up to m = 18 (with s = 4), but the series, m-

8-m shows a  deviation from linearity starting at m =14, as given in the review of Zana.80 

The other groups have also reported the similar type of effect of alkyl tail.81, 82 In the 

dissymmetric gemini surfactants (m-2-n), the hydrophobic chains affect the aggregation 

behavior hugely. Oda and co-workers explored m-2-n series with equal values of m + n 

and found that these dissymmetric gemini surfactants exhibit almost same cmc values.41, 

50, 83 Han et al. detected that as the m/n ratio enhances, the cmc decreases for the m-s-n 

series in a linear fashion.78  
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1.2.6.1.3 Effect of counterions  

 Counterions also have a huge impact on the aggregation behavior of the surfactants 

by altering the ionic strength of the surfactant solution.84, 85 Moreover, the valency of the 

counterion also influences the cmc largely. In the micelle formation, the degree of the 

counterion binding is due to the balance between the electrostatic forces, which pull the 

counterion towards the oppositely charged head group of micelles, and the hydration 

forces, which limit the binding.86 Normally, the cmc value decreases as counterion binding 

increases. Counterions or ions with opposite charge to that of the surface-active moiety of 

the surfactant are recognized to have a supplementary effect. Unlike sodium bromide 

which induced the growth of micelles of the cationic surfactant, cetyl pyridinium bromide, 

sodium chloride did not.87 Aromatic counterions such as benzoate, tosylate, salicylate, 

show strong binding at the micellar surface and lower the cmc with increasing the 

counterion binding.88 Mainly, salicylate ion is effective in prompting micellar growth. The 

counterion binding also increases with increasing its hydrophobicity enhancing the micelle 

formation.23 Hydrophobic counterions are interesting as charge carrier or quencher in 

biomembranes and membrane photochemistry.89 Addition of the cationic surfactant into 

the anionic is a special case of counterion interaction. The cmc of the mixture of anionic 

and cationic surfactant in aqueous solution is considerably lower than that of the individual 

surfactants due to the synergistic interaction between the surfactant molecules and they 

exhibit properties superior to their constituent single surfactant in many surfactant 

applications.90, 91 The nature of the counterion significantly affects the micellization 

process. Both cmc as well as counterion dissociation increase in the sequence SO4
2- < NO3

- 

< Br- < Ac- < Cl- < F-. The results are related to the difference in the hydration of these 

counterions and match with the extent of the bare ions to the dimensions of the gemini 

headgroup region.78 Salts can effectively influence the behavior of macromolecules such 

as proteins in the aqueous solution.92 Franz Hofmeister discovered the series of ions based 

on their ability to salt-out and salt-in proteins.93 Later on, the series of ions is named as 

Hofmeister series and are given below: 

Strongly hydrated anions                                                          Weakly hydrated anions 

 F- ≈ SO4
2- > HPO4

2- > Acetate > Cl- > NO3
- > Br- > ClO3

- > I- > ClO4
- > SCN- 

Weakly hydrated cations                                              Strongly hydrated cations 

 NH4
+ > K+ > Na+ > Li+ > Mg2+ > Ca2+ > Guanidinium 
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Anions have a greater effect than the cations.94 It is believed that ions affect the 

structure and dynamics of water.95 However, the extent of such effect needs to be further 

explored. The ions on the left and right hand side are also called kosmotropes (structure 

makers) and chaotropes (structure breakers), respectively.96 The Hofmeister series has 

been growing as an active research area.97 Counterions stabilize the micelle by screening 

the electrostatic repulsive interactions between the ionic headgroup.98 Both cmc and  

decrease in the order F- > Cl- > Br- > NO3
- > SO4

2- which can be rationalized in terms of 

Hofmeister series,99 and an increase in the binding ability of counterion except for the 

bivalent SO4
2- ion. The more negative value of Hmic follows the order SO4

2- < F- < Cl- < 

Br- < NO3
- with even positive value for SO4

2- ion. The unusual behaviour of SO4
2- ion is 

due to its bivalency and degree of dehydration. The microenvironmental properties of 

micelles such as micropolarity and microviscosity have been studied by probing with 

electron spin resonance of 5-doxylstearic acid (5-DSA).98 The dependence of micellar 

properties on the valencies of counterions is also reported by Nicoli et al.100 Aggregation 

properties of gemini surfactants and growth of micelles are also influenced by the aromatic 

and inorganic counterions.101 The observation is that micellization of surfactant follows 

the Hofmeister series of ions except for SO4
2- ion as mentioned above.99 Matsubara et al.102 

have recently reported that the Kraft temperature decreases sharply from 25 ºC to 2 ºC 

when counterion, Br- of cetyltrimethylammonium bromide is replaced by Cl-. Shah et al.103 

have studied the foam stability of dodecyl sulfate (DS) with Li+, Na+, Cs+ and Mg2+ as 

counterions at a concentration below and above the cmc. While there is no significant 

change in foam stability at a concentration below the cmc, but at a concentration above the 

cmc, CsDS and Mg(DS)2 surfactants form more stable foams as compared to LiDS and 

NaDS surfactants. The surface activity order of these dodecyl sulfates follows LiDS < 

NaDS < CsDS < Mg(DS)2 .  

As mentioned above, micellar properties are controlled by the hydrophobic 

character of counterions as well.104 Paz et al.105 observed that the interaction of inorganic 

counterions with micellar surface depends on the hydrated size of the ions (smaller 

hydrated ions favor the interactions). However, for quaternaryammonium counterions, it 

depends on the hydrocarbon exterior (more hydrophobicity is more effective in 

micellization). Puig et al.106 have reported that the shear thickening intensity of micellar 

solution of CTAX (where X = tosylate (T-), 3-fluorobenzoate (3FB-) and 4-fluorobenzoate 

(4FB-), vinylbenzoate (VB-) and salicylate (S-) can be rationalized by the hydrophobicity 
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of counterions in the Hofmeister series S- < VB- < T- < 3FB- < 4FB-. Micelle architecture 

is changed to vesicle as a function of the counterion hydrophobicity of perfluorodecanoate 

surfactants with different counterions, ammonium, tetramethylammonium, 

butyltrimethylammonium, dimethyldibutylammonium and tetrabutylammonium.107 

1.2.6.1.4 Effect of the spacer group of gemini surfactants  

Spacer group is a connector between two amphiphilic moieties at the headgroups 

of gemini surfactants. The spacer group of gemini surfactant can vary in nature: 

hydrophilic or hydrophobic, rigid or flexible. The appearance of the spacer group 

(chemical structure, length, flexibility) has been shown to be of the utmost significance in 

the estimation of properties of the gemini surfactants in the aqueous solution. The spacer 

groups cause the conformational changes in the gemini surfactant which have great 

influence on the cmc of that surfactant. The number of the methylene group in the spacer 

group affects the aggregation properties as well as the shape of the aggregates.80, 108, 109 

Gemini surfactant with shorter spacer group (12-2-12, 2Br-) form the worm-like micelles 

and also displays concentration-dependent micellar growth. Similarly, gemini surfactant, 

12-3-12, with Br- form spheroidal micelles at higher concentration.  Zana et al.18 have 

studied the morphology of aggregates of gemini surfactants, 12-n-12 (with n = 2, 3, 4) in 

aqueous medium and they have observed that the gemini surfactants with a short spacer (s 

= 2, 3) form thread like, long and entangled micelles at low concentration, whereas gemini 

with s = 4 form spherical micelles. These results exhibit that the length of a spacer affects 

the morphology of formed micelles and the short spacer promotes less spontaneous 

curvature in the self-assemblies. It is well documented109-111 that the cmc of m-s-m gemini 

surfactants change with the change in the value of s. When the value of s increases from 2 

to 5 or 6 (s  6) the cmc of a surfactant increases and after the s > 6 cmc of surfactant 

decreases but when s  10 cmc of surfactant drastically decreases.  The increase in cmc for 

s  6 of m-s-m surfactants is due to the other conformational change in the surfactant 

molecule109  and a decrease in cmc for s  10 is due to the formation of loop by the spacer 

group towards the hydrophobic core of the micelle. The change in conformation of gemini 

surfactant molecule followed by progressive penetration of the spacer towards the core of 

micelles with increasing s is expected to disturb the number of water molecules interacting 

with each spacer group at the Stern layer or micelle-water interface. It is also noticed that 

hydrophilic, flexible spacer favors micellization and that is why the cmc of surfactants 
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decreases.56, 112 The aggregation behavior of the gemini surfactants with partially 

fluorinated spacer has also been studied113 and observed that the cmc does not change 

significantly. If the fluorine atom is present in the spacer, the surfactant is less soluble in 

water because of the increased hydrophobicity and rigidity of the spacer. Fluorinated 

spacer may make the spacer hard to loop and prevent the surfactant molecules to aggregate 

with each other, resulting in larger cmc. 

1.2.6.2 Presence of electrolytes 

The effect of electrolyte on the cmc of the surfactants is more pronounced for the 

ionic surfactants than that for zwitterionic and non-ionic surfactants in the aqueous 

solution. The addition of electrolyte in the solution of non-ionic and zwitterionic 

surfactants causes the salting-out and salting-in of the hydrophobic part of surfactant, as a 

result of which the cmc values of surfactants are changed.114 The capacity of the ions to 

cause the salting-in or salting-out is chiefly depended on the ion whether it is water 

structure maker or breaker. The ions, which have a high ionic charge/radius ratio, are 

highly hydrated and are water structure maker such as F- ion. These types of ions salt-out 

the hydrophobic part of the surfactant resulting in the decrease in the cmc values. Apart 

from this, the ions with small ions charge/radius ratio are water breakers such as CNS- ion. 

These type of ions salt-in the hydrophobic part of the surfactant and cmc of the surfactant 

is increased.79  

1.2.6.3 Presence of organic additives 

The presence of an organic compound has an impact on the micellization behavior 

of the surfactants in the aqueous solution depending on their chemical nature. Mainly, 

these compounds are divided into two categories based on how they are interacting and 

influencing the micellization of surfactants. 

1.2.6.3.1 First category compounds 

Mainly the polar organic molecules like alcohols and amides fall in this category. 

These compounds reduce the cmc. They only affect the cmc at their lower concentration. 

If the chain length of these compounds is short, they are adsorbed mostly at the water-

micelle interface whereas comparatively longer chain compounds are adsorbed mainly in 

the outer portion of the core, between the surfactant molecules. Therefore, these 
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compounds reduce the work required for the micellization by their pattern of adsorption. 

Dioxane and ethanol type compounds with a very short chain also decrease the cmc at the 

low concentration, although the effect is not that much pronounced.115 The probable 

location of these compounds is at the surface of the micelle near to the headgroups, hence, 

they reduce the headgroup-headgroup repulsion. The reduction in the cmc is lesser in 

presence of the branched compounds than the unbranched compounds. 

1.2.6.3.2 Second category compounds 

These compounds affect the cmc of surfactant at the higher concentration. Mainly, 

Urea, formamide, N-methylacetamide, guanidinium salts, short-chain alcohols, water-

soluble esters, dioxane, ethylene glycol, and other polyhydric alcohols such as fructose, 

xylose etc. fall into this category. These compounds alter the structure of water, or 

dielectric constant, or solubility parameter (cohesive energy density). Urea, formamide, 

and guanidinium salts are supposed to increase the cmc by disturbing the water structure.116 

Therefore, these compounds may increase the degree of hydration of the hydrophilic 

group, subsequently, hydration of the hydrophilic group opposes micellization, causing an 

enhancement in the cmc. Apart from this, these water structure breakers may also increase 

the cmc by reducing the entropy effect accompanying micellization.  

Presence of urea in water affects the structure of water by disturbing hydrogen 

bonding. Although Frank model describes that urea act as a water structure breaker,117 

neutron scattering study does not show any evidence in favor of this effect after addition 

of urea in water.118 Two different types of mechanisms have been suggested to explain the 

effect of urea on water structure: In first indirect mechanism, urea acts as a water “structure 

breaker” facilitating the solvation of nonpolar solutes and in second direct mechanism, 

urea participates in the solvation of hydrophobic solutes in water by replacing some water 

molecules in the hydration shell of solute.119-121 Xylose or fructose are the water structure 

maker as they reduce the cmc of the surfactant.122 Ethylene glycol, dioxane, water-soluble 

esters, and short-chain alcohols at high bulk phase concentrations may increase the cmc 

by reducing the cohesive energy density, or solubility parameter of the water, hence, they 

increase the solubility of the surfactant and cmc.116 Moreover, these compounds reduce the 

dielectric constant of water, thus, increases the repulsion between the headgroups of the 

surfactants. Hence, the process of micellization is disfavoured and cmc of surfactant 

increases.123 
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1.2.6.4 Experimental conditions (temperature, pH, pressure, solvent, etc.) 

1.2.6.4.1 Effect of temperature 

With an increase in the temperature, first, cmc of the surfactant decreases up to a 

certain point and then starts increasing. Rosen et al.79 have explained that the rise in 

temperature reduces the hydration of the hydrophilic headgroups, therefore, cmc of 

surfactant decreases. The increase in temperature also disturbs the water structure around 

the hydrophobic tail, resulting in increase in cmc of surfactant. Hence, temperature 

influences the micellization of surfactant in a little complex way. For the ionic surfactants, 

Akhtar et al. explained temperature effect based on the decrease in the degree of hydration 

and increase in the degree of dehydration of the hydrophilic and hydrophobic parts of 

surfactants, which favors and disfavors the micellization of surfactants, respectively. 

Partial dehydration of hydrophilic headgroups causes the increase in the headgroup-

headgroup repulsion, because of which micellization process is disfavored. The relative 

extents of these two opposite factors will elect whether cmc will increase or decrease in a 

certain temperature range. The lowest value of cmc for ionic surfactant is observed around 

298 K, whereas, the same for non-ionic surfactant is 323 K. Effect of temperature on the 

micellization of gemini surfactants is also well explored by various groups.124, 125   

1.2.6.4.2 Effect of pH 

The degree of dissociation of the polar groups of the amphiphile depends on the 

pH of the solution if the molecules have ionizable groups such as -NH2, -(CH3)2N→O and 

–COOH etc.126 The value of cmc will be high at that pH where the groups do have charges 

and low when groups do not have charges.  The -NH2, -(CH3)2N→O groups have the 

charge at low pH whereas -COOH has the charge at high pH.  Similarly, zwitterionic 

surfactants also become cationic at low pH, cmc of surfactant rises rapidly127 or more 

modestly depending on the structure of the zwitterionic form.128 

1.2.6.4.3 Effect of pressure 

Several reports are available on the effect of pressure on the micellization of ionic 

surfactants.129, 130 The cmc of ionic surfactants increases with increase in pressure up to 

1000 atm and after that cmc decreases.131, 132 Such behavior has been simplified in terms 

of solidification of the micellar interior, the amplified dielectric constant of water131, and 
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other features which are associated with water structure.133 For non-ionic surfactants, the 

cmc value enhances tediously and then levels off with increasing pressure.  

1.2.6.4.4 Effect of solvents 

In the ethylene glycol, the cmc of surfactants decreases with an increase in the 

hydrophobic tail length, but the change is much lesser than that in water.134 For 

polyoxyethylenated non-ionic solutions in benzene and carbon tetrachloride, the 

micellization is favored with an increase in the length of the polyoxyethylene group at 

fixed hydrophobic chain length. For alkylammonium carboxylates in the benzene solvent, 

the cmc increases with an increase in chain length of alkyl of an anion but decreases with 

an increase in the chain length of alkyl of a cation. Whereas, in carbon tetrachloride, there 

is an insignificant alteration in the cmc with these structural variations. The cmc of various 

surfactants is observed to be lower in D2O as compared to H2O
135, but the size of a micelle 

is bigger136 because the hydrophobic interactions are expected to be stronger in D2O than 

H2O.137  The micelle formation of ionic surfactant in the polar non-aqueous solution such 

as N-methylacetamide, formamide, dimethyl sulfoxide, and N, N’- dimethylformamide 

depend on the dielectric constant of the medium, intermolecular hydrogen bonding, and 

on the bulk structuredness.  

1.2.7 Types of micelles 

Micelles are of two types depending on the nature of the used solvents: 

1.2.7.1 Normal or aqueous micelles 

Micelles are formed when the surfactant molecules dispersed in polar solvents. The 

structure of the aggregates in water as solvent is such that the interior of the micelles 

consists of the hydrophobic core and the hydrophilic residues are located on the surface 

and are in contact with water (Figure 1.4). 

1.2.7.2 Inverted or reverse micelles 

Reverse micelles (RMs) are formed when surfactant molecules are dispersed in 

nonpolar solvents such as hexane, heptane, benzene etc. (Figure 1.4). In the RMs, the 

hydrophobic tails of surfactants projected towards the nonpolar solvent phase and the polar 

headgroups of surfactants are pointed towards the nanoscale droplet of the polar solvent.138 
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Generally, RMs are defined by the ratio of the polar solvent to the amount of surfactant 

present, which is represented by the following formula, wo = [polar solvent]/[surfactant]. 

Size of RMs depends upon wo values. 

 

Figure 1.4. Diagrammatic representation of micelle and reverse micelle formed by gemini 

surfactants. 

 In typical RMs, water acts as a polar solvent.139 Apart from water, other solvents 

such as acetonitrile, propylene glycol (PG), ethylene glycol (EG), formamide (FA) etc. 

also act as polar solvent, due to their immiscible nature in a nonpolar solvent. If the polar 

solvent is water or other organic solvent then the formed RMs are called aqueous or non-

aqueous reverse micelles, respectively.139 Different types of surfactants like anionic, 

cationic, nonionic, and zwitterionic surfactants can form a reverse micelle. Various 

scattering techniques such as small-angle neutron scattering (SANS) and small-angle X-

ray scattering (SAXS) are used to determine the shape and size of RMs.140, 141  

1.2.8 Site of solubilization in the micelle 

The exact site of solubilization depends on nature (extent of hydrophilicity or 

hydrophobicity) of material as well as on the type of interaction between the solute and 

surfactant. It is observed that solubilization can occur at a number of different sites in 

micelle such as (Figure 1.5):  

1. On the micellar surface. 

2. Between the hydrophilic headgroups.  

3. In the outer core of micellar interior (between hydrophilic headgroups and first few 

carbon atoms in the hydrophobic portion).  

4. In the core of the micelles. 
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Figure 1.5. Possible location for the solubilized the solute molecule. 

 1.2.9 Mixed micelles  

The addition of additive into micelle results in the formation of a mixed micelle. 

Thus, solubilization is closely associated with mixed micelle formation as usually used. 

However, the mixed micelle means a micelle composed of surfactants capable of forming 

micelles themselves. By this practice, mixed micellization is a special instance of 

solubilization (Figure 1.6). Currently, the mixed micelles are gaining attention because the 

aqueous solutions with two surfactants display sharp alterations in their physical properties 

such as surface tension or the intensity of scattered light as a function of concentration. 

These variations are associated with the formation of micelles in solutions of a single 

surfactant. Mixed micellar systems are novel models to study the molecular interactions 

on complex supramolecular aggregates142-144, which are mimicking the biological systems 

and to perform functions such as ion transport, drug delivery, and so on,75 and their use in 

pharmaceutical, detergency, food and cosmetic industries, micellar solubilisation etc.145 

than those consisting of only one type of surfactant.  

Various types of molecular interactions are possible in mixed surfactant systems 

e.g.: (1) electrostatic interaction between ionic hydrophilic groups, (2) ion-dipole 

interaction between ionic and nonionic hydrophilic groups, (3) steric interactions between 

bulky groups, (4) van der Waals interactions between hydrophobic groups, and (5) 

hydrogen bonding between component surfactant molecules. If there is no interaction 

between surfactant’s molecules in the mixed surfactants system, then it shows an ideal 

nature.  If attractive interactions are present then it is called synergism and if repulsive 

interactions are present then it is known as antagonism. Zana et al.146, 147 worked on mixed 

systems of cationic gemini surfactants and conventional surfactants.  
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Figure 1.6. Formation of mixed micelles of a conventional surfactant with a gemini 

surfactant. 

1.3 Cyclodextrin  

Cyclodextrins (CDs) are a family of macrocyclics of oligosaccharides in which 

glucose units are associated by α-1,4 glycosidic linkage. Generally, CDs are semi-natural 

products in which 6, 7, 8-glucose units are present in a ring and called α- β-, and γ-CDs, 

respectively.148 CD is also known as doughnut-shaped molecule because it comprises a 

truncated conical structure with a hollow space in the centre (Figure 1.7). CDs have inner 

hydrophobic (or non-polar) cavity and polar hydrophilic exterior (or outside surface). It 

also consists of the primary hydroxyl group on the narrow side and secondary hydroxyl 

group at the wide side of the ring. The diameter of the cavity is smaller on the primary face 

and wider on the secondary face. This is because the free rotation of the primary hydroxyl 

groups reduces the effective diameter of the cavity. Due to their toroid geometry, and 

relatively hydrophobic character of the internal cavity and the hydrophilic character of 

external hydroxyl groups, CD molecules can easily form inclusion complexes with a huge 

range of molecules. This property of inclusion complex formation is the reason for the 

prevalent application of CD in various aspect of chemistry.  

CD is a supramolecule and its interaction with other molecule do not involve 

covalent bonds, so, it acts as a potential host in a host-guest type complexation. CDs are 

semi-natural products formed from starch and are renewable natural substances. Apart 

from this, CDs are cost effective and highly produced from the natural sources. CDs also 

have the ability to eliminate the toxic effect of cyclodextrins itself by choosing the 

appropriate derivatives and can be consumed by humans in a form of drugs, foods, and 

cosmetics. Due to all these properties that have been stated above, CDs have been used to 

form the host-guest type of inclusion complexes and act as host molecules. Inclusion 



 Chapter 1 
 

22 
 

complex is formed when a guest compound is inserted into the cavity of the host compound 

as shown in Figure 1.7. Inclusion complexation with a variety of organic or inorganic guest 

molecules can occur via various interactions like hydrogen bonding, van der Waals, 

hydrophobic and dipole-dipole interaction without any covalent bond. Water molecules 

leave the CDs cavity and contribute to the stability of the CD complexes with these 

interactions.149 Most of the current interest with CDs arises from their ability to form host-

guest complexes with a wide range of guest species.150, 151 Their ability to form host-guest 

complexes has led to the use of CDs in a number of industrial applications.152  

Figure 1.7.  Structures of α, β, and γ-cyclodextrins.  

1.3.1 Inclusion complex formation of cyclodextrin 

The most outstanding property of CDs is their ability to form the inclusion 

complexes with widespread of solid, liquid and gaseous compounds by a molecular 

complexation.153 Inclusion complex is a complex of two compounds, one chemical 

compound called “host” having a cavity and second compound called “guest” is located 

or trapped inside the cavity of the host.154 In the process of inclusion complexation, the 

physicochemical properties of the guest molecule are altered such as solubility of 

hydrophobic molecule is increased, chemical stability is improved, toxicity is  reduced and 

so forth.155 From an analytical viewpoint, formation of inclusion complexes in certain 

cases allows improvement in the performance of the methods used for the determination 

of different analytes using spectrophotometry technique.156  

Benesi–Hildebrand equations are used to know the stoichiometry of the inclusion 

complex at a low concentration of CD.157, 158 Benesi–Hildebrand Equations 1.1 and 1.2 
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given below to see whether the inclusion complex of guest and host has 1:1 or 1:2 

stoichiometry, respectively:  

    (1.1) 

 

(1.2) 

where, F and Fo are the fluorescence intensities in presence and absence of CD, 

respectively. Fm is the limiting intensity of fluorescence. [CD] is the experimental 

concentration of CD. K and K′ are the association constants. The formation of a 1:1 

inclusion complex of host and guest is an equilibrium process between the dissociated and 

associated species in solution, which is characterized by the stability constant, K. This is 

the simplest and is more frequent. However, 2:1, 1:2 or 2:2 stoichiometries also exist for 

CD host-guest complexes.148 At a low concentration of CD, small inclusion complexes 

with a stoichiometric ratio of either 1:1 or 1:2  are reported.159-161 But at the high 

concentration of CD, nanotubes are formed because of van der Waals, hydrophobic and 

hydrogen bonding interactions between the guest and host molecules.159, 160, 162-165 By the 

internanotubular hydrogen bonding, the secondary aggregates of nanotubes in the form of 

micrometer-sized rods have also been well documented.159-161 Secondary aggregates of 

nanotubes can be grown in 2D fashion and 3D fashion.166 The formation of guest molecule 

induced nanotubes and secondary aggregates of nanotubes are shown in Figure 1.8.167  

 

Figure 1.8. Representative structure of guest induced nanotubes of cyclodextrin and their 

secondary aggregates.  
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Considerable interest has been centered on the nature of interaction during the host-

guest complexation as well as the structure of the CD complexes.149 CDs have found a 

range of applications in drug delivery because of their unique characteristic of possessing 

a hydrophobic interior and hydrophilic exterior.168 Molecular modeling, simulation, X-ray 

crystallography, NMR spectroscopy, optical spectroscopy (UV-Vis, fluorescence, circular 

dichroism) and thermal characterization methods have been frequently used to determine 

the molecular structure of inclusion complexes. 

1.4 Proteins 

Proteins are the building blocks of life. Proteins are polymers of 20 different amino 

acids attached by peptide bonds in various sequential manner. Primary structure of the 

protein is a polypeptide chain of different amino acids. The secondary structure of a protein 

is made by systematic hydrogen bonding interactions between N-H and C=O groups in the 

invariant parts of the amino acids in the polypeptide chain. It is of two types, namely, the 

alpha helices and beta sheets. The tertiary structure of a protein is a three-dimensional 

structure of it. In the tertiary structure of the protein, four types of interactions are present: 

1. Hydrogen bonding, 2. Ionic interactions between oppositely charged groups, 3. 

Hydrophobic interactions, and 4. Disulfide cross-linkages. The first three types of 

interactions are non-covalent and are weaker than the fourth covalent interaction.169 A 

protein, in its active form, has a specific three-dimensionally folded structure. Serum 

albumins are a particular class of well-studied proteins because of their great importance 

in biological functions. 

1.4.1 Importance of serum albumins 

 Serum albumins are the most abundant proteins in blood plasma; providing about 

80% of the osmotic pressure of blood. The most important function of serum albumin is 

to transport fatty acids, a great variety of metabolites and drugs such as anti-coagulants, 

tranquilizers, and general anesthetics.170 These proteins have interesting properties of 

binding with a variety of hydrophobic ligands such as hematin, metals ions, surfactants, 

fatty acids, lysolecithin, bilirubin, warfarin, tryptophan, steroids, anesthetics and several 

dyes.171, 172 In recent years, recombinant proteins and antibodies are widely used in the 

treatment and prevention of diseases.173 Hence, there is a need for analytical techniques to 

detect and analyze the protein samples apart from the characterization techniques to 
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monitor the conformational variants. These changes in the conformation of proteins can 

be due to environmental stress, chemical changes of protein such as oxidation due to 

environmental and various types of aggregate formation etc.174, 175  Fluorescence 

spectroscopy can be applied to characterize the protein conformation. Among serum 

albumins, bovine serum albumin (BSA) is the most used protein for the spectroscopic 

studies.  

1.4.2 Bovine Serum Albumin (BSA) 

BSA is a globular serum protein highly soluble in water. BSA contains 583 amino 

acids in its primary structure. Primary structure of BSA consists of nine loops, which are 

held together by 17 disulfide bonds. The secondary structure is composed of 67% of the 

helix of six turns. The tertiary structure consists of three domains, I, II and III with each 

domain constituted by subdomains IA, IB, IIA, IIB, IIIA and IIIB. Domains II and III share 

a common interface, binding of a ligand with domain III results in the conformation 

changes to domain II also. BSA contains two tryptophan residues, one is Trp-134 located 

near the surface of the albumin molecule in the second helix of subdomain IB, while the 

other one is Trp-213 in a hydrophobic subdomain IIA. The molecular weight of BSA is 66 

kD.176  

1.4.3 Intrinsic fluorescence of BSA 

 Structural changes in the native form of BSA can be studied by fluorescence 

spectroscopy (discussed in the respective chapter).  BSA contains three aromatic amino 

acid residues such as tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe). The 

tryptophan (Trp) residues of BSA largely contribute to the intrinsic fluorescence, with only 

an insignificant contribution by the tyrosines (Tyr). The fluorescence properties of Trp 

change more significantly than that of Tyr and Phe. The fluorescence of Phe can be ignored 

due to the low value of quantum yield. The intensity, quantum yield, and fluorescence 

peak position of Trp depend upon the environment of Trp. Hence, alterations in the 

fluorescence properties of Trp are used to study any sort of structural changes in BSA 

caused by external environment.177-179 However, the fluorescence of Tyr and Phe are not 

much sensitive towards the external environment.  
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1.4.4 Interaction of BSA with surfactants 

 BSA has both hydrophobic and hydrophilic part in their structure. Because of this 

property, surfactant molecules interact with BSA easily. Interactions of proteins with 

surfactants have been well documented.177, 178, 180 These interactions are of great 

significance in a wide range of industrial, biological, pharmaceutical, and cosmetic 

applications.181-183 Surfactants cause the denaturation and make changes in the 

conformation of protein. The nature of the protein-surfactant interaction can be studied in 

terms of the binding isotherms. With the increase in surfactant concentration, the binding 

isotherms exhibit four characteristic regions. These regions are as follow: 

1. Specific binding region: At a lower concentration of a surfactant, it binds to the 

specific sites (high-energy site) of protein and these interactions are electrostatic in 

nature.  

2. Non-cooperative binding region:  The binding of surfactant with protein occurs 

gradually.  

3. Cooperative binding region: The binding affinity of surfactant to protein increases 

drastically. Most of the protein unfolds in the cooperative binding region and 

significant numbers of hydrophobic binding sites, previously covered in the 

interior of BSA, are uncovered.184  

4. Saturation binding region:  Binding of the surfactant on the protein does not occur 

and there will be a formation of normal micelle as the excess of surfactant is added. 

A variety of models have been proposed to mimic how surfactant interacts with 

protein such as rod-like particle model, flexible-cylindrical micelle model, and 

necklace-bead model.185, 186 Out of these models, the necklace-bead model is the 

most accepted one. 

Interactions of protein with a single chain surfactant have been widely studied.178, 

179, 187 Nowadays study on the interaction of gemini surfactant with protein is an area of 

interest. Interaction of cationic gemini surfactants has been studied with BSA.177, 188  and 

gelatin.177 It has been observed that binding of gemini surfactant induces changes in the 

microenvironment around the aromatic amino acid residues and disulfide bonds of BSA at 

the higher concentration of surfactants. Gao et al.189 have studied the effect of tail length 

of anionic gemini surfactant on the interaction with BSA. Faustino et al.190  have reported 

the effect of temperature, pH, and stereochemistry of surfactant on gemini surfactant-
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protein interactions. Recently, Rather et al. 191 have observed the refolding of BSA by 

using gemini surfactant and reported that gemini surfactant, at very low concentration, 

refolds the denatured BSA. Protein-surfactant interactions have been a subject of extensive 

study over the past few decades because they play an important role in many industrial, 

biological, pharmaceutical, cosmetics and detergent actions.180, 192  

Nowadays, refolding of the denatured proteins has been garnering attraction due to 

its biological importance. Non-native, aggregated and misfolded proteins are required to 

get native conformation of proteins to get rid from some human diseases.193 Aggregation 

of proteins occurs due to the association of the hydrophobic surface which are exposed 

during the refolding process of protein.194, 195 Artificial chaperone method is used to 

control the aggregation of proteins during the refolding process. In this method, surfactant 

and cyclodextrin has been sequentially added into the diluted denatured protein as 

described by the Rozema et al.196, 197
 In this refolding process, the surfactants act as a 

capturing agent and cyclodextrin act as a stripping agent of surfactant from the surfactant-

protein complex.196, 198
 Refolding of protein assisted by the artificial chaperone method is 

well explored.196, 198, 199  The effect of cyclodextrin on the interaction between BSA and 

the anionic surfactants has been also studied.200, 201 The presence of cyclodextrin hinders 

the strong interactions between BSA and surfactant by the combined effect of electrostatic 

and hydrophobic interactions between them. The hydrophobic interaction between 

cyclodextrin and surfactant is stronger than that between BSA and surfactant. The 

refolding of BSA by the use of gemini surfactants and -CD via artificial chaperone 

method and a comparison with a conventional surfactant have also been studied.191  

1.5 Deoxyribonucleic acid (DNA)  

Deoxyribonucleic acid (DNA) is a storehouse of genetic information in the form 

of the genome of an organism as a double-stranded DNA. Watson and Crick gave the first 

double helix model for the DNA structure. A nucleotide unit consists of any one of 

nitrogen bases (includes cytosine (C), guanine (G), adenine (A), and thymine (T)), a sugar 

(deoxyribose), and a phosphate group. The DNA consists of two polynucleotides with 

backbones made by phosphate groups joined via ester bonds. The two strands of 

polynucleotides are connected by the hydrogen bonding between the bases according to 

the base-pairing rule (A forms two hydrogen bonds with T, and C forms three hydrogen 

bonds with G). These two strands move in opposite directions with each other and are 
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therefore anti-parallel.202 The gene is the functional unit of the genome, which is a 

particular segment of DNA that transcripts and translates into a specific functional 

protein.203 The basic double helical structure of DNA is given in Figure 1.9.  

 

Figure 1.9. The basic structure of the DNA double helix. 

1.5.1 Calf thymus DNA (ctDNA) 

Calf thymus DNA (ctDNA) has been used as a model DNA for various studies, is 

extracted from the thymus gland of the calf. The thymus gland is very large gland in 

immature mammals. Since many white blood cells are present in the thymus gland with 

large nuclei, hence, it is the part of the immune system. Large numbers of thymus cells are 

used for the extraction of ctDNA. ctDNA is natural DNA and largely used in the various 

drug-DNA interaction studies such as DNA binding with anticancer agents, and DNA 

binding agent which can alter the structure and function of the DNA. ctDNA has great 

resemblance with the mammalian DNA and can be easily extracted from the natural 

sources with a great abundance which could be the reason for its high usage in the research 

purpose. 

1.5.2 DNA-drug interactions 

In the world, millions of people are suffering from mortal diseases such as cancers 

of numerous types including lungs, brain, liver, bladder, breast, kidney, skin, ovarian, 

prostate, etc. Several therapeutic drugs are available to target these cancers, but after a 
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certain stage again a problem to cure these cell lines arises.204
 At present, chemotherapy is 

widely used for the most of cancer treatment out of various offered treatment options. In 

the chemotherapy, the use of the drug has displayed binding with the DNA and altered the 

DNA-protein interaction followed by the apoptosis of cancer cells. Hence, the DNA-drug 

binding interactions are the epicenter of numerous research investigations. In 

pharmaceutical applications like new drug development, drug carrier in the way of drug 

loading, drug releasing and their effectiveness, various molecules showing fluorescence 

are broadly used. The fluorescent molecule acts as a drug showing various changes in their 

fluorescence properties after binding with DNA, which has a significant impression on the 

physiological functionality of DNA.  

As discussed above that DNA is a carrier of genetic information and is a major 

target for drug interaction because of the ability to interfere with transcription and 

replication, which are major steps in cell growth and division. To design the effective 

therapeutic drug, the knowledge of the mechanism of DNA-drug binding is important for 

a better understanding of the DNA-drug interactions.205 Because of the binding interaction, 

changes occur in the properties of the DNA and drug as well. Most of the time, the 

conformational changes happen in the DNA, which leads to the alteration in the 

functionality of DNA.205 Several techniques, such as nuclear magnetic resonance (NMR), 

light scattering studies, viscometry, and electric linear and circular dichroism (ELD, CD), 

have been applied to provide insight into binding modes, DNA affinity and base pair 

selectivity of DNA-binding drugs. In last few decades, enormous research has been done 

on ligand-DNA interactions. Most of the drugs currently used interact with the DNA by 

three general binding modes: DNA intercalation, groove binding, and covalent binding.205 

The kind of interactions between small molecules and DNA is an essential tool for the 

prediction of potential physiological and/or therapeutic consequences of such interactions. 

The DNA interactions with small aromatic molecules can be classified as covalent and 

non-covalent, where non-covalent interactions can be further classified as intercalation and 

groove binding.206  

1.5.1.1 Intercalative binding mode 

When a planner aromatic molecular system is inserted between the base pairs of 

DNA double helix and their interactions are non-covalent type then this type of binding is 

called intercalative binding mode. Intercalative binding is generally independent of the 
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base pair sequence. Generally, condensed aromatic ring molecular systems provide the 

stacking force to the ligands to stack between base pairs of DNA. To accommodate the 

aromatic molecule between the base pairs also require variations in the sugar-phosphate 

torsional angles along with other modifications such as unwinding and bending of helical 

structure. Electrostatic, van der Waals and hydrophobic forces stabiliz the binding of the 

drug with DNA.206 Intercalators introduce the strong structural perturbations in the DNA. 

The drugs that intercalate to DNA are used as anti-cancer drugs.207 Furthermore, the most 

widely used intercalative binders are ethidium bromide, nogalamycin, etc.  

1.5.1.2 Groove binding mode 

In the DNA structure, there are two type of grooves, major and minor grooves. 

They are opposite to each other and run continuously along the whole length of the DNA 

because they arise by the antiparallel arrangement of both the strands. The major groove 

is wide and deep, whereas the minor groove is narrow and shallow.  Details of major and 

minor grooves binding are given below: 

1.5.1.2.1 Major-groove binding mode 

Major-groove binding arises due to the hydrogen bonding between the DNA and 

drug molecule. This type of binding depends on the nitrogenous base pair sequence. The 

proteins mainly bind with this groove of the DNA after recognition and reading of the 

sequence information. However, some non-peptidyl compounds bind with the minor-

groove allowing simultaneous major groove recognition by proteins. Hence, major groove 

binder blocks the binding of protein, which recognizes the same groove, and it has 

fundamental importance.208  

1.5.1.2.2 Minor-groove binding mode 

Minor groove binding includes greater binding affinity and higher sequence 

specificity than that of intercalative binding mode. This type of groove binding is mainly 

exhibited by the neutral and charged molecules. The driving forces behind this binding are 

electrostatic interactions, van der Waals forces, hydrophobic interactions and hydrogen 

bonding. It is a kind of spatial fitting of the drug in the targeted groove such that they are 

in maximum contact with each other for the best binding. The hydrogen bonding between 

the drug and DNA strands is responsible for the required sequence specificity in this type 
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of binding. Most of the minor groove binding drugs bind at the A/T rich sequences because 

A/T rich grooves have larger electrostatic potential, narrow and deeper dimension of 

groove site as compared to the G/C rich grooves. Apart from this, the topology at A/T sites 

allows easier filling and better van der Waals contacts by small drug molecules, while the 

amino group of G in G/C locations stick out into the groove, thus prohibiting van der Waals 

contacts as compared to the A/T sites.206 Minor-groove binding molecules are the main 

current research concern for their pharmaceuticals, and biotechnology applications. 

Minor-groove binders can act as an inhibitor or activator for the transcription and gene 

expression, which is entirely new and great method for the treatment of particular 

diseases.209 Minor-groove binders possess some special features such as positively charged 

species, bent shape or the ability to adopt a curved shape, H-bond donating ability, and a 

relatively flat conformation. The minor groove in A/T sequences can more easily take on 

the narrow width that is required for tight binding of the heterocyclic-amidine system of 

the dictions than the groove in G/C or mixed base pair sequences. The extra H-bond of the 

G/C base pairs typically leads to a wider minor groove and presents a steric block to the 

deep penetration of compounds into the groove.210  

1.5.1.3 Covalent-cross linking binding mode 

In this type of binding specific metal binds with the DNA by the coordination or 

recognition of specific binding site. The platinum metal complex is a most important 

example of this type of binding, in which cisplatin is a well-known anticancer drug and its 

show the covalent cross-linking binding mechanism. Due to the formation of covalent 

bond in the DNA after binding with the cisplatin, the separation of the two strands of DNA 

is blocked, which prevents the transcription of the DNA and synthesis of that particular 

protein. This mechanism causes mismatching of base pairs of the nucleotides leading to 

mutations.211 The discovery of cisplatin lead in a new period of DNA-interactive 

anticancer agents based upon coordination chemistry.212  

1.6 Fluorescence spectroscopy 

In recent times, several sophisticated spectroscopic tools or techniques are applied 

for analytical applications. Out of them fluorescence spectroscopy is rapidly growing and 

is thus highly used for the last couples of decades due to its greater sensitivity and 

selectivity towards the microenvironment. Fluorescence spectroscopy has vast 



 Chapter 1 
 

32 
 

applications in different fields such as biochemistry, biophysics, environmental sciences, 

nuclear chemistry, cell biology, forensic sciences, medical diagnostics etc. Nowadays, 

fluorescence spectroscopy has turned out to be a very potent technique in DNA 

sequencing, immunoassays, flow cytometry and genetic analysis.213, 214 The extensive use 

of this spectroscopy is due to advances in time resolution, methods of data analysis, and 

improved instrumentation.  

 The fluorescence is a photophysical process of a molecule in the excited 

electronic state. When a molecule absorbs the light and goes to an electronically excited 

state, it comes back from completely relaxed excited state to the ground state by two 

mechanisms. First is a non-radiative de-excitation mechanism, in which, molecule comes 

to the ground state by loss of energy in the form of heat. The second is a radiative de-

excitation mechanism, in which molecule comes to the ground state by emission of the 

photons. The radiative mechanism further can be of two types: if the excited molecule 

comes from the singlet-excited state to the ground state, then, it is called fluorescence and 

if the excited molecule comes from the triplet-excited state to the ground state, then, it is 

called phosphorescence. The fluorescencent photons have various informations at a given 

wavelength such as energy (wavenumber), intensity (number of photons), time and 

polarization. These fluorescencent photons provide information regarding the 

microenvironment of the fluorophore. Therefore, fluorescence intensity, wavelength, 

spectrum, polarization and their time dependence are the main parameters that can be used 

for the characterization of molecular systems.214 The mechanisms for de-excitation process 

of electronically excited molecules to ground state are given by the Jablonski diagram 

demonstrated in Figure 1.10.215  

 The lowest electronic state is the most populated one at the room temperature that 

can be explained by Boltzmann distribution. So denotes the lowest singlet electronic 

ground state with multiplicity one. S1 and S2 represent the first and second singlet 

electronic excited states, respectively. After interacting with incident light of UV-range, 

the molecules undergo an electronic transition in ~ 10-15 seconds from the ground state 

(So) to a higher excited state (say S2) accompanied by a vibrational transition. Molecule 

present in a higher vibrational level of the higher excited electronic state (say S2) dissipates 

its excess vibrational energy as thermal energy and goes to zero vibrational level (v = 0) 

of the S2 state. Generally, the energy gap between the higher electronic states is lesser than 
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the energy gap between S1 state and So state. Therefore, the molecule reaches the S1 state 

quickly by internal conversion (IC) or quantum mechanical tunneling, followed by 

vibrational relaxation to v = 0 level of the S1 state. Here, if there is an overlap between the 

zero vibrational level of S1 state and higher vibrational level of So state, then the molecule 

comes to the So state by internal conversion. 

 

Figure 1.10. Fortunes of polyatomic molecules after photoexcitation presented by 

Jablonski diagram. 

 When the molecule gets de-excited through the release of its excitation energy as 

photon then this radiative deactivation process of the molecule from S1 state to So state is 

known as fluorescence. However, there is also the possibility that the zero vibrational level 

of S1 state couples with the higher vibrational levels of the triplet state say, T1. In this 

situation, the molecule in the S1 state undergoes a spin-conversion to the first triplet state 

T1. This process is known as intersystem crossing (ISC). The molecule at the higher 

vibrational level of T1 state rapidly losses its vibrational energy and reaches the v = 0 level 

of T1 state. The molecule can also return from T1 state to So state either by the non-radiative 

process, i.e. intersystem crossing or by radiative process i.e. phosphorescence. Since T1 to 

the singlet ground state (So) transition is forbidden, hence, the rate constants for triplet 

emission are several orders of magnitude lesser than those of fluorescence. Both radiative 

processes leave the molecule to the Frank-Condon ground (FCG) state, from where 

molecule goes to zero vibrational level of So state by collisional deactivation process. 

Phosphorescence spectrometry lacks sensitivity when applied in a liquid solution at 
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ambient room temperature. Phosphorescence is observed either occasionally or with weak 

signal due to the forbidden (triplet-to-singlet transition) transition. Fluorescence is a fast 

process (in picoseconds to nanoseconds) as compared to the phosphorescence (in 

microseconds to milliseconds). Many factors affect the electronic spectrum of a molecule 

such as substituents, pH, nature of solvents and so forth, are discussed below: 

1.6.1 Effect of the substituent on the fluorescent molecule 

 Absorption and fluorescence properties of the molecule are highly influenced by 

the substituents present on it. The peak maxima of absorption and fluorescence are shifted 

towards longer wavelength on enhancing the conjugation for example benzene, 

naphthalene, and anthracene. According to Kasha’s rule fluorescence occurs if the π → π* 

is the lowest energy transition, and phosphorescence is possible if n → π* is the lowest 

energy transition.216 Substitution of electron donating group on the benzene ring such as –

OH, -NH2, -N(CH3)2, causes the large red shift, but halogens reduce the fluorescence 

intensity as well as quantum yield due to the heavy atom effect on moving from top to 

bottom in the periodic table.217 Substitution of the alkyl group on the aromatic ring has 

little effect, only small shifts in the absorption and fluorescence spectra towards the red. 

Alkyl side chain, as substituents, increases the vibrational degrees of freedom and thus 

increases internal conversion, consequently the fluorescence quantum yield decreases. 

Fluorescence quantum yield thus depends upon the rate of non-radiative processes with 

respect to the rate of the radiative process. Sometimes, the presence of heteroatom in the 

ring system increases the rate of non-radiative process, consequently fluorescence 

quantum yield decreases.218  

1.6.2 Effect of solvents 

  The absorption and fluorescence spectra of the molecule are greatly influenced by 

the polarity of the solvent system in the aspect of peak position and intensity. Usually, an 

absorption and emission spectra of a probe are observed differently in different solvents 

like non polar, polar, aprotic, protic etc. because of both solute-solute and solute-solvent 

interactions. Thus, the spectral characteristics of the molecules depend on the nature of the 

solvent as well as on the solute. The effect of solvents on the spectral properties of the 

solute molecules is explained below: 



 Chapter 1 
 

35 
 

1.6.2.1 Dispersive or general solvent interactions 

These interactions are involved the electrostatic forces and the observed spectral 

shifts can be linked with the refractive index (n) and dielectric constant (ɛ) of the solvents. 

These interactions are of following types: 

1.6.2.1.1 Dipole-Dipole interaction: Solute and solvent molecules have a permanent 

dipole moment. 

1.6.2.1.2 Dipole-Induced dipole interaction: One molecule is having a permanent dipole 

moment that induces a dipole into the other. 

1.6.2.1.3 Induced Dipole-Induced Dipole interaction (London Dispersion forces):  

Solute and solvent molecules do not have a permanent dipole moment.   

These interactions are decreasing as follows: dipole-dipole > dipole-induced dipole > 

induced dipole-induced dipole. 

1.6.2.2 Specific interactions 

Hydrogen bonding and complex formation between solute and solvent are coming 

in the specific interactions. These interactions are comparatively stronger than the non-

specific interaction between solute and solvent, which causes the drastic changes in 

absorption and fluorescence spectra of probe molecules. Electronic transitions can be 

divided into three different types, (i) π  π*, (ii) n  π*, and (iii) charge transfer. The 

interactions of solute with solvent are different in different transitions due to the different 

dipole moment. The hydrogen bonding changes the spectral characteristics of molecules 

largely. The hydrogen bonding properties between solvent and solute in the ground state 

are generally different from that in the first excited singlet state.   

According to Frank-Condon principle, absorption of light is a too rapid process as 

compared to the period of nuclear motion and occurs within 10-15 s. At the instant of its 

formation of a Frank-Condon excited state (FCE) (Figure 1.11), the excited solute 

molecule is shortly surrounded by a solvent cage whose size and orientation is similar to 

those that are present in the ground state. The molecule, which is present in the FCE state 

gets relaxed vibrationally to the lowest vibrational level of the first excited singlet state 

within the time scale of 10-13 s. After the excitation and vibrational relaxation, the solvent 

cage reorganizes according to the new environment due to change in charge distribution 
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and thus the dipole moment upon excitation, within the time scale of 10-11 and 10-12 s. 

Therefore, this kind of solvent reorganization or reorientation is known as “solvent 

relaxation”. The combination of all vibrational, solvent, and geometry relaxations is called 

thermal relaxation. By these processes, an equilibrium excited state is formed in which 

solvent configuration is optimal for the geometry and electron distribution of the excited 

molecule.  Emission takes place from the equilibrium excited state to the metastable Frank-

Condon ground (FCG) state. The molecule in the FCG state is still in the environments 

that are similar to the excited state due to rapid transition. Vibrational and solvent 

relaxation further bring it to equilibrium ground state. Since the thermally relaxed excited 

state is lower in energy than FCE state and FCG state is higher in energy than the thermally 

relaxed ground state, hence, fluorescence occurs at a longer wavelength than absorption. 

The loss of energy between absorption and fluorescence is known as Stokes-shift [(ῡab - 

ῡfl), in cm-1], where ῡab and ῡfl  signify the peak frequencies of absorption and fluorescence, 

respectively.  

 

Figure 1.11. Demonstration of equilibrium and Frank-Condon (F-C) electronic states. 

The n  π* transitions are weak and blue shifted in the protic solvents due to the 

de-excitation of the excited state. Whereas, both π  π* and charge transfer (CT) bands 

are strong, red shifted with an increase in the polarity of proton donor capacity of solvent. 

In the charge transfer transitions the solvatochromic shift is more prominent than π  π* 

transitions. These various types of transitions are differentiated by the molar extinction 

coefficient, and the effect of solvents on spectral characteristics and emission properties. 

Many reports are available which shows the linear dependence of the solvent polarity with 

the peak maxima of fluorescence that is correlated with solvatochromic plots.219 However, 
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in some solvents, which have strong hydrogen bonding like water, alcohol, etc. deviation 

has been found from the linear correlation.220, 221 The significant effect of hydrogen 

bonding in the solvent has been reported by Pimental,222 Mataga et al.223. The effect of the 

solvents on the emission spectra of aromatic molecules was systematically explored by the 

Pringsheim224 and Forster.225  

 Lippert226,  McRae227 and Suppan228 have estimated the quantitative treatment of 

the effect of solvents on the absorption and fluorescence spectra. Oshika229, Lippert226 and 

Mataga et al.230 first derived the equations which represent the relation between variations 

in the dipole moments on excitation and spectral changes. Later on, these equations were 

modified by incorporating the polarizability of the fluorophores and dispersive interactions 

by Liptay231, Bilot and Kawaski.232 Again correction was made by the Lippert and Mataga 

in the equation by neglecting the polarizability effects of the fluorophore.226, 230 The 

equation given by the Lippert-Mataga is extensively used to analyze the solvatochromic 

effect.233-235 Lippert-Mataga equation is expressed by the Equation 1.3: 
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where  f  expressed by the following Equation 1.4: 
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Here, µg and µe are the ground state and excited state dipole moments of the 

fluorophore, respectively, and h, c, a,  ε and n represent Planck’s constant, velocity of light, 

Onsager cavity radius, the dielectric constant of a particular solvent, and the refractive 

index of a particular solvent, respectively. The excited state dipole moment of the 

fluorophore can be determined with the help of this equation. This equation is limited to 

the interaction of fluorophore in the nonpolar and polar aprotic solvents. However, the 

term polarity is loosely used to describe both types of interactions, specific as well as non-

specific. Several polarity scales were established for the fluorescent molecules including 

all type of interactions. Various dyes are considered and studied for different polarity 

scales in the reports.236 Reichardt’s empirical scale of solvent polarity is one of them and 

named as ET(30). ET(30) scale includes approximately 360 solvents and is used for many 

compounds. This scale is analogous to Kosower’s Z-values.237, 238 ET(30) values are 
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estimated by the negatively solvatochromic pyridinium N-phenolate betaine dye (Figure 

1.12) as probe molecule and defined as the molar electronic transition energies (ET) of 

dissolved betaine dye, determined in kilocalories per mole (kcal mol-1) at room 

temperature (25oC) and normal pressure (1 bar) using the following Equation 1.5:   

ET(30)(kcal mol-1) = hc max NA  = 3 1
max(2.8591 10 ) (cm )                  (1.5)             

                                                     max28591 (nm)  

where max  and λmax signify the frequency of maximum absorption and wavelength of the 

maximum of the longest wavelength band, respectively. This is the intramolecular charge-

transfer π  π* absorption band of the dye. In the first report,239 the betaine dye had by 

chance the formula number 30. Thus, the number 30 was added in order to avoid 

misperception with ‘ET’, which is commonly used in photochemistry as an abbreviation 

for triplet energy. This betaine dye displays a remarkable high solvatochromic band shift. 

Its negatively solvatochromic, intramolecular charge transfer absorption band is blue 

shifted by 357 nm on moving from diphenyl ether (λmax = 810 nm) to water (λmax = 453 

nm).236 

 

Figure 1.12. Structure of betaine dye. 

1.6.3 Intramolecular charge transfer (ICT)/ twisted intramolecular charge transfer 

(TICT) in the context of Coumarin derivatives 

 Coumarin derivatives have been getting attention due to their emission in blue-

green band.240 The photophysical properties of coumarins are vastly dependent on the 

nature of substituents and solvents in which coumarins are present.241, 242 7-

aminocoumarins are good examples of the ICT/TICT probes and the conversion in the 

different states of aminocoumarins can be explained by Scheme 1.1.241 
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Scheme 1.1: Different states of aminocoumarins. 

 The structure I represents the ground state of aminocoumarin. The Structure II 

resembles with the lowest excited state (S1) which is mostly contributed by the polar ICT 

state with high value of dipole moment. Nature of the substituents influences the dipole 

moments of excited states. Later on, the polar ICT excited state converts to more polar 

TICT state (structure III) through a nonradiative rotatory decay mechanism.243 In most of 

the cases the TICT excited state is non-fluorescent.242 The fluorescent states of coumarin 

are ICT in character and follows the ICT→TICT ground state de-excitation pathway in 

highly polar solvents.244, 245 The extent of formation and stabilization of TICT excited state 

are highly dependent on the polarity of the solvents and electron donating and electron 

withdrawing properties of the substituents present on it.242, 243, 246 In the more polar solvents 

the non-radiative rotatory decay (ICT→ TICT) is very fast and forms the more stable TICT 

state as compared to the that of in less polar solvent242 as shown in Figure 1.13.  Viscosity 

can also disturb the rate of ICT→TICT conversion either by restricting the twisting motion 

or by enhancing the dielectric relaxation time.247, 248  

 

Figure 1.13.  Potential energy surfaces for rotation at the amine function of coumarin, 

depicting a Franck-Condon (FC) transition, relaxation involving coordinates for solvation, 

and evolution of the planar emissive ICT to TICT state. 
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1.6.4 Fluorescence intensity decay and lifetime 

 Time-resolved fluorescence spectroscopic techniques provide the information 

about the kinetics of the various processes, which are involved in the deactivation of the 

excited state.214 The fluorescence intensity decay is a plot of fluorescence intensity as a 

function of time. The single exponential fluorescence intensity decay, I(t), for a system 

having single fluorescent species is expressed by the following Equation 1.6:214  

                                                        
( ) t

oI t I e 
                                                               (1.6) 

where, Io and τ signify the initial intensity and fluorescence lifetime, respectively. If the 

studied system has more than one fluorescent species, then the fluorescence intensity 

decay has to be fitted with a multi-exponential function instead of a single exponential 

function. The fluorescence intensity decay of a multi-exponential function is given as 

follow: 
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where ai and τi are ith pre-exponential factor and lifetime in the multiexponential decay, 

respectively. The average lifetime,
f , for the multiexponential decays is expressed by 

the Equation 1.8: 
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The fluorescence lifetime is also related to the radiative and the nonradiative rates. The 

relations between the fluorescence quantum yield (ϕ) and rate constants, and fluorescence 

lifetime (τ) and ϕ are expressed by the Equations 1.9-1.11: 
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where kr and knr are the rate constants for radiative and non-radiative processes, 

respectively. The ratio of the number of photons emitted to the number of photons 

absorbed is expressed as fluorescence quantum yield (ϕ).  

1.6.5 Fluorescence anisotropy 

 Some of the fluorophore molecules are preferentially excited when fluorophore 

molecules are exposed under the polarized light. The obtained fluorescence from the 

excited fluorophores is also polarized. The extent of polarization of the fluorescence 

emission is defined in terms of anisotropy (r). Fluorescence anisotropy measurements have 

been used to quantify protein denaturation and for measurement of dynamics of proteins. 

In the field of biochemical and biophysical research, the fluorescence anisotropy 

measurement is very important because very little change in microenvironment such as 

alteration in size, shape, or segmental flexibility of a molecule will also change the 

anisotropy.249, 250 In the microheterogeneous environment, fluorescence anisotropy is 

useful to find out the probable location of the probe molecule.214, 251 Saha et al. observed 

that the steady-state fluorescence anisotropy measurement is a good method to monitor the 

formation of premicellar aggregates of conventional and gemini surfactants.252, 253  

1.6.5.1 Steady-state fluorescence anisotropy  

The steady-state fluorescence anisotropy213 is expressed by the Equation 1.12: 
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                                                              (1.12) 

where IVV and IVH  represent the fluorescence intensities obtained from the excitation 

polarizer oriented vertically and the emission polarizer oriented in vertical and horizontal 

orientations, respectively.  G is the correction factor and is determined by the following 

Equation 1.13: 
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where IHV and IHH are fluorescence intensities obtained from the excitation polarizer 

oriented horizontally and the emission polarizer oriented vertically and horizontally, 

respectively. 
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1.6.5.2 Time-resolved fluorescence anisotropy (Rotational relaxation time) 

In molecular assemblies, the time-dependent fluorescence anisotropy measurement 

provides further information about the rotational relaxation of the fluorophores. In the time 

domain, the sample is excited with a short pulse of polarized light and the time-dependent 

parallel ( ( ))I t  and perpendicular ( ( ))I t components of the fluorescence are used to form 

the time-resolved fluorescence anisotropy, r(t): 
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To compensate the polarization biased of the detection system and monochromator 

efficiency, the above equation is revised as Equation 1.15: 
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where G expresses the correction factor for the detector sensitivity to the polarization 

detection of emission. 

For a single isotropic rotor, r(t) decays with a single rotational correlation time (τr),
 defined 

by the following Equation:213 
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For the more complicated systems, r(t) becomes multi-exponential and given by the 

Equation: 
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where air and τir represent the fractional contribution of total depolarization and rotational 

correlation times attributed to reorientational motion i, respectively. ro is the inherent 

anisotropy. The relation of τr with the medium is expressed by the Stoke-Einstein Equation:  

                                                        

1

6
r

V

kT D


  

                                                             (1.18) 



 Chapter 1 
 

43 
 

where η, V,  k, T, and D represent the viscosity of the medium, molecular volume, 

Boltzmann’s constant, absolute temperature and rotation diffusion coefficient, 

respectively. 

1.6.6 Solvation dynamics 

The dynamics of solvents and its influence on various chemical processes have 

great importance in the area of physical chemistry and biology.254-256 The reorientation of 

the solvent dipoles around an immediately created solute dipole originating from 

photoexcitation is defined as solvation dynamics. The solvation dynamics study is now a 

renowned technique to get the idea about the response of the solvent molecule at the 

molecular level. A probe molecule whose dipole moment is approximately zero in the 

ground state and is increased to a large extent in the electronically excited state, gives 

solvent polarity dependent fluorescence emission spectra. An instant dipole can be created 

by exciting such a molecule with light radiation. In the ground state, the dipoles of polar 

solvent molecules are randomly oriented around the weakly polar probe molecule. 

Immediately after photoexcitation the polar solvent molecules stay randomly oriented 

around the dipole because the solvent relaxation process is very much slower compared to 

the photoexcitation process. Afterwards, the dipoles of polar solvent molecules reorient 

around the newly created dipole. The process of reorientation of dipoles of polar solvent 

molecules around the immediately created dipole after photoexcitation is known as 

solvation dynamics (Figure 1.14). The time taken for the solvent molecules ongoing from 

the Frank-Condon (F-C) excited state to relaxed excited state (R) is denoted as the average 

solvation time <τs>. With increase in time, the energy of the dipole of the probe molecule 

decreases and the fluorescence maxima gets red shifted. This phenomenon is termed as 

time-dependent Stokes shift (TDSS).  

Emission wavelength dependent decays are being collected in solvation dynamics 

process. At shorter wavelength, the most of the fluorescence decays are from the 

unsolvated dipole. At a longer wavelength, the time-resolved fluorescence spectra show a 

growth in the decay followed by a slow decay with a negative pre-exponential factor. 

Hence, the most fashionable evidence of solvation dynamics is TDSS and emission 

wavelength-dependent time-resolved fluorescence spectra (TRES). Time is required for 

the F-state molecules to reach the R state. Even if the F and R states have the same intrinsic 

decay time, the long-wavelength decay will appear to be slower. 
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Figure 1.14. Schematic diagram showing the mechanism of solvation dynamics. 

If the emission spectrum is observed immediately after excitation, then a blue-

shifted or unrelaxed emission will be observed. If the time of observation is more, then 

large number of the molecules would have been relaxed to longer wavelengths, resulting 

in emission spectra being progressively shifted to longer wavelengths at longer times. 

These emission spectra representing discrete times following excitation are called the 

time-resolved emission spectra (TRES). The solvation dynamics is monitored by the decay 

of solvent correlation function C(t) and represented by Equation 1.19: 
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C t

 

 

 


 
                                                       (1.19) 

where, ( )t , ( )  and (0)  are the peak wavenumbers in cm-1 at time t, infinity and zero, 

respectively acquired from TRES.  

1.6.6.1 Coumarin as a probe for the study of solvation dynamics 

 As discussed above, a specific type of fluorescent molecules is required for the 

solvation dynamics study. Fluorescencent molecules should have nonpolar or weakly polar 

ground state and highly polar excited state. Mostly, 7-amino coumarin dyes have all these 

basic requirements and are used as a probe to explore the solvation study.  Coumarins are 

the derivatives of 1,2-benzopyrone. Representative chemical structures of some coumarin 

derivatives are given in Scheme 1.2. Coumarins are well explored laser dyes, which emit 

a strong fluorescence with significant charge transfer (CT) character.257, 258  



 Chapter 1 
 

45 
 

 

 Scheme 1.2: Some derivatives of Coumarin. 

 Coumarin-480 is highly used as a solvation probe in the solvation dynamics 

studies. The reported ground state and excited state dipole moment for Coumarin-480 are 

1.36 D and 4.17 D, respectively.259 Furthermore, there is no report on the occurrence of 

any excited state reaction in most of the solvents. Due to such properties, Coumarins are 

used for solvation dynamics studies and structures of some Coumarins are given below: 

1.7 Application of solvation dynamics and rotational relaxation  

1.7.1 Solvation dynamics: In the context of biological water 

Water is the most important lubricant of life. The biological water called “bound” 

water is different from the “free” bulk water in a number of ways.260, 261 The dynamic 

exchange between the bound and the free water molecules is an important process from 

the biological point of view.262 The dynamics of water molecules in the bulk is much 

different from that in biological systems.260, 263-269 The study of dynamics in biological 

systems is important because it controls various processes in those systems.270 Because of 

this importance, a substantial amount of work on the dynamics of water has been carried 

out in various confined media such as micelles,111, 264, 271, 272 reverse micelles,139, 273, 274 

mixed micelles275-278 and cyclodextrin265, 279 those mimic the biological systems. Water 

molecules in these confined media behave as “free” and “bound” water molecules those 

are in dynamic exchange with each other.261, 262 Various techniques like dielectric 

relaxation,280 NMR relaxation dispersion281 and time-dependent fluorescence Stokes’ shift 

or solvation dynamics214, 260, 282, 283 are available to study the properties of water molecules 

in these organized assemblies.139, 264, 273,,271, 284-287,265-269, 277 Solvation dynamics is one of 
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the best techniques because of its high sensitivity towards time and length scale.260,214, 282, 

283 In most of the cases, the solvation dynamics has been studied by the time-dependent 

fluorescence Stokes’ shift method.260, 263, 264, 270, 271, 274, 284, 288  

Several techniques such as Fluorescence up-conversion289, 290, 265, 291, 292 three-

photon echo peak shift,293, 294 and optical Kerr effect295, 296 are applied to the study of the 

solvation dynamics using the probe molecule in the pure solvent systems but the 

fluorescence up-conversion technique is the best one and is mostly used to explore the 

solvation dynamics in the pure solvents. The solvation dynamics is faster in water as 

compared to the other polar solvents. Jimenez et al.289 reported a Gaussian component of 

the time constant of less than 50 fs and a slower biexponential decay with a time constant 

126 and 880 fs. The solvation dynamics was observed to be bimodal in nature for the probe 

7-(dimethylamino) Coumarin-4-acetate with the time constants of 0.160 ps (33%) and 

1.200 ps (67%) and for Coumarin-343 with time constants of 0.250 ps (50%) and 0.960 ps 

(50%) in the pure water.297, 298  After that, Vajda et al.265 also reported the bimodal nature 

of solvation dynamics of Coumarin-102 in water with solvation times as 0.310 ps (74%) 

and 50 ps (26%). The three-photon echo peak shift method was applied by the Fleming et 

al.293 to determine the solvation time (30 fs). The observed solvation time constants are 

0.180 ps (20%) and 1.1 ps (80%) for the amino acid, tryptophan in the pure water.267 The 

solvent relaxation time of 1-anilinonapthalene-8-sulfonate is also bimodal in nature299 with 

time constants as 0. 185 ps (22%) and 1.2 ps (78%).300 

Apart from water, other pure solvents are also used to explore the solvation 

dynamics. The observed average solvation times were 0.28 ps, 6.2 ps and 8.3 ps for the 

Coumarin-153, Coumarin-152, and anionic Coumarin-343, respectively in the 

methanol.301-303 Not only the Coumarins, but also some other probe molecules such as 2-

(p-dimethylaminostyryl) pyridylmethyl iodide and 4-dicyanomethylene-2-methyl-6-(p-

(dimethylamino) styryl)-4H-pyran are also used for the solvation dynamics study in the 

methanol.304, 305 Acetonitrile is a frequently used solvent for the solvation dynamics study 

of the probes such as Coumarin-153, Coumarin-311, Coumarin-480, LDS-750, 

thiopyrilium dye, IR 1061, a cyanine dye, and IR 1048.306-310 The rate of solvation is very 

fast  in the pure solvent as compared to the rigid microheterogeneous systems.304 Detailed 

methods of solvation dynamics study have been applied in Chapter 2 (Section 2.2.10) 
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1.7.2 Rotational relaxation or time-resolved anisotropy 

 Anisotropy deals with the depolarization of the fluorescence emission. The 

depolarization of the fluorophore happens due to the transfer of energy to the other 

molecule by the molecular rotation as a result of the Brownian motion. The molecular 

motion is directly related to the molecular confinement such as microviscosity and size of 

the fluorophore. Hence, the determination of the fluorescence anisotropy is helpful to get 

the deep idea about the location of the probe in the target environment by comparing the 

fluorometric properties in the bulk phase to the microheterogeneous phase. Sometimes this 

type of comparison is not effective because the conditions of the bulk phase analogs to the 

environments in the microheterogeneous system might be quite different. Time-resolved 

techniques, more proficient than steady-state measurements, gives intense knowledge 

about complex microheterogeneous systems. Depolarization of the fluorescence of probes 

is one of the most powerful techniques to reveal the dynamic behavior of the fluorophore 

in the complex microheterogeneous environments such as biological systems (proteins, 

lipids, DNA etc.) and mimicking systems (micelles, reverse micelles, cyclodextrin, 

etc.).214, 276, 311-313 Dynamic behavior includes the rotational and/or tumbling motion of the 

bound fluorophore within the microheterogeneous environments on the 

picosecond/nanosecond timescale.314 Development of pico- and femtosecond lasers has 

enabled the researchers to directly probe into the ultrafast relaxation processes in micellar 

environments by time-resolved fluorescence depolarization techniques or rotational 

relaxation process.314-317 The time-dependent decay of the fluorescence anisotropy 

provides additional information about the rotational motion/rotational relaxation of the 

fluorophore in organized assemblies. The rotational relaxation dynamics of the probe is 

faster in bulk solvent as compared to the micellar environments. Detailed methods of 

rotational relexation study have been discussed in Chapter 2 (Section 2.2.11). 

1.7.3 Solvation dynamics and rotational relaxation in microheterogeneous systems 

 Solvation dynamics and rotational relaxation have been studied in various 

microheterogeneous systems like micelles, mixed micelles, RMs, vesicles etc. These self-

organized molecular assemblies have resemblance with biological lipid membranes. 

Solvation dynamics and rotational relaxation in these systems is found to be many folds 

slower than that in pure solvents. The bimodal nature of solvation dynamics has been 

reported in presence of ionic and nonionic conventional surfactants by Bhattacharyya et 
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al.264 which was explained by Bagchi et al. in presence of microheterogeneous systems.262 

They proposed a dynamic exchange model based on free and bound water molecules and 

the strength of the hydrogen bonds. According to dynamic exchange model, a dynamic 

equilibrium between the “free” and “bound” water molecules is responsible for the 

bimodal nature solvation dynamics. The slow component and fast component of solvation 

dynamics correspond to the bound water and free water, respectively. Maroncelli and co-

workers observed very fast solvation process (< 1 ps) of bulk water with single solvation 

time using Coumarin-343 as a probe318 and solvation processes of various solvents probing 

with number of Coumarins289, 301, 319 Similarly, rotational relaxation of Coumarin-480 is 

reported as 125 ps in the pure water, which is very fast as compared to the rotational 

relaxation time in the micelles.276 Bhattacharyya et al.264 first reported that the solvation 

dynamics of water molecules at the Stern layer of micelles of conventional surfactants was 

much slower than that of ordinary bulk water. Free and bound water molecules contribute 

to the fast and slow components of solvation dynamics, respectively.262  Hydrogen bonding 

interaction between the water molecules and surfactant headgroups is responsible for the 

slower component of solvation dynamics of water in the micelles.320, 321 The bimodal 

behavior of solvation dynamics of water molecules in the micelles of surfactants111, 264, 271, 

278, 322 and even solvation dynamics with three solvation components in the amphiphilic 

starlike macromolecular (ASM) system are well studied.323   

 Sarkar et al. have studied the solvation dynamics and rotational relaxation in 

various systems e.g., micelles of Brij 35 and Brij 58,272 CTAB micelles,324  the mixed 

micelles of surfactants (TX-100, Tween 80 and CTAB) with bile salt,275, 276 and also the 

mixed micelles of different cationic conventional surfactants,277 and ionic liquids.325 

Samanta et al. have reported the dynamics of different types of Coumarins in various types 

of room temperature ionic liquids.326, 327 Shirota et al.328, 329  have demonstrated the effect 

of surfactant concentration and the effect of solvent isotope on the dynamics of Coumarin-

102 and Coumarin-153. They have also reported the solvation dynamics in the micelles of 

cationic and anionic surfactants. They have found that the solvation dynamics in the 

aqueous micelles of anionic surfactant is slower than that in the aqueous micelles of the 

cationic surfactant. The slow solvation dynamics in anionic micelles as compared to that 

in cationic micelles is due to stronger hydrogen bonding interaction between the water 

molecule and headgroup in the former than that in the latter.  
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Recently it was established that added salts such as LiCl, KCl, NaCl and CsCl 

affect solvation dynamics and rotational relaxation of C-153 in Triton X-100 (TX-100) 

micellar medium. These added salts enhance the trapped water content in the palisade layer 

of micelles causing clustering of water molecules, which results in a slow solvation 

process. However, the clustering of the water molecules near to the ions will act in opposite 

to the increased micellar hydration to estimate the microviscosity and relaxation dynamics. 

All used salts influence the clustering of water slightly higher than that of the increased 

hydration, resulting in an effective increase in the microviscosity for the palisade layer, 

which reduced the rate of relaxation dynamics with the addition of salts.330 Levinger et 

al.331 have reported that as compared to NH4
+ ion, Na+ ion acting as a counterion of 

Aerosol-OT (AOT) reduces a large fraction of the water motion resulting in an increase in 

solvation time. These reports show that the clustering of water molecules induced by 

counterions or added salts has an effect on the solvation dynamics in the reverse micelles.   

Bhattacharyya et al.264, 332 investigated the solvation dynamics of C-480 and 4-

aminopthalimide (4-AP) in the micelles of various types of conventional surfactants such 

as cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS) and Triton 

X-100 (TX-100) and concluded that with different probe molecules solvation time 

remained the same in similar environment. Hazra et al.333 have reported the solvation 

dynamics and rotational relaxation of Coumarin-153 (C-153) in SDS dispersed single-

walled carbon nanotubes (SWNTs). They have found that the rates of both solvation and 

rotational relaxation processes become slower in this system as compared to bulk water.  

Sarkar et al.277 have noticed that both rotational relaxation and solvation times 

increase with increasing hydrocarbon tail length of conventional surfactants. This is 

happened because of increasing microviscosity of micelles with increasing tail length of 

surfactants as a result of the formation of more closely packed micelles. Earlier, the direct 

correlation between rotational relaxation time and microviscosity of micelles was observed 

by Maroncelli and co-workers.334 The effect of the ionic liquid on the solvation dynamics 

as well as on the rotational relaxation of C-153 in the aqueous micelles of Triton X-100 

has been studied by Sarkar and co-workers.335 They have found that the presence of ionic 

liquid increases the microfluidity of micelles that causes faster solvation and rotational 

relaxation processes. 
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Studies have also been carried out by Sarkar et al.336 to see the effect of tail length 

of ionic liquids on the rotational motions of C-153 and Rhodamine 6G (R6G) in micelles. 

It has been observed that the rotational relaxation process becomes slower in the micelles 

of C16mimCl as compared to C12mimCl ionic liquid as the rotational motions are more 

restricted in the former system due to the longer alkyl chain length. Also, in their another 

study they have seen the decrease in the rates of solvation and rotational relaxation 

processes in the neat micelles and microemulsions of each of ionic liquids, 

[C2mim][C4SO4], [C2mim][C6SO4] and [C2mim][C8SO4].
337 Samanta and co-workers338 

have reported the effect of alkyl tail length on the rotational dynamics of polar and 

nonpolar solutes in a series of N-alkyl-N-methylmorpholinium ionic liquids. Studies have 

revealed the location of these probes in a distinct environment of the ionic liquids from 

their contrasting rotational dynamics. 

 Many techniques have been used to study the dynamics of water in the water-urea 

mixture. Infra-red pump-probe spectroscopy has been used to study the effect of urea on 

structure and dynamics of water and it was found that even at high concentration of urea, 

dynamics of water has not been altered.339 Only a small fraction of water molecules 

displays slower dynamics than bulk water molecules by forming specific water-urea 

complex. Idrissi et al. have studied the short time dynamics of the water-urea mixture and 

the results have shown that addition of urea leads to an overall isotropy and stiffening of 

the short time dynamics of both the species. Many of these studies concentrated on the 

study of water dynamics in water-urea mixtures.339, 340 Few reports are available on the 

study of urea dynamics as a function of urea concentration in water-urea mixture.341, 342 

Hazra et al. have studied the dynamics of water, urea and water-urea mixture inside the 

reverse micelles of anionic surfactant.284 Chattopadhyay et al. have studied the effect of 

urea on the organization and dynamics of TX-100 micelles.343 Ruiz et al. have studied the 

microenvironmental properties of sodium dodecyl sulfate in the aqueous urea solution.344 

Recently, Saha et al.  studied the solvation dynamics in presence of mixed micelles of 

gemini surfactant and conventional surfactants.278   

1.8 The scope of the present thesis work 

Surfactants molecules are the flagship of surface and colloidal chemistry. Inspired 

by vast application of the surfactants in the biological, chemical, pharmaceutical, and 

industrial fields and each aspect of life, these surfactant systems still need to get insight, 
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which would be exciting fundament challenges. Change in the structure of the surfactant 

creates quite interesting changes in its surface activity as well. Micellar properties of a 

surfactant such as the critical micelle concentration (cmc), the degree of ionization (α), 

micelle size and microenvironment depend not only on the surfactant structure but also on 

types of counterions and their hydration.345, 346 The formation of micelles of ionic 

surfactants is stabilized by the binding of the counterions to the headgroups of surfactant 

molecules.347 The binding ability of an inorganic counterion depends upon its size and 

valency.98 Micellar behavior depends on the hydrophobic nature of counterions as well.104 

The interaction of inorganic counterions with the micellar surface is influenced by the 

hydration diameter of the ions (smaller hydrated ions favor their interactions). But, for 

quaternary ammonium counterions, it depends on the hydrocarbon exterior (more 

hydrophobicity is more effective in micellization).105  

Various properties of gemini surfactants depend on various parts of surfactants 

such as hydrophobic tails, hydrophilic headgroups, counterions and spacer groups.21, 23, 24, 

348-351 Spacer groups and hydrophobic tail length play a very important role in the 

aggregation behavior of gemini surfactants. Studies with gemini surfactants with rigid, 

flexible, hydrophilic or hydrophobic spacer groups have been investigated well.19, 112, 352 

The micelles of surfactant and gemini surfactants mimic biological systems such as lipid 

bilayer membrane and have applications in the synthesis of nanoparticles, food industries, 

cosmetic industries and most importantly in pharmaceuticals industries. A detailed study 

on the aggregation behavior of the synthesized gemini surfactants is very important. The 

spacer group and hydrophobic tail of the gemini surfactant plays a very crucial role in the 

micellar behavior. 

Apart from this, an effort has been made to get complete information about the 

physicochemical properties of gemini surfactant in the presence of an additive such as urea 

keeping in view of the aim that the urea disturb the water structure. Urea, a well-known 

protein denaturant, increases the critical micellar concentration (cmc) values of 

surfactants,343, 353, 354 and reduces the aggregation number of micelles.355, 356 Presence of 

urea increases the solubility of the surfactant, resulting in delaying the micellization 

process. Urea and surfactant mixtures are used in the field of membrane-protein 

research.357, 358 Presence of urea in water affects the hydrogen bonding of water structure. 

Two different types of mechanisms are proposed to explain the effect of urea on the water 

structure. To comprehend the properties of the urea-water system many studies have been 
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carried out and according to them urea acts as water “structure breaker”359, 360 or water 

“structure maker”.361, 362 whereas some studies show the combined effect.363, 364  

After being inspired by above-made discussions, the motive of the first part of the 

present thesis work is to provide details about how the features of surfactant, as well as the 

presence of additives in the aqueous micelles,  influence the solvation dynamics of 

Coumarin-485. In the second part, gemini surfactant induced denaturation of the protein 

followed by renaturation by appropriate refolding agents have been discussed. Lastly, in 

third part, gemini surfactant and cyclodextrin-based controlled drug releasing systems 

have been developed and its application in the interaction of the drug with DNA after being 

released from the carrier system has been highlighted. With the application of fluorescence 

to investigate problems at the forefront of biochemistry and pharmaceutical fields, this 

work is intended to fill the void and yet provide sufficient details to the experts to keep 

abreast of recent developments in such areas.  To accomplish these objectives, the present 

work has been distributed in four chapters (Chapter 3, 4, 5, and 6), which are preceded by 

a detailed introduction (Chapter 1) and experimental (Chapter 2) including materials, 

methods, and instrumentation, employed to carry out the study with above discussed 

motives. The brief discussion of each chapter is as given below:  

Chapter 3 deals with the studies of solvation dynamics and rotational relaxation of 

Coumarin 480  in the aqueous micelles of surfactant, which are influenced by the chemical 

structure of the surfactant and presence of an additive, urea. This chapter has three parts, 

Chapter 3a, Chapter 3b, and Chapter 3c. 

Water is a very important part of all biological systems. In these systems, water 

may exist in free and bound states.260 The dynamic exchange between the bound and the 

free water molecules is an important process from the biological point of view.262 The 

study of water dynamics in organized assemblies possesses immense significance. It is 

known that the properties of solvent surrounding the reactants present in different 

biological systems and biomimicking organized assemblies significantly control various 

chemical reactions, such as charge transfer, electron transfer, etc.365  Thus, the study of the 

physicochemical properties of a confined medium surrounding probe molecules needs to 

be carried out to understand and control various processes. The study of solvation 

dynamics provides us with information regarding the behavior of water molecules 

surrounding probe molecules, giving in-depth knowledge about the microenvironment. 

Pure water exhibits very fast solvation dynamics. In organized assemblies, solvation 
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dynamics get retarded with many folds compared to that in the bulk.260 The values of 

anisotropy and time-resolved fluorescence anisotropy provide the deep information about 

the microheterogeneous systems such as micelles, reverse micelles, proteins, DNA, which 

would be helpful to understand the real biological microenvironment around the 

fluorescent molecule. 

Chapter 3a describes the effect of counterions (NO3
-, Br-, SO4

2-, and p-TS-) on the 

solvation dynamics and rotational relaxation of the C-480 molecule in aqueous micelles 

of hexadecyltrimethylammonium surfactant. The increasing order of rate of solvation is 

C16TABr < C16TANO3 < (C16TA)2SO4 < C16TAp-TS. The order for solvation time is 

similar to the order for cmc. SO4
2- ions behave differently than from the monovalent ions. 

Effectively the solvation process is controlled by the extent of release of water molecules 

during the formation of micelles. The release of water molecules during the formation of 

micelles depends on effective binding of counterions to the headgroups. p-TS- ions are 

more tightly bound to the headgroups because of the added effect of its hydrophobic part. 

Counterions can indirectly contribute to the slow solvation by causing clustering of water 

molecules. The decreasing order of average rotational relaxation time of C-480 in the 

micelles of surfactants is C16TAp-TS >> C16TABr > C16TANO3 > (C16TA)2SO4 which is 

same as the decreasing order of microviscosity. It is expected that the solvation dynamics 

and rotational relaxation would be dependent upon the binding ability of these counterions 

to the micelles due to the difference between their sizes, valencies, and hydrophobicities. 

Chapter 3b describes the effect of hydrophobicity of tails and hydrophilicity of the 

spacer group of gemini surfactants on the rates of solvation dynamics and rotational 

relaxation of C-480 in micelles of diethyl ether spacer group containing gemini surfactants 

with varying hydrocarbon tail lengths, C12, C14 and C16. We have also compared our 

present dynamics data with that in the micelles of gemini surfactant containing C12 tails 

and tetramethylene spacer group studied earlier. Micelles become gradually more compact 

with increasing hydrocarbon tail length which results in the lesser extent of penetration of 

water molecules thereby increasing microviscosity of micelles. Stern layer of micelles and 

water molecules become gradually more rigid with increasing compactness of micelles. 

Micelles with hydrophilic spacer group are more compact as compared to the hydrophobic 

spacer. Moreover, the hydrophilic spacer group gets easily hydrated. Therefore, the 

microviscosity of micelles of a gemini surfactant with hydrophobic spacer group is lower 

as compared to hydrophilic spacer group. The extent of free water molecules at the Stern 
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layer of micelles control the rate of solvation dynamics. The rate of rotational relaxation 

process is also affected by hydrocarbon tail length of surfactants as a result of the change 

in microviscosity of micelles. 

Chapter 3c investigates the effect of urea concentration on aggregation properties 

of gemini surfactants with different spacer groups (with and without –OH group(s)) and 

also its effect on solvation dynamics and rotational relaxation of C-480 in aqueous micelles 

of those surfactants. Urea reduces the hydrophobic interactions between surfactant 

molecules and disfavors the formation of micelles. Average solvation time increases 

reaching a maximum and then decreases with increasing concentration of urea. It has also 

been noticed that the degree of counterion dissociation also follows the same trend. With 

increasing concentration of free counterions, the extent of clustering of water molecules is 

expected to increase resulting in longer solvation times. Thus the rate of solvation process 

can be correlated with the degree of counterion dissociation. The presence of –OH group 

in the spacer group has an effect on the rate of solvation process. The microviscosity of 

micelles decreases with increasing concentration of urea as a result of which its rotational 

relaxation process becomes faster. At a given concentration of urea, the rotational 

relaxation process slows down with the introduction of –OH group in the spacer group due 

to enhanced microviscosity of micelles. Results of the present study could be useful to 

understand the water dynamics in biological systems in presence of urea. Seeing the 

importance of gemini surfactants over conventional surfactants and urea in the protein 

denaturation process, it would be valuable to study the effect of urea on solvation dynamics 

and rotational relaxation in aqueous micelles of gemini surfactant.  

 Chapter 4 describes the binding interaction of the protein, bovine serum albumin 

(BSA), with the gemini surfactants, 12-n-12 with varying number of –CH2- group (n = 3, 

6, 8, 12) in the spacer. Since proteins are important molecules and are involved in all life 

processes, hence, the studies have been done to get knowledge about the role of the spacer 

group of the gemini surfactant on unfolding as well as on refolding of unfolded BSA by 

gemini surfactant. The unfolding of BSA using the surfactants are well explored but a 

study using gemini surfactants especially the effect of the spacer group is not explored 

much. Moreover, we have worked on refolding of denatured protein by using cationic 

gemini surfactant with capturing agents such as cyclodextrin (hydrophobic interaction 

between the cavity of CD and tail of surfactant) and anionic sodium dodecyl sulfate (SDS) 

(driving force is the formation of mixed micelles i.e. catanion). Gemini surfactant is a very 

effective denaturing agent for protein at the very low concentration. Renaturation of any 
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proteins has great importance in the aspect of proteins engineering. Protein has to adopt 

specific 3D conformation to perform a certain function. A slight change in the protein 

structure will affect the functionality of protein that causes some serious 

neurodegenerative diseases such as Alzheimer, Perkinson etc. in humans.  The refolding 

of protein using the formation of catanion approach is a new method. Catanion forms the 

vesicle type structure, which can be further explored as a carrier system for the protein 

itself. Refolding of the proteins using an artificial chaperon method is widely used in 

protein refolding process but the present method is somehow different from that chaperone 

method. In the artificial chaperon method, some external denaturation agents such as 

guanidinium hydrochloride, temperature have been used and after the dilution of this 

solution, surfactants have been added to prevent the aggregation of the denatured protein. 

To strip off the surfactant from this solution cyclodextrin has been added in the last step. 

But in the present method, gemini surfactant itself do the denaturation as well as the 

prevention of the aggregation of protein, which stripped off by cyclodextrin as well as an 

anionic surfactant. Therefore, this refolding approach can be applied in the proper 

refolding (active protein) of the misfolded or aggregated protein. Apart from this, we have 

noticed the role of the spacer group of gemini surfactants on the unfolding as well as 

refolding of BSA which is a new rising area of research, and useful to understand the effect 

of hydrophobicity of the spacer on BSA-surfactant interaction, surfactant-cyclodextrin, 

and cationic-anionic surfactant interactions. 

 Chapter 5 deals with the interactions of the gemini surfactants with the nanotubes 

of the β-CD. Guest molecules, C-485 induce the formation of nanotubes of β-CD and 

secondary aggregates of nanotubes of CDs. Gemini surfactants are used as a releasing 

agent for the guest molecule due to the more favorable interactions in between CD and 

surfactant as compared to the interaction between guest and CD. Currently, research is 

focused on that how to get control over the toxicity of the drug itself, if it reaches in excess 

at the target site because most used drugs are organic/inorganic in nature and have some 

toxicity for the biological system. To overcome this toxicity problem of the drug itself, the 

controlled releasing system of the drug has been developing rapidly.366-368 Keeping this 

problem in mind, we have designed new β-CD based drug carrier system, which releases 

the guest molecule (that can be a drug) by the gemini surfactants. We can control the 

releasing capacity of the of gemini surfactant by using different spacer chain length of 

gemini surfactant in the context of time as well as the concentration. The effectiveness of 

any drug carrier also depends on many factors such as:  the site where the drug has to be 
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release, which stimuli are responsive to releases, how long drug has to be released. 

Generally, stimuli to release the drug can be exogenous (thermoresponsive, magnetically 

responsive, ultrasound triggered, photoresponsive, electroresponsive etc.) or endogenous 

(pH-sensitive systems, enzyme sensitive systems, redox-sensitive systems etc), but  how 

is the body of individuals respond to these stimuli also creates some hurdles to use these 

system in in vitro and in vivo condition.  Moreover, sometimes in pharmaceutical process 

reproducibility and modification in the drug itself could happen that will affect the safety 

and quality of the drug. CDs are well known and widely applicable in the drug delivery 

system due to the complex formation with the variety of guest molecules. Therefore, the 

present system can be applied to develop an effective drug delivery system.   

Chapter 6 explores the binding interaction of the C-485 with ctDNA after being 

released from the cavity of a nanotube of β-CD. The mode of binding of the drug with 

DNA is a key factor for targeting the DNA with therapeutic drugs or fluorophores.369 C-

485 bind with the DNA in the groove binding mode, which has been confirmed by the 

ethidium bromide displacement experiment. The tail length of gemini surfactant controls 

the release of the C-485 from the cavity. Gemini surfactants also interact with the ctDNA 

that causes the compaction and decompaction of the DNA molecule by the electrostatic 

interaction between the positively charged head group of surfactants and negatively 

charged phosphate backbone of DNA. Decompaction/compaction of DNA can be further 

used to carry the gene through the cell membrane. The main goal of this part of the thesis 

is to develop novel drug carrier system and the controlled release of drug using gemini 

surfactants by studying the drug-DNA interaction with the help of spectroscopic tools. The 

study of drug and DNA interactions is important for targeting antifungal, antiviral, 

antibacterial, and antitumor drugs in fields of science such as life, medicine, and chemistry. 

Observation of the drug DNA interaction using a fluorescent molecule, that can be a drug, 

leads to drugs development field of pharmaceutics. The release of the drug is also stimuli 

free. Therefore, the system can be effectively used to carry and release the drug in 

biomedical science.  
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Materials, Methods and 
Instrumentation 

 
 

 

Key Concepts:  

 

 This chapter covers details of chemicals required for the synthesis of 
surfactants, and their characterization methods. 
 

 Preparation methods of different solutions for the spectroscopic 
studies, and instruments used for their characterization.  
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The material section includes chemicals required for the synthesis of the 

surfactants and the spectral studies used. The method section includes synthesis and 

characterization of surfactants, preparation of different solutions for the studies, and their 

characterization techniques.  Instrumentation section includes various techniques involved 

in the studies viz. UV-visible spectroscopy, steady-state fluorescence and time-resolved 

fluorescence spectroscopy, circular dichroism spectroscopy, and dynamic light scattering.  

2.1 Materials 

Table 2.1. List of compounds used for this work with their purchasing source.  

Sr. 

No. 

Compounds Purchased from 

For the synthesis of convention surfactant with different counterions 

1. Cetyltrimethylammonium bromide 

(C16TABr) 

Aldrich Chemical Company, USA 

2. Amberlyst A26 OH SD Fine-Chem Limited. Mumbai, India 

3. p-Toluenesulfonic acid (p-TSA) Spectrochem Chemical Company, India 

4. HNO3 SD Fine-Chem Limited Mumbai, India 

5. H2SO4 SD Fine-Chem Limited Mumbai, India 

6. AgNO3 SD Fine-Chem Limited. Mumbai, India 

For the synthesis of gemini surfactants 

1. 1,4-dibromodiethylether Alfa Aesar, a Johnson Matthey 

Company 

2. 1,3-dibromopropane Spectrochem Company, India 

3. 1,4-dibromobutane Spectrochem Company, India 

4. 1,6- dibromohexane Spectrochem Company, India 

5. 1,8-dibromoctane Spectrochem Company, India 

6. 1,12-dibromododecane Spectrochem Company, India 

7. 1,4-dibromo-2,3-butanediol Sigma Chemical Company, WI, USA 

8. 1,4-dibromo-2-butanol Sigma Chemical Company, WI, USA 

9. N, N-dimethyldodecylamine Alfa Aesar, USA 

10. N, N-dimethyltetradecylamine Alfa Aesar, USA  

11. N, N-dimethylhexadecylamine Alfa Aesar, USA  
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Fluorescent molecules 

1. C-480 Exciton (laser grade), USA 

2. C-485 Exciton (laser grade), USA 

3. 1,6-Diphenyl-1,3,5-hexatriene (DPH) Aldrich Chemical Company, WI, USA 

4. Quinine sulfate Aldrich Chemical Company, WI, USA 

Other compounds 

1. Urea SD Fine-Chem Limited Mumbai, India 

2. β-cyclodextrin Aldrich Chemical Company, USA 

3. Ludox Aldrich Chemical Company, WI, USA 

4. Glycerol Alfa Aesar, USA 

5. Standard KCl solution Merck, India 

Biomolecules 

1. Bovine serum albumin (BSA)  Sigma Chemical Company, WI, USA 

2. Deoxyribonucleic acid sodium salt 

from calf thymus fibers type (ctDNA) 

Sigma Chemical Company, WI, USA 

For pH adjustment of water and buffer solution 

1. Disodium hydrogen orthophosphate 

(Na2HPO4) 

SD Fine-Chem Limited Mumbai, India 

2. 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES) 

SRL, Pvt. Ltd. Mumbai, India 

3. NaOH Spectrochem Company, India 

4. H2SO4 Spectrochem Company, India 

4. H3PO4 Spectrochem Company, India 

Solvents  

1. Methanol (UV grade) Spectrochem Company, India 

2. Cyclohexane (UV grade) Spectrochem Company, India 

3. n-Hexane (UV grade) Spectrochem Company, India 

4. Diethylether (UV grade) Spectrochem Company, India 

5. Ethylacetate (UV grade) Spectrochem Company, India 

6. Ethanol Changshu Yangyuan Chemical 

Company, China 
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7. 1,4-dioxane (UV grade) Spectrochem Company, India 

8. Tetrahydrofuran (THF) (UV grade) Spectrochem Company, India 

9. Acetone (UV grade) Spectrochem Company, India 

 

Fluorescence probes  

Highest purity grade fluorophores are used without any further purification for the 

spectroscopic studies. The molecular structures of these probes are shown below as 

Scheme 2.1.  

 

 
C-480 

 

 
C-485 

 

 
 

                         DPH 

Scheme 2.1: Molecular structures of fluorescence probes. 

2.2 Methods 

2.2.1 Synthesis and characterization of conventional surfactant with different 

counterions 

Cetyltrimethylammoniumbromide (C16TABr), was used for the synthesis of 

C16TAX ( X= SO4
2-, NO3

- and p-toluenesulfonate (p-TS-)) surfactant with various 

counterions. Counterion, Br-, of C16TABr surfactant was exchanged by SO4
2-, NO3

- and p-

toluenesulfonate (p -TS-) using the reported method.1 In this method, C16TABr was taken 

in the round bottom flask and dissolved in the minimum quantity of Milli-Q water; if it 

was not dissolved then dissolved by heating with continuous stirring. After that, (4-5 times 

excess of C16TABr) strongly basic anion exchange resin (Amberlyst A26 OH) was added 

to replace bromide with hydroxide from the C16TABr surfactants. Complete exchange of 

Br- ion by the OH- ion was confirmed by the AgNO3 test. While filtering, the resin was 

washed three to four times with water. The filtrate was the aqueous solution of a surfactant 

with the OH- ions, as the counterions. After that, this solution was neutralized by the 

appropriate acid as precisely as possible to get the desired counterions in the surfactant. 

Water content was removed by heating. The obtained white solid powder was 

recrystallized in a mixture of ethyl acetate and methanol. Chemical structure of surfactants 
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with their abbreviations is given in Scheme 2.2. FT-IR and 1H NMR data for the 

synthesized conventional surfactants are given in Table 2.2. 

  

  

Scheme 2.2: Chemical structure of conventional surfactants with their abbreviations. 

Table 2.2. FT-IR and 1H NMR data for the synthesized conventional surfactants. 

Surfactants FT-IR (ν/cm-1) 1H NMR 

C16TABr 2917, 2847 (CH3), 

1488, 1467 (CH2) 

(400 MHz, CDCl3) δ: 0.88 (t, J = 6.8 Hz, 3H, 

CH3), 1.32-1.21 (m, 22H, CH2), 1.46- 1.32 

(m, 4H, CH2), 1.84-1.65 (m, 2H, CH2), 3.48 

(s, 9H, CH3), 3.65-3.55 (m, 2H, CH2).  

C16TANO3 2917, 2847 (CH3), 

1488, 1467 (CH2), 

1328 (N=O) 

 (400 MHz, CDCl3) δ: 0.89 (t, J = 6.8 Hz, 

3H, CH3), 1.51-1.19 (m, 26H, CH2), 1.82-

1.66 (m, 2H, CH2), 3.28 (s, 9H, CH3), 3.46-

3.38 (m, 2H, CH2). 

(C16TA)2SO4 2917, 2847 (CH3), 

1488, 1467 (CH2), 

1064 (S=O) 

(400 MHz, CDCl3) δ: 0.89 (t, J = 6.8 Hz, 3H, 

CH3), 1.26 (s, 22H, CH2), 1.39-1.32 (m, 4H, 

CH2), 1.80-1.67 (m, 2H, CH2), 3.28 (s, 9H, 

CH3), 3.44-3.36 (m, 2H, CH2).  

C16TAp-TS 2917, 2847 (CH3), 

1488, 1467 (CH2), 

1196(S=O) 

(400 MHz, CDCl3) δ: 0.89 (t, J = 6.8 Hz, 3H, 

CH3), 1.27 (s, 24H, CH2), 1.71-1.60 (m, 2H, 

CH2), 2.12 (s, 2H, CH2), 2.35 (s, 3H, CH3), 

3.33 (s, 9H, CH3), 3.43-3.37 (m, 2H, CH2), 

7.16 (d, J = 7.9 Hz, 2H, CH), 7.76 (d, J = 8.1 

Hz, 2H, CH). 

2.2.2 Synthesis and characterization of gemini surfactants   

The procedure of synthesis of gemini surfactants are reported earlier.2-4 In short, 

combined synthesis procedure is given here. For the synthesis of gemini surfactants, the 

required reactants are given in Table 2.3.  Reactant A (1 molar equivalent) and reactant B 

(2 molar equivalent with 10% extra) were mixed. This reaction mixture was refluxed in 

dry ethanol for 72 hours. After completion, the reaction mixture was cooled down, and the 

solvent was vaporized under vacuum pump. The obtained solid product was washed 

several times with a mixture of ethyl acetate and hexane. Recrystallization of the 
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surfactants was done by a mixture of ethyl acetate/methanol (10:1 v/v). The structures of 

synthesized compounds were confirmed by 1H-NMR spectroscopy. The data are 

documented in Table 2.4. 1H-NMR spectrum Gemini-X is shown in Figure 2.1 as a 

representative one. The molecular structures of the synthesized gemini surfactants are 

given by Scheme 2.3. 

Table 2.3. Reactants for the synthesis of gemini surfactants. 

Sr. 

No. 

Gemini surfactants Denoted as Reactant A Reactant B 

1. 1,4-bis(dodecyl-N,N-

dimethylammonium 

bromide)diethylether 

12-EE-12 

(Gemini-X) 

Bis(2-bromoethyl) 

ether 

N,N-dimethyl 

dodecyl amine 

2. 1,4-bis(tetradecyl-N,N-

dimethylammonium 

bromide)diethylether  

14-EE-14 

(Gemini-Y) 

Bis(2-bromoethyl) 

ether 

N,N-

dimethyltetra 

decyl amine 

3. 1,4-bis(hexadecyl-N,N-

dimethylammonium 

bromide)diethylether  

16-EE-16 

(Gemini-Z) 

Bis(2-bromoethyl) 

ether 

N,N-dimethyl 

hexadecyl 

amine 

4. 1,4-bis(dodecyl-N,N-

dimethylammoniumbro

mide)-butane  

12-4-12 

(Gemini-A) 

1,4-dibromobutane  N,N-dimethyl 

dodecyl amine 

5. 1,4-bis(dodecyl-N,N-

dimethylammoniumbro

mide)-2-butanol  

12-4(OH)-12 

(Gemini-B) 

 

1,4-dibromo-2-

butanol 

N,N-dimethyl 

dodecyl amine 

6. 1,4-bis(dodecyl-N,N-

dimethylammoniumbro

mide)-2,3-butanediol  

12-4(OH)2-12 

(Gemini-C) 

 

1,4-dibromo-2,3-

butanediol 

N,N-dimethyl 

dodecyl amine 

7. 1,3-bis(dodecyl-N,N-

dimethylammoniumbro

mide)-propane  

12-3-12 1,3-dibromopropane  N,N-dimethyl 

dodecyl amine 

8. 1,6-bis(dodecyl-N,N-

dimethylammoniumbro

mide)-hexane  

12-6-12 1,6- dibromohexane  N,N-dimethyl 

dodecyl amine 

9. 1,8-bis(dodecyl-N,N-

dimethylammoniumbro

mide)-octane  

12-8-12 1,8-dibromoctane  N,N-dimethyl 

dodecyl amine 

10. 1,12-bis(dodecyl-N,N-

dimethylammoniumbro

mide)-dodecane  

12-12-12 1,12-

dibromododecane 

N,N-dimethyl 

dodecyl amine 

11. 1,4-bis(tetradecyl-N,N-

dimethylammoniumbro

mide)-butane 

14-4-14 1,4-dibromobutane  N,N-dimethyl 

tetradecyl 

amine 

12. 1,4-bis(hexadecyl-N,N-
dimethylammoniumbro

mide)-butane 

16-4-16 1,4-dibromobutane  N,N-dimethyl 
hexadecyl 

amine 
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12-4-12 (Gemini-A) 

 
12-4(OH)-12 (Gemini-B) 

 
12-4(OH)2-12 (Gemini-C) 

 
12-3-12 

 
12-6-12 

 
12-8-12 

 
12-12-12 

 
Gemini-X 

 
Gemini-Y 

 
Gemini-Z 

 
14-4-14 

 
16-4-16 

Scheme 2.3: Molecular structures of synthesized gemini surfactants. 
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Table 2.4. Empirical formula, molar mass, and 1H-NMR data of synthesized gemini 

surfactants. 

Compound

s 

Empirical 

Formula 

Molar 

mass 

1H-NMR 

12-EE-12 

Gemini-X 
C32H70N2Br2O 658.73 

(400 MHz, CDCl3) δ: 0.88 (t, J = 6.9 Hz,  6H, 

CH3), 1.29-1.23 (m, 24H, CH2), 1.37-1.30 (m, 

8H, CH2),  1.78-1.66 (m, 4H, CH2), 2.24 (br s, 

4H, CH2), 3.45 (s, 12H, CH3), 3.67-3.58 (m, 

4H, CH2), 4.02 (t, 4H, CH2), 4.34 (t, 4H, CH2). 

14-EE-14 

Gemini-Y 
C36H78N2Br2O 714.83 

(400 MHz, CDCl3) δ: 0.88 (t, J = 6.9 Hz, 6H, 

CH3), 1.29-1.22 (m, 32H, CH2), 1.42-1.31 (m, 

8H, CH2), 1.83-1.63 (m, 4H, CH2), 2.24 (br s, 

4H, CH2), 3.45 (s, 12H, CH3), 3.68-3.57 (m, 

4H, CH2), 4.02 (t, 4H, CH2), 4.34 (t, 4H, CH2). 

16-EE-16 

Gemini-Z 
C40H86N2Br2O 770.94 

(400 MHz, CDCl3) δ: 0.88 (t, J = 6.9 Hz,   6H, 

CH3), 1.29-1.22 (m, 40H, CH2), 1.37-1.31 (m, 

8H, CH2), 1.79-1.66 (m, 4H, CH2), 2.12 (br s, 

4H, CH2), 3.44 (s, 12H, CH3), 3.67-3.57 (m, 

4H, CH2), 4.02 (t, 4H, CH2), 4.32 (t, 4H, CH2).  

12-4(OH)-

12 Gemini-

B 

C32H70N2Br2O 658.73 

(500 MHz, CDCl3) δ: 0.85 (t, J = 6.9 Hz,   6H, 

CH3),1.31-1.23 (m, 36H, CH2), 1.74 (t, 4H, 

CH2), 2.57 (t, 4H, CH2), 3.26 (s, 6H, N-CH2), 

3.33 (s, 6H, N-CH2), 3.49-3.43 (m, 2H, CH), 

3.61-3.60 (m, 1H, CH), 3.75-3.73 (m, 1H, 

CH), 3.90 (t, 1H, CH), 4.17 (t, 1H, CH), 4.59 

(s, 1H, O-CH), 5.72 (s, 1H, OH). 

12-4(OH)2-

12 Gemini-

C 

C32H70N2Br2O

2 
674.73 

(400MHz, DMSO) δ: 0.86 (t, J = 6.9 Hz,   6H, 

CH3), 1.24-1.23 (m, 44H, CH2), 1.71-1.68 (t, 

4H, CH2), 3.08 (s, 12H, CH3), 4.12 (s, 2H, 

OH), 5.79-5.78 (t, 2H, CH). 

12-3-12 C31H68N2Br2 628.73 

(400 MHz, CDCl3) δ: 0.85 (t, J = 6.9 Hz, 6H, 

CH3), 1.35-1.19 (m, 36H, CH2), 1.80-1.69 (m, 

4H, CH2), 2.72-2.58 (m, 2H, CH2), 3.39 (s, 

12H, CH3), 3.56-3.45 (m, 4H, CH2), 3.85-3.72 

(m, 4H, CH2). 
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12-4-12 

Gemini-A 
C32H70N2Br2 642.73 

(400 MHz, CDCl3) δ: 0.88 (t, J = 6.8 Hz,   6H, 

CH3), 1.30-1.22 (m, 24H, CH2), 1.40-1.31 (m, 

8H, CH2), 1.84-1.66 (m, 4H, CH2), 2.18-2.01 

(m, 4H, CH2), 2.73 (br s, 4H, CH2), 3.30 (s, 

12H, CH3), 3.46-3.38 (m, 4H, CH2), 3.84 (t, 

4H, CH2). 

12-6-12 C34H74N2Br2 670.73 

(400 MHz, CDCl3) δ: 0.84 (t, J = 6.8 Hz, 6H, 

CH3), 1.34-1.18 (m, 36H, CH2), 1.57-1.45 (m, 

4H, CH2), 1.73-1.62 (m, 4H, CH2), 2.00-1.89 

(m, 4H, CH2), 3.36 (s, 12H, CH3), 3.50-3.43 

(m, 4H, CH2), 3.72-3.60 (m, 4H, CH2). 

12-8-12 C36H78N2Br2 698.73 

(400 MHz, CDCl3) δ: 0.80 (t, J = 6.8 Hz, 6H, 

CH3), 1.37-1.16 (m, 44H, CH2), 1.69-1.58 (m, 

4H, CH2), 1.85-1.69 (m, 4H, CH2), 3.28 (s, 

12H, CH3), 3.47-3.37 (m, 4H, CH2),   3.61-

3.48 (m, 4H, CH2). 

12-12-12 C40H86N2Br2 754.73 

(400 MHz, CDCl3) δ: 0.82 (t, J = 6.8 Hz, 6H, 

CH3), 1.36-1.17 (m, 52H, CH2), 1.74-1.59 (m, 

8H, CH2), 3.32 (s, 12H, CH3), 3.51-3.44 (m, 

4H, CH2), 3.58-3.51 (m, 4H, CH2). 

14-4-14 C36H78N2Br2 698.83 

(400 MHz, CDCl3) δ: 0.88 (t, J = 6.8 Hz,   6H, 

CH3), 1.30-1.21 (m, 32H, CH2), 1.40-1.31 (m, 

8H, CH2), 1.84-1.66 (m, 4H, CH2), 2.18-2.01 

(m, 4H, CH2), 2.73 (br s, 4H, CH2), 3.30 (s, 

12H, CH3), 3.46-3.38 (m, 4H, CH2), 3.84 (t, 

4H, CH2). 

16-4-16 C40H86N2Br2 754.94 

(400 MHz, CDCl3) δ: 0.88 (t, J = 6.8 Hz,   6H, 

CH3), 1.30-1.21 (m, 40H, CH2), 1.40-1.31 (m, 

8H, CH2), 1.84-1.66 (m, 4H, CH2), 2.18-2.01 

(m, 4H, CH2), 2.73 (br s, 4H, CH2), 3.30 (s, 

12H, CH3), 3.46-3.38 (m, 4H, CH2), 3.84 (t, 

4H, CH2). 
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Figure 2.1. 1H-NMR spectrum of Gemini-X.  

2.2.3 Preparation of various solutions  

Milli-Q water is ions free water, obtained from the Millipore water filtration system 

and was used for the preparation of the aqueous solutions. 

2.2.3.1 Preparation of solutions for solvation dynamic and rotational relaxation 

studies 

(i) For the solvatochromic studies, C-480 and C-485 were used as the fluorophore or probe. 

A stock solution of probes (1 mM) was prepared in pure methanol. The final concentration 

of probes in all the experimental solutions used for spectroscopic measurements was 5 μM.  

The required amount of probe (in ml from a stock solution of 1 mM) was added in different 

test tubes and kept for some time to air-dry the methanol. After drying off the methanol, 

the required volume of respective solvent was added into it. For the solvatochromic study, 

spectra were taken immediately after preparation of the solution. 

(ii) For the preparation of the solutions of different concentrations of 

hexadecyltrimethylammonium, C16TAX (X= Br-, SO4
2-, NO3

- and p-TS- ), the addition of 

C-480 was same, the only difference is that the amount of surfactant was added from their 

respective aqueous stock solutions according to their final concentration ten times of their 
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respective cmc. Make up of final volumes was done using the Milli-Q water. The final 

concentration of C-480 in all solutions was 5 μM. Solutions were then kept for 5–6 h to 

attain equilibrium. 

(iii) The solution preparation method was same for the solvation dynamics and rotational 

relaxation of C-480 in the aqueous micelles of Gemini-A, Gemini-X, Gemini-Y, and 

Gemini-Z at the concentration ten times of their respective cmc and 5 μM concentration 

of C-480. The stock solution of C-480 (1 mM) was prepared in pure methanol and was 

added, dried and after addition of surfactants, its final volume was adjusted to 5 mL with 

Milli-Q water. Solutions were then kept for 5–6 h to attain equilibrium. 

(iv) For the study of the effect of urea concentrations on solvation and rotational relaxation 

of C-480 in the 10 mM concentration of aqueous micelles of Gemini-A, Gemini-B, and 

Gemini-C, solutions were prepared in similar fashion as discussed above.  Concentration 

of C-480 was kept at 5 µM throughout the study. DPH solution was prepared in THF. After 

preparation of surfactant solutions in presence of DPH, the test tubes were kept in dark 

prior to the spectral measurements. Solutions were then kept for 5–6 h to attain 

equilibrium. 

2.2.3.2 Preparation of β-cyclodextrin solution 

In order to prepare β-cyclodextrin solution for the spectral analysis, all aqueous 

solution has been prepared in the Milli-Q water, and pH was adjusted to the value of 7.4 

by using the NaOH/H2SO4. pH adjusted water was used for the preparation of all aqueous 

solutions of surfactants and β-CD to maintain the pH at 7.4. The concentration of C-485 

(5 µM) was fixed for all the experimental studies. Standard solution of C-485 was prepared 

in methanol. From the standard solution, the required amount of C-485 was added to the 

experimental solutions. Vaporization of methanol has not done, studies were performed in 

presence of 0.5% of methanol. 

2.2.3.3 Preparation of BSA solution  

Disodium hydrogen orthophosphate (Na2HPO4), was used to prepare buffer 

solution. The buffer of 10 mM was prepared in Milli-Q water. pH of the buffer was 

adjusted at 7.4 using NaOH/H3PO4. BSA (5 μM) and gemini surfactants solutions were 

prepared in the same buffer solution.  Solutions of gemini surfactants with varying 

concentrations were also prepared in the same buffer. 

2.2.3.4 Preparation of ctDNA solution  

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), was used to 

prepare buffer solution. HEPES buffer of 10 mM was prepared in Milli-Q water. pH of the 
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buffer was adjusted at 7.4 using NaOH/H2SO4. The buffer was used for the preparation of 

the ctDNA and gemini surfactants solutions. A stock solution of ctDNA was prepared by 

dissolving fibrous solid ctDNA in prepared HEPES buffer and stored at 4 °C to swell it. 

The purity of ctDNA was confirmed by monitoring the ratio of absorbance at 260 nm to 

that at 280 nm, which was in the range of 1.8-1.9. The concentration of ctDNA stock 

solution was determined spectrophotometrically using εDNA = 6,600 mol-1 dm3 cm-1 at 260 

nm. Freshly prepared (stored for maximum 4-5 day at 4 °C) stock solutions were used for 

the preparation of all spectral solutions. 

2.2.3.5 Preparation of solution for measurement of the specific conductance 

Concentrated stock solutions of conventional, as well as gemini surfactants, were 

prepared by dissolving required amounts of surfactants in Milli-Q water. The stock 

solution was then added progressively using a micropipette to a beaker containing water 

and kept in a thermostat (Julabo, F25) to maintain the temperature with an accuracy of ± 

0.01 °C. Before the measurement of specific conductance (κ), proper mixing and 

equilibration of solutions were ensured.  

2.2.3.6 Preparation of solution for determination of cmc by fluorescence method 

A set of aqueous solutions of gemini surfactants with various concentrations of 

surfactant at a constant concentration of C-480 (5 μM) were prepared. A fixed amount of 

C-480 from the stock solution (prepared in methanol) was transferred into the test tubes 

and then methanol was evaporated. The required amount of surfactant solution was then 

added into these test tubes to prepare the solution of desired concentration. 

2.2.4 Conductivity measurement   

The conductance or specific conductance of an electrolyte solution is the 

measurement of its capability to conduct electricity. The electrical conductivity is 

reciprocal of electric resistance (R) and similarly, specific conductivity (κ) is of specific 

resistance (ρ): 

                                                    

1 1 l

R A



  

                                                    (2.1) 

Here, l/A denotes cell constant, which is 1.0 cm-1 for the used conductometer. The SI unit 

of specific conductance is Siemens per meter (Sm-1). The conductivity dip cell was 

calibrated prior to the measurement with a standard KCl solution of specific conductivity 

1413 S.cm-1. 
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2.2.4.1 Critical micellar concentration (cmc) by conductivity method 

This method is only applicable for the ionic surfactants for determination of their 

cmc. The variation in the specific conductance of ionic surfactants depends on the 

concentration of the surfactants, either it's lower or higher than their cmc. Below the cmc, 

surfactant monomers behave as a strong electrolyte, consequently, with increasing 

concentration of surfactant, number of ions increases, so specific conductance also 

increases. Above the cmc, when the micelles are formed, surfactants molecules come 

closer and there is repulsion between the headgroups, which makes the micelles unstable. 

Therefore, to reduce the headgroup-headgroup repulsion, some of counterions bind to the 

surface of the micelles, which gives stability to the micellar system and reduces the rate of 

increase in the specific conductance. The cmc of ionic surfactants can be estimated by the 

breakpoint of two straight lines of specific conductivity (к) versus surfactant concentration 

plot in premicellar and post-micellar region using the William et al.5 method.  

 2.2.4.2 The degree of counterion dissociation 

The degree of counterion dissociation (α) can be estimated from the ratio of post-

micellar slope to pre-micellar slope of the plot of specific conductance (к) versus surfactant 

concentration according to Williams’ method.5    

2.2.4.3 Critical micellar concentration (cmc) by fluorescence method 

This method is used for all ionic and nonionic surfactants to determine their cmc.6 

In the fluorescence method, the cmc of surfactant is estimated by monitoring the change 

in fluorescence intensity of probe molecule with increasing concentration of surfactant. At 

concentrations below the cmc, the fluorescence intensity is very low, and a lesser 

enhancement in intensity with increasing surfactant concentration in the solution is 

observed. However, just above the cmc, there is an abrupt increase in the fluorescence 

intensity associated with blue shifts in the peak maximum. At the very high concentrations 

of surfactant, fluorescence intensity is saturated. These changes in the fluorescence 

intensity happen due to the transfer of probe molecule from the bulk polar aqueous 

environment to the more hydrophobic environment i.e. probe molecules are trapped inside 

the micelles. Later on, at the high concentrations of surfactant, all probe molecules get 

micellized. 



Chapter 2 

87 
 

2.2.5 Determination of micropolarity of the microenvironment around C-480 

The micropolarity is symbolized in terms of empirical solvent polarity parameter, 

ET(30), developed by Reichardt et al.,7 which represents the resemblance in the 

fluorescence behavior of probe molecule in microheterogeneous systems to that in a 

mixture of homogeneous solvents of different composition.8-10 The procedure reported by 

Saha et al.11 was used for the estimation of the micropolarity in the equivalent scale of 

ET(30) for the microenvironment of C-480 in the different micelles. First fluorescence 

spectra of C-480 were recorded in a mixture of dioxane-water, and then the fluorescence 

peak maxima in the form of wavenumbers were plotted against ET(30) and is given as a 

Figure 2.2 . After getting the ET(30), this plot data was compared with the peak maxima 

in wavenumber of different micellar system, which provides the micropolarity around the 

probe molecule. Figure 2.2 has been used to calculate the ET(30) values in the respective 

chapters.  

 

Figure 2.2. Variation of the fluorescence energy at peak maximum (max
fl) of C-480 with 

ET (30) of various dioxane-water mixtures at 298.15±1 K. 

 2.2.6 Determination of microviscosity of microenvironment around C-480 and DPH  

The steady-state fluorescence anisotropy measurement gives information 

regarding the microenvironment around the probe molecule. Minute modification in the 

shape, size, and medium of biological molecules are noticeable by an alteration in the 

fluorescence anisotropy. This could be the reason for the vast use of fluorescence 

anisotropy in biophysical and biochemical research.12 The restriction in the motion of 

probe by the microenvironment is clearly visible through the values of fluorescence 
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anisotropy, which is related to the viscosity of microenvironment felt by molecule. Hence, 

microviscosity is determined using the comparison method, in which the fluorescence 

anisotropy of probe molecule in the microenvironment is compared with anisotropy of the 

same probe molecule in different environments of known viscosities.9, 13-15  

In this method, the fluorescence anisotropy of C-480 has been measured in different 

percentages (v/v) of glycerol in glycerol-water mixtures and in the different micellar 

system. Later on, microviscosity has been estimated by correlation of both anisotropy data 

with viscosity, which are given by Figure 2.3 and Figure 2.4, respectively.  

 

Figure 2.3. Fluorescence anisotropy of C-480 as a function of volume percentages of glycerol-

methanol mixture at 298.15±1 K.  

 

Figure 2.4. Viscosity as a function of volume percentage of glycerol-methanol mixture at 

298.15±1 K.  

In the other method, we explored 1,6-diphenyl-1,3,5-hexatriene (DPH), which is a 

well-known viscosity-sensitive fluorescence probe molecule.2 The absolute values of 
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microviscosity of micelles, ηm, using DPH have been calculated following the Debye-

Stokes-Einstein relation (Equation 2.2):16 

                                                        /m r hk T                                                          (2.2)             

where k is the Boltzmann constant, T is the Kelvin scale temperature, h represents the 

hydrodynamic volume of DPH (313 Å)16  and τr signify rotational correlation time of DPH. 

The rotational correlation time, τr can be calculated by the following Perrin Equation:12   

 /  /   1r or r   
                                              (2.3) 

where ro signify the steady-state fluorescence anisotropy in an extremely viscous solvent, 

whose value is taken as 0.36216, r and τ represent steady-state fluorescence anisotropy and 

excited singlet state lifetime in the surfactant solution, respectively.   

2.2.7 Steady-state fluorescence anisotropy measurements 

The steady-state fluorescence anisotropy, r  can be determined using the following 

Equation:12 

                                                           
2

VV VH

VV VH

I GI
r

I GI





                                                         (2.4) 

where IVH and IVV represent the fluorescence intensities collected from the excitation 

polarizer aligned vertically and the emission polarizer aligned in horizontal and vertical 

positions, respectively. The factor G is represented by the following Equation: 

                                                               

HV

HH

I
G

I


                                                                 (2.5) 

where IHV and IHH represent the fluorescence intensities collected from the excitation 

polarizer aligned in a horizontal position and emission polarizer aligned in vertical and 

horizontal positions, respectively. 

2.2.8 Fluorescence quantum yield 

The relative fluorescence quantum yields () of fluorescent molecules in different 

microheterogeneous systems were determined using the quinine sulphate17 ( = 0.55, in 

0.1N H2SO4) as a standard fluorescence reference.  First absorption spectra were recorded 

(absorbance less than 0.1 at the excitation wavelength for quinine sulfate) and after that 

corrected fluorescence spectra were recorded for reference as well as for samples at fixed 
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excitation wavelength, emission range, and slit widths. Generally, the longer wavelength 

band was used for selecting the excitation wavelength. Quantum yield of a sample was 

estimated using the Equation:  

                                      
unknown standard

unknown standard

standard unknown

F A

F A
                                       (2.6) 

where , A, F signify the fluorescence quantum yield, an absorbance at the excitation 

wavelength, and the area under the curve of corrected fluorescence spectra, respectively.  

2.2.9 Determination of mole fraction partition coefficient  

The mole fraction partition coefficient of gemini surfactants from the aqueous 

phase to micellar phase (Kmic) was determined by using the following Equation, 2.7 for 

required all micellar systems:18  

55.5M
K

CMC

mic                                                                         (2.7) 

where 55.5 M is the molar concentration of the water. The values of standard molar Gibbs 

free energy of micellization were calculated by the given Equation 2.8:18 

o,mic micG RTlnK                                                           (2.8) 

2.2.10 Solvation dynamics 

For the quantitative measurement of solvation dynamics, the solvent response 

function (SRF), C(t) (eq 2.9) given by Fleming and Maroncelli19 was used: 

( ) ( )
( )

(0) ( )

t
C t

 

 

 


 
                                                (2.9) 

where (0) , ( )t  and ( )   are the peak wavenumbers at time zero, t and infinity, 

respectively. ( )  can be taken as the maximum of the steady-state fluorescence spectrum 

if solvation is more rapid than the population decay of the probe and ( )t  can be 

determined by taking the maximum from the log-normal fits as the emission maximum.19, 

20 The C(t) function can be estimated using “spectral reconstruction” method. This method 

involves reconstruction of time-resolved emission spectra (TRES) from wavelength-

dependent time-resolved decay data.21 The fluorescence decays were collected at the 

different wavelength with 10-15 nm intervals across the fluorescence spectrum. All decays 

are fitted to mono/bi/tri-exponential as per the cases. The TRES were constructed by 
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following the procedure of Fleming and Maroncelli.19 The impulse response function, 

I(,t) is given by Equation 2.10: 

                                                

( , ) ( ) exp
( )

i

i

t
I t a 

 

 
  

 


                                                (2.10) 

where ai(λ) represents the pre-exponential factor, and τi(λ) represents the decay time at that 

wavelength with Σai(λ) = 1. 

A TRES is constructed after calculations of  H(λ) values, which is given by Equation 

2.11:                             
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                                                   (2.11) 

where F(λ) represents the steady-state intensity. The TRES at different times were 

constructed from the appropriately normalized intensity decay functions, I´(λ,t) for various 

wavelengths and at various times using the following Equation 2.12:  
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                       (2.12) 

Each  time-resolved  emission  spectrum  (TRES)  was  fitted  by  “log-normal  line  shape 

function”, which is given by the Equation: 

                                     

ln[1 2 ( ) / ]
( ) exp ln 2

p
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                                   (2.13) 

where go, b, νp, and Δ are signifying the peak height, asymmetric parameter, peak 

frequency, and width parameter, respectively. The peak frequency in wavenumber 

calculated from this log-normal fitting of TRES was then used to construct the decay of 

the solvent correlation function, C(t). In generating C(t), the first point was obtained from 

the zero time spectrum. The second point was taken at the maximum of the instrument 

response function. Finally, the time dependence of the estimated C(t) values were fitted as 

bi/tri-exponential function using the Equation 2.14:   
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                                                  (2.14) 
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Finally, the average solvation time is calculated using the Equation: 

                                                             s is is

i

a                                                            (2.15) 

where ais represents the contribution of respective solvation component, τis.   

2.2.11 Time-resolved fluorescence anisotropy 

The time-resolved fluorescence anisotropy, r(t)12 has been determined using 

Equation 2.16: 
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                                                       (2.16) 

where ( )I t  and ( )I t
 represent fluorescence decays polarized parallel and perpendicular 

to the polarization of the excitation light, respectively. G represents the correction factor 

for the detector sensitivity to the polarization detection of emission and the value of G 

factor is ~ 0.6 for the used instrument. 

Typically, the fluorescence anisotropy decay of the fluorescence probe molecule 

residing in micelles is having two components, fast and slow components. The bi-

exponential behavior of the anisotropy decay is not due to the different location of the 

probe molecule in the micelles but due to the different types of rotational motions.22 The 

theoretical model, the two-step and wobbling-in-a-cone mode are generally used to explain 

the bi-exponential behavior of anisotropy decay because of different types of rotational 

motions.23 The applicability of these models is limited to spherical micelles. 

2.2.12 Two-step model  

In the two-step model, both rotational motion viz. fast and slow are assumed to be 

distinguishable. If both of these motions are independent, then the bi-exponential 

anisotropy decay was fitted to the decay function as represented by the following Equation 

2.17: 

1 2

1 2( ) [ ]r rt t

o r rr t r a e a e   
                                        (2.17) 

where 0r  is the limiting value of anisotropy in order to represent the inherent depolarization 

of the probe molecule, 1r and 2r  are the time constants for the fast and slow rotational 

relaxation components, respectively, and, 1ra and 2ra  are relative amplitudes for these two 
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components, respectively. The rotational relaxation times for fast and slow components 

were calculated from the fitted decay. The following equation (Equation 2.18) was used 

to estimate the average rotational relaxation time: 

1 1 2 2r r r r ra a                                                     (2.18) 

where, 1r and 2r  are the rotational relaxation times, and, 1ra and 2ra  are the corresponding 

amplitudes. The two-step model explains that the slow relaxation time (τ2r) can be related 

to the times corresponding to the tumbling motion of the micelle as a whole (τm) and the 

lateral diffusion (τD) of the probe along the micelle surface following the relation (eq 2.19): 

                                                          
2

1 1 1

r D m  
                                                      (2.19) 

τm is calculated following Debye-Stokes-Einstein equation using the value of the 

hydrodynamic radius of the micelle and assuming that the spherical micelle is rotating in 

the solvent with sticking boundary conditions24 as follows:  
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                                                         (2.20) 

where , rh, k, and T  represent the shear viscosity of water, the hydrodynamic radius of 

the micelle, the Boltzmann constant and the temperature in Kelvin scale, respectively.  

After getting the values of 2r and τm, τD can be estimated using Equation 2.19. 

2.2.13 Wobbling in a cone model  

The restricted motion of a rod-like rotor with the transition moment parallel to the 

long axis is explained by the wobbling-in-a-cone model.22 The schematic demonstration 

of the wobbling-in-a-cone model is represented in Figure 2.5. This model relates the 

internal motion of the probe (τe) with cone angle (θo) and wobbling diffusion coefficient 

(Dw). To measure the spatial restrictions of motion of the probe molecule, the order 

parameter, |S| is calculated. The value of the order parameter varies from 0 to 1, where 0 

reflects no restriction and 1 means complete restriction of the rotational motion of the 

probe molecule. The order parameter is   associated with the recovery decay of anisotropy 

by the following Equation: 
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                                        (2.21) 

From a comparison of Equations 2.23 and 2.26, we can calculate S using the Equation:  

                                                                  S2 = a2r.                                                  (2.22) 

 

Figure 2.5. Schematic representation of a wobbling-in-a-cone model of rotational 

dynamics. 

The order parameter is a measurement of the equilibrium orientational distribution 

of the probe. If the value of order parameter is zero that means the fluorophore tumbles 

without obstruction and the equilibrium orientational distribution is arbitrary.  For the 

micellar solution, the value of order parameter mostly varies between 0.55-0.88, which 

shows that the equilibrium orientational distribution is highly constrained due to the 

aqueous or non-aqueous interface in the micelles. If the value of order parameter is less 

than 0.5 in micelles then the spinning-in-equatorial-band model is used for explanation.25 

The order parameter does not enclose any data regarding the dynamical properties of the 

probe. The dynamics are reflected by the faster rotational correlation time, which is 

described by the wobbling motion of the probe. In the wobbling-in-a-cone model, the order 

parameter is correlated to the cone angle, θo by the following Equation 2.23:  

                                                  

  1/21 1
cos 1 8 1

2
o S   
   

                                                (2.23) 

In the spinning-in-equatorial-band model, the order parameter is correlated to the cone 

angle, θo by the following Equation 2.24: 
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                                                      (2.24) 

The wobbling motion time, (τw) corresponding to the restricted rotational diffusion is 

correlated to the fast relaxation time (1r) and slow relaxation time (2r) by the following 

Equation 2.25: 
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                                                        (2.25) 

The wobbling diffusion coefficient, Dw is determined using Equation 2.26: 
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                                                                  (2.26) 

where θ signifies the cone angle in radian. The lateral diffusion coefficient (DL) is 

determined using Equation 2.27: 

                                                                         
2

 /  4 L DhD r                                                        (2.27) 

where rh signifies hydrodynamic radius of the micelle.                                                 

2.2.14 Determination of binding isotherm of BSA 

Binding isotherm study gives a better understanding of interaction between BSA 

and surfactants by giving an idea about the availability of binding positions in the protein, 

where the surfactants molecule can actually interact. Suppose, a protein has total binding 

positions, no, and at a particular concentration of surfactant, surfactants bind to positions 

of protein, n, then the fraction of binding (α) of surfactant with protein was given by the 

following Equation 2.28:8, 26, 27  

𝛼 =
𝑛

𝑛0
                                                (2.28) 

At the saturated binding condition, the fractional alteration in the fluorescence of BSA (α) 

caused by the binding of gemini surfactant has been determined by following Equation 

2.29:8, 27, 28  

𝛼 = (
𝐼−𝐼0

𝐼𝑚𝑖𝑛−𝐼0
)                                                 (2.29) 
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where Io, I and Imin are signified the fluorescence intensities in absence, presence, and 

saturated concentration of surfactant. Based on the variation in α values with surfactant 

concentration, mainly, four binding regions are reported earlier:8, 29  (1) specific binding, 

(2) non-cooperative binding, (3) co-operative binding and (4) saturation region.   

2.3 Instrumentation  

The various characterization techniques used for the present work are discussed below: 

2.3.1 UV-Visible spectrophotometer 

UV-visible absorption spectroscopy is a good spectroscopic tool, which provides 

the information regarding the interaction of UV-vis radiation with absorbing materials. 

This spectroscopy gives the information about the change in polarity of the environment, 

which can change the energy of the ground and excited states and is observed by a shift in 

spectra. The UV-visible spectroscopy works on the Beer-Lambert’s law. The fraction of a 

parallel beam of light absorbed by a sample is independent of the intensity of the incident 

beam, which has relation with the concentration of the absorbing samples by the Beer-

Lambert’s law, and is given by the following Equation 2.30: 

log oI
A Cl

I


 
  

                                                     (2.30) 

Where ελ is molar extinction coefficient at wavelength λ, A is absorbance or optical density, 

Io and I signify the intensity of the incident and transmitted light, C is the concentration of 

the light absorbing sample and l is the path length of the light absorbing medium.  

The absorption spectra were recorded using a Jasco V-650 UV-Visible 

spectrophotometer (image is given as Figure 2.6) at room temperature. Quartz cuvettes of 

Hellma, 1 cm light path, capacity 3.5 ml, Model: 100-QS were used for the spectral 

recording.  
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Figure 2.6. Image of the Jasco V-650 UV-visible spectrophotometer. 

2.3.2 Steady-state spectrofluorimeter 

Steady-state fluorescence spectroscopy explores the long-range average 

fluorescence of a sample after irradiation with UV, visible or near-IR Light. The 

fluorescence emission spectrum provides information for both qualitative and quantitative 

analysis in the form of fluorescence intensity as well as wavelength. Horiba Jobin Yvon 

Fluoromax-4 scanning spectrofluorimeter was used to perform all the fluorescence 

experiments (image is given as Figure 2.7). In this spectrophotometer, at first the sample 

is irradiated with a light of fixed wavelength, called excitation wavelength. Sample upon 

absorption of light, get excited and emits the lights of higher wavelengths in all direction. 

The detector detects this emitted light. Spectrofluorimeter is made up of various 

components; details of components are given below: The schematic diagram of the 

instrument is shown in Scheme 2.4  

Present spectrofluorimeter is equipped with the light source of 1905-OFR 150-W 

Xenon lamp. The lamp housing is given with ozone self-decomposition. The instrument 

has Czerny-Turner monochromators for excitation and emission. The main portion of the 

monochromator is a reflection grating. A grating disperses the incident light by its vertical 

grooves. The gratings in present instrument have 1200 grooves mm-1 and are blazed at 330 

nm (excitation) and 500 nm (emission). Blazing means etching of the grooves at a 

particular angle, to optimize the grating’s reflectivity in a particular spectral region. The 

instrument uses a direct drive for each grating to scan the spectrum up to 200 nm s-1, with 
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more than 0.5 nm accuracy and 0.3 nm repeatability. The scan range of the present 

instrument is 240-850 nm.  

 

Figure 2.7. Image of the Horiba Jobin Yvon Fluoromax-4 scanning spectrofluorimeter. 

The sample holder holds a cuvette filled with sample. The emission 

monochromator selectively collects fluorescence emitted from the sample and the 

photomultiplier tube (PMT) detects the fluorescence intensity. The monochromator has a 

diffraction grating of the same size as of the excitation monochromator for the collection 

of the maximum light. The detector of the present instrument comprises photomultiplier 

tube for both photometry and monitor sides. In general, the Xenon lamps used in 

spectrofluorimeter are characterized by very high emission intensity and an uninterrupted 

radiation spectrum. However, their tendency to unstable light emission will result in a 

greater signal to noise ratio if no countermeasure is added. Apart from this, the non-

uniformity in the radiation spectrum of the Xenon lamp and in spectral sensitivity 

characteristics of the photomultiplier tube (known as instrument functions) produces 

distortion in the spectrum. To solve these problems, the photomultiplier tube monitors a 

portion of excitation light and feeds the resulting signal back to the photomultiplier tube 

for fluorescence scanning. This procedure is known as light-source compensation system. 

By using the computer slits widths can be controlled in the units of nanometers. The 

steady-state fluorescence anisotropy has been measured with the same instrument fitted 

with a polarizer attachment (105UV polarizers), manufactured by POLACOAT Co., USA. 

The measurements were recorded by keeping one set of two polarizer, which contains the 

polarizer for both the excitation and emission sides. Quartz cuvette (Hellma, 1 cm light 

path, capacity 3.5 ml, Model: 101-QS) with all transparent walls was used to record the 

excitation and emission spectra of the samples. 
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Scheme 2.4: Schematic diagram of a steady-state spectrofluorimeter. 

2.3.3 Time-resolved spectrofluorimeter  

Steady-state and time-resolved fluorescence spectroscopy are rife and dominant 

tools to study of various systems viz. physical, chemical and biological systems. In the 

present thesis, these technologies are used to study important processes taking place on 

timescales from picoseconds (10-12 s) to nanoseconds (10-9 s). Particularly, the time-

correlated single photon counting fluorescence techniques was used, which is described 

below in detail. The solvation dynamics is mainly addressed with this technology in 

various micellar systems. 

Horiba Jobin Yvon Fluorocube-01-NL picosecond time-correlated single-photon 

counting (TCSPC) experimental setup was used to determine the excited singlet state 

lifetimes from intensity decays (image is given as Figure 2.8).  Picosecond diode laser of 

375 nm (NanoLED 375L, IBH, UK), and 300 nm NanoLED ((NanoLED 300 nm, IBH, 

UK) were used as light sources. Fluorescence signals were collected at magic angle (54.7o) 

polarization using a TBX photon detection module (TBX-07C). The instrument response 

functions (IRF) of used diode laser and NanoLED are ~165 ps and ~900 ps, respectively. 

A basic schematic diagram of the instrument is given in Scheme 2.5. 
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Figure 2.8. Image of the Horiba Jobin Yvon Fluorocube-01-NL picosecond time-

correlated single-photon counting (TCSPC) spectrofluorimeter. 

2.3.3.1 Time-correlated single photon counting (TCSPC) technique 

The TCSPC is well established and commonly used for the fluorescence lifetime 

measurements. TCSPC technique is based on the detection of single photons and 

measurement of their arrival times with respect to a reference signal, which is generally 

the light source. This is a statistical sampling technique with single photon detection 

sensitivity, and capable of picosecond timing resolution. This technique trusts on the 

theory that the probability distribution for emission of a single photon after an excitation 

event yields the actual intensity versus time distribution of all the photons emitted as a 

result of the excitation. By sampling, the single photon emission following a large number 

of excitation events, the experiment constructs the probability distributions. 

Time-to-amplitude converter (TAC) is the central part of this technique. It 

measures elapsed time between the initial rise in intensity of the pulse light source and the 

detection of an emitted photon from the sample. In procedure, an electrical pulse is 

produced at a time exactly correlated with the time of production of the optical pulse by 

the trigger. Once trigger pulse is received, TAC starts the charging of a capacitor plate, 

which is directed to the TAC start input through a discriminator. The fluorescent sample 

is excited by the same optical pulses (which trigger the TAC). Only one stop photon is 

detected from 100-200 excitations. The signal resulting from the detected photon stops the 

charging ramp in the TAC, which transmits a pulse. The amplitude of this pulse is 

proportional to the charge in the capacitor, and hence to the time difference between the 
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start and stop pulses. The TAC output pulse is given a numerical value within the analog-

to-digital converter (ADC) and a count is stored in the data storage in an address 

corresponding to that number. This process of excitation and data storage is repeated 

continuously until the decay curve of the sample is not achieved   

Scheme 2.5: Schematic diagram of time-resolved spectrofluorimeter. 

2.3.3.2 Procedure of deconvolution  

When the sample is excited with an infinitely short pulse of light, the time domain 

decay profile will be acquired. But generally, the excitation pulses are on the identical 

timescale as the fluorescence process. Therefore, the fluorescence response becomes the 

convolution of the measured instrumental prompt response, P(t′) and the theoretical 

fluorescence response function F(t) of the form:  
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where t′ describes the variable time delays or channel numbers of the infinitesimally small 

widths dt′ (i.e. channel widths) of which the P(t′) is composed. Many methods are available 

to extract P(t′) from F(t) but the most used method is a least-square method in concert with 

an iterative reconvolution scheme. After that convolution integral is determined using the 

test model (Equation 2.32): 
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and using the initial set of ai and τi values and the recorded instrument response function. 

Calculated and observed data are matched and ai and τi terms are tuned until the best fit is 

acquired. The excellence of the fit is confirmed by the chi-square value (χ2): 
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where Rc(t) is determined by assuming the functional form of F(t). ωi and i represent the 

weighting factor [ωi = 1/R(t)], and the number of data points in the decay file, respectively. 

ωi follows the Poisson statistics. The value of χ2 is close to 1.0 which represents the good 

fitting. The goodness of fit was also confirmed visualization of residuals.  

2.3.3.3 Analysis of fluorescence lifetime and anisotropy decays 

The recorded fluorescence lifetime and anisotropy decays were analyzed via 

commercially available lifetime analysis software, decay analysis software (DAS 6) of 

IBH (UK). 

2.3.4 Circular dichroism spectrophotometer 

Circular dichroism (CD) spectroscopy is a type of light absorption spectroscopy 

that measures the difference in absorbance of right- and left-circularly polarized light by 

the substances. Far-UV circular dichroism spectroscopy is extensively used to study chiral 

molecules of all kinds and sizes, while it has huge applications in large biological 

molecules such as proteins, nucleic acids. It can be used to monitor the alteration in the 

secondary structure of protein due to change in the microenvironment. Structural, 

thermodynamic and kinetic information about macromolecules can be identified from this 

spectroscopy.  

Circular dichroism is usually recorded by the differential absorbance of the left 

(ALCP) and right circularly polarised (ARCP) light, and so can be noted as, ΔA= 

ALCP ‐ ARCP. If we consider cell pathlength and compound concentration, then the molar 

circular dichroism (Δε) is given by Equation 2.34: 

Δε = εLCP ‐ εRCP = ΔA/(C x l)                                      (2.34) 

where εLCP and εRCP are the molar extinction coefficients for LCP and RCP light, 

respectively. C and l are molar concentration and path length (cm), respectively. Another 

important unit is mean residue molar circular dichroism, ΔεMR. This unit is specific for 

proteins and reports the molar circular dichroism for individual protein residues instead of 
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entire protein molecules. It makes ease of comparison of different proteins with greatly 

different molecular weights. CD is also noted as degrees of ellipticity (θ), which is an 

inheritance of polarimetry, and these units are regularly used in the literature.  

The far-UV circular dichroism (CD) spectra have been recorded using Chirascan 

CD spectropolarimeter (Applied Photophysics Ltd.) in the range of wavelength 190–260 

nm (image is given as Figure 2.9). A cuvette of the path length of 1 mm was used for the 

spectral measurements. Average CD spectrum was taken from consecutive five scans with 

the scan speed of 200 nm min-1 and with a 10 nm spectral bandwidth. The spectrum of Na-

phosphate buffer was subtracted prior to the measurements to reduce the noise of the 

background.  

Figure 2.9. Image of the Chirascan CD spectropolarimeter. 

2.3.4.1 Analysis of CD spectra 

CD spectra were analyzed for the calculation of various components of the 

secondary structures of BSA using CDNN 2.1 software in the range of 200-260 nm. In the 

software, we fed the CD spectral data as an input file (circular dichroism in millidegree) 

along with molecular mass (Dalton) of protein, concentration of the protein (mg/ml), 

pathlength (cm) and number of amino acids present in the protein. Distribution of α-

helical, β-sheet and the random coil contents of the secondary structure of BSA was 

obtained by deconvolution of the CD spectra. These provide detailed information 

regarding helical and sheet structures in the secondary structure of BSA. 

2.3.5 Other instruments 

To establish the size of micelles of synthesized surfactants, the dynamic light 

scattering (DLS) measurements were done using a Zeta Sizer, model Nano ZS (ZEN 3600, 
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Malvern instrument, UK) (image is given as Figure 2.10). Before doing the measurements 

of size, and to avoid detection of the large dust particles, samples were centrifuged at 

13000 rpm for 1 hour and later on, filtered with 0.22-µM pore size filter (Durapore, PVDF, 

and Micropore). The wavelength of the laser light and scattering angle were fixed at the 

632.8 nm, and 173o, respectively throughout the measurements. The instrument was auto-

optimized to perform the number of scans of measurements for an individual sample at 

ambient conditions. The signal of scattering intensity of the sample is transferred to a 

digital signal processing board, known as correlator, which compares the scattering 

intensity at successive time intervals to derive the rate at which the intensity is changing. 

The correlator informations are transferred to the computer and the data were analyzed by 

using the Zetasizer software and provide the information about the size. To judge the size 

distribution the corresponding G function is considered carefully. 

 

Figure 2.10. Image of the Zeta Sizer, model Nano ZS (ZEN 3600, Malvern) instrument. 

Conductivity measurements and adjustment of the pH of the solution have been 

done using the direct reading Eutech Instruments combined pH and conductometer, model 

PC 510 and Systronics conductivity meter 304. Cmc measurements have been done at 25 

°C, for that, a thermostat, model Julabo, F25 was used to regulate the temperature. 

1H-NMR spectra were recorded in CDCl3, D2O and DMSO solutions with a 

Bruker-Avance instrument at Department of Chemistry, BITS, Pilani, Pilani Campus. 

The FT-IR spectra were recorded with a Shimazu (IRAffinity-1S) instrument by 

directly keeping the surfactant sample in the sample holder. 
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A field emitting scanning electron microscopy (FESEM), FEI Teneo LV 450 

instrument (at BITS Pilani, Pilani campus) was utilized to observe the morphology of 

sample surface. Thin films of liquid samples were prepared on the glass cover slip. 

Samples were drop cast on the cover slip and were air dried. Samples were sputtered with 

gold for 30 seconds prior to the measurements. All measurements were performed at 

298.15  1 K temperature.  
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Solvation Dynamics and Rotational 
Relaxation of Coumarin 480 (C-480) in 
the Aqueous Micelles: Effect of the 
Chemical Structure of Surfactants and 
Additive  

 

 

 

 

Key Concepts: 

 

 This chapter is divided into three parts 3a, 3b, and 3c. 

 Solvation dynamics and rotational relaxation of the C-480 in the 

aqueous micelles of conventional and gemini surfactants are influenced 

by: 

o Counterions of surfactants. 

o Hydrophilicity of spacer group and hydrophobicity of the tails of 

gemini surfactants. 

o Addition of urea in the micelles of gemini surfactants. 
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Abstract: The effect of an organic counterion, p-toluenesulphonate (p-TS-) and a 

Hofmeister series of inorganic counterions, NO3
-, Br- and SO4

2- on the solvation dynamics 

and rotational relaxation of Coumarin 480 (C-480) in the Stern layer of aqueous micelles 

of hexadecyltrimethylammonium surfactants (C16TAX) has been studied. Studies have been 

carried out by means of UV-Vis absorption, steady-state fluorescence and fluorescence 

anisotropy, time-resolved fluorescence and fluorescence anisotropy, and dynamic light 

scattering measurements. The rate of solvation increases in the order C16TABr < 

C16TANO3 < (C16TA)2SO4 < C16TAp-TS. Effectively, the solvation process is controlled by 

the extent of release of water molecules during the formation of micelles which depends 

on the nature of counterion. p-TS- counterions are more tightly bound to the headgroups 

because of added effect of its hydrophobic part. Counterions indirectly contribute to the 

slow solvation by the formation of clusters of water molecules. The decreasing order of 

the average rotational relaxation time of C-480 in the micelles of surfactants is C16TAp-

TS >> C16TABr > C16TANO3 > (C16TA)2SO4, which is the same as the decreasing order 

of microviscosity 

of micelles. The 

rotational 

relaxation time is 

shorter in the 

micelles of 

(C16TA)2SO4 as 

compared to 

C16TAp-TS as the 

former micelles 

have less tightly 

packed structure 

than the latter. The 

slow rotational relaxation is mainly contributed by the lateral diffusion of C-480 along the 

surface of the micelle. The rotational motion is the slowest for the micelle of (C16TA)2SO4, 

and the same is the fastest for the micelle of C16TABr. There is an indication of different 

orientation of C-480 molecules in viscous micelles of C16TAp-TS as compared to other less 

viscous micelles. The fact of counterion dependent solvation processes might help us for 

various studies on physicochemical properties of surfactants in solutions. 
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3a.1 Introduction 

Surfactants are amphiphilic molecules having a hydrophilic headgroup and a 

hydrophobic tail. Headgroups may be ionic or non-ionic. Exclusion of the non-polar part 

of the surfactant from the polar solvent phase to the micellar phase and repulsion between 

the ionic parts of surfactant molecules are two competitive processes. The former process 

supports the formation of aggregates and the latter process opposes the same. The 

formation of micelles of ionic surfactants is stabilized by the binding of the counterions to 

the headgroups of surfactant molecules.1, 2 Micellar properties of a surfactant such as the 

critical micelle concentration (cmc), the degree of ionization (α), micelle size and 

microenvironment not only depend upon the surfactant structure but also on counterions 

and their hydration.3-5  

Both cationic and anionic counterions affect the micellar properties and the 

thermodynamics of micellization.2, 5-7 Jiang et al.2 have studied cmc, , enthalpies of 

micellization (Hmic), Gibbs free energies of micellization (Gmic) and entropies of 

micellization (Smic) of hexadecyltrimethylammonium surfactants, C16TAX with different 

counterions, X = F-, Cl-, Br-, NO3
-, and SO4

2-. Both cmc and  decrease in the order F- > 

Cl- > Br- > NO3
- > SO4

2- which can be rationalized in terms of Hofmeister series8, and an 

increase in the binding ability of counterion except for the bivalent SO4
2- ion. The more 

negative value of Hmic follows the order SO4
2- < F- < Cl- < Br- < NO3

- with even positive 

value for SO4
2- ion. The unusual behavior of SO4

2- ion is due to its bivalency and degree 

of dehydration.2 Reports are available on the micellar properties depending upon the 

hydrophobicity, valency, and hydrated size of counterions.5, 6, 8-14 Interaction of inorganic 

counterions with micellar surface depends upon the hydrated size of the ions (smaller 

hydrated ions favor the interactions). However, for quaternary ammonium counterions, it 

depends upon the hydrocarbon exterior (more hydrophobicity is more effective in 

micellization).6  Counterions are reported to influence the stability of the foam.12 

Externally added electrolytes also control the micellization of surfactants.15-20 Various 

reports on the formation of worm-like micelles and rheological behavior of 

hexadecyltrimethylammonium surfactant with p-toluenesulfonate counterion are available 

in the literature.7, 13, 21-23 

Looking into a large number of reports of the significant effect of inorganic and 

organic counterions on the aggregation behavior of surfactants and a very few reports on 
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solvation dynamics in the micelles, this chapter aims to study how these counterions affect 

the solvation dynamics and rotational relaxation of the probe molecule in aqueous 

micelles. A Hofmeister series of counterions, NO3
-, Br- and SO4

2- along with an organic 

counterion, p-toluenesulfonate (p-TS-) with a hydrophobic part in it for 

hexadecyltrimethylammonium surfactant have been chosen for the present study 

(structures are given in Scheme 3a.1). It is expected that the solvation dynamics and 

rotational relaxation would be dependent upon the binding ability of these counterions to 

the micelles due to the difference between their sizes, valencies, and hydrophobicities. The 

well-known C-480 (Scheme 3a.1) has been taken to probe the solvation dynamics and 

rotational relaxation in the micelles. UV-visible absorption spectroscopy, steady-state 

fluorescence spectroscopy, time-correlated single photon counting (TCSPC) fluorescence 

spectroscopy, and dynamic light scattering (DLS) measurements have been carried out. 

 

 

 

 

 

 

Scheme 3a.1: Chemical structure of surfactants and Coumarin 480. 

3a.2 Results and discussion 

3a.2.1 Conductivity measurements 

 Specific conductivity measurements were carried out to determine the cmc of 

surfactants, C16TAX with various counterions (X = Br-, NO3
-, SO4

2- and p-TS-) in aqueous 

solution, following Williams’ method.24 Figure 3a.1 represents the variation of specific 

conductivity (κ) with the concentration of solutions of surfactant, [C16TAX] at 298.15 K.  

A clear break point has been noted in each case. This break point is indicative of the 

binding of some of the counterions once the micelles are formed. As a result of this 

binding, the slope of the plot is decreased in post micellar region. The break point 
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corresponds to cmc. Estimated cmc values are given in Table 3a.1 along with the values 

reported in the literature in parentheses. There is good agreement between the present and 

reported values.  

 

Figure 3a.1. Variation of specific conductivity (κ) of aqueous solutions of C16TAX (X = 

Br-, NO3
-, SO4

2- and p-TS-) with the concentration of [C16TAX] at 298.15 K. 

The decreasing order of cmc values of C16TAX with different counterions is as 

follows: Br- > NO3
- > SO4

2- > p-TS-. All counterions are monovalent except sulfate ion, 

SO4
2-. The Hofmeister series based on increasing order of hydrated radius is NO3

- < Br- < 

SO4
2-.7, 25 The NO3

- ions with smaller hydrated radius as compared to Br- ions have higher 

ability to bind at the micellar surface resulting in lowering of electrostatic repulsive 

interaction between the headgroups of surfactant molecules. Because of this reason, the 

process of micellization is favored and hence cmc of C16TANO3 is lower than that of 

C16TABr.  In this line, degree of counterion dissociation (α) of the former is expected to 

be lower than that of the latter. Although this trend has been noted by Jiang et al.2, but it 

is not so in the present case and also the results reported by Sepulveda et al.26  

Table 3a.1. Cmc of surfactants, C16TAX (X = Br-, NO3
-, SO4

2- and p-TS-) in aqueous 

solutions and degree of counterion dissociation (α) at 298.15 K. 

Systems Cmc (mM) α 

C16TABr 0.92(0.95)a 0.26(0.33)a(0.22)c 

C16TANO3 0.89(0.89)a 0.34(0.31)a(0.30)c 

(C16TA)2SO4 0.59(0.61)a 0.24(0.29)a(0.26)c 

C16TAp-TS 0.32(0.26)b 0.24 
aReference2, bReference21 and cReference.26 
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The higher value of α in case of C16TANO3 as compared to C16TABr might indicate 

that the fewer NO3
- ions can effectively stabilize the micelles. The divalent sulfate ions 

behave differently as compared to monovalent ions. Although due to the large hydrated 

radius it may be difficult for the sulfate ion to bind effectively with the micelle, it could be 

that due to its bivalency, the ion is able to neutralize the micellar charge very effectively. 

That is perhaps why lower values of cmc and α for (C16TA)2SO4 as compared to other two 

surfactants with monovalent counterions are observed than expected from the Hofmeister 

series.2, 8 Jiang et al.2 also noticed the same trend. According to them, the divalency and 

the greater distance of the hydration water from the centre of the sulfate ion help the ion 

to bind with the headgroups very effectively resulting in decrease in cmc and α. Stronger 

interaction of sulfate ions with the headgroups and a greater release of water molecules 

result in an endothermic contribution to the enthalpy and an increase in entropy. There is 

also a smaller decrease in entropy from the binding of a single bivalent ion rather than two 

monovalent ions to the micelle.2 They have observed higher entropy of micellization for 

the sulfate system because of the contribution of these two factors. The decreasing order 

of hydrodynamic radii of the micelles discussed later is (C16TA)2SO4 > C16TAp-TS > 

C16TANO3 > C16TABr. This order can be correlated with the cmc values except for 

(C16TA)2SO4. The greater hydrodynamic radius of (C16TA)2SO4 as compared to C16TAp-

TS (Table 3a. 6) is due to less packing structure of the former than the latter.2 As far as p-

TS- counterion is concerned, its hydrophobic part is aligned towards the core of the 

micelles and the hydrophilic part is protruded towards the bulk aqueous phase. The p-TS- 

ions bind more tightly to the micelles as compared to other three counterions discussed 

above as a result of added hydrophobic interactions. That is why  p-TS- ions can screen 

the electrostatic repulsions between the ionic headgroups more effectively resulting in 

lower values of cmc and α (Table 3a.1).  

3a.2.2 UV - visible absorption spectra 

3a.2.2.1 Study with C-480  

 The UV-visible absorption spectra of C-480 have been recorded in the presence of 

micelle of different surfactants, C16TAX (X = Br-, NO3
-, SO4

2- and p-TS-) and are shown 

in Figure 3a.2. The spectral data are given in Table 3a.2. The concentration of each 

surfactant is chosen to be ten times of the respective cmc to ensure the complete 

micellization of the probe molecules. It was further confirmed by the fact that the 
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fluorescence peak maximum in each case was independent of the excitation wavelength. 

The λmax
abs of C-480 is found to be 394 nm in the presence of surfactants with Br-, NO3

- 

and SO4
2- as conterions. However, in case of p-TS- as counterion, the λmax

abs is 391 nm. It 

is noteworthy that the λmax
abs is 392 nm in pure water which is in good agreement with the 

literature value.27 An absorption band at ~ 321 nm (Figure 3a.2) with very low absorbance 

could be because of the formation of complex between C-480 and water molecules in the 

Stern layer.28 A detailed discussion on this aspect is available in section 3a.1.4.    

 

Figure 3a.2. UV-visible absorption spectra of C-480 in the micelles of different 

surfactants, C16TAX (X = Br-, NO3
-, SO4

2- and p-TS-), [C-480] = 5 μM. 

Table 3a.2. Concentration of surfactants taken for spectral study, absorption peak maxima 

(λmax
abs), fluorescence peak maxima (λmax

flu), and ET(30) (empirical solvent polarity 

parameter) values of C-480 in micelles of C16TAX. 

Systems Exper. conc. (mM) λmax
abs (nm) λmax

flu (nm) ET(30) (kcal mol−1) 

C16TABr 9.50 394 475 52.8 

C16TANO3 9.00 394 475 52.8 

(C16TA)2SO4 6.00 394 475 52.8 

C16TAp-TS 3.50 391 480 55.6 

 

3a.2.3 Steady-state fluorescence spectra 

3a.2.3.1 Study of microenvironment of micelles 

 The steady-state fluorescence spectra of C-480 in the micelles of surfactants, 

C16TAX (X = Br-, NO3
-, SO4

2- and p-TS-) have been recorded (Figure 3a.3) and 

fluorescence data obtained are also tabulated in Table 3a.2. The λmax
flu value of C-480 in 
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the micelles of C16TABr is available in the literature29 which is same as that observed by 

us. Fluorescence spectra of C-480 in different pure solvents were recorded earlier30 and 

peak maxima noted were 489 nm, 475 nm and 408 nm in water, methanol and cyclohexane, 

respectively. It can be seen from the data in Table 3a.2 that the λmax
flu of C-480 is 475 nm 

in the presence of micelles of C16TABr, C16TANO3 and (C16TA)2SO4 surfactants, 

however, it is 480 nm in the case of micelles of C16TAp-TS surfactants. Therefore, 

comparing the fluorescence data of C-480 in the micelles of different surfactants to that in 

various pure solvents one can conclude that the micropolarity of environment of micelles 

where C-480 molecules are located is similar to that of methanol. This result suggests that 

the C-480 molecules are located at the Stern layer of micelles.29, 31 The peak maximum of 

C-480 in the micelles of C16TAp-TS is red shifted by 5 nm with respect to that in the 

micelles of other three surfactants because in this case the number of bound water 

molecules with the surfactant headgroups would be less than that of hydrogen bonded free 

water molecules.  

 

Figure 3a.3. Steady-state fluorescence spectra of C-480 in the micelles of C16TAX (X = 

Br-, NO3
-, SO4

2- and p-TS-) surfactants. λex = 375 nm, [C-480] = 5 μM. 

It is known that the polarity of hydrogen bonded water molecules is higher than 

that of bound water molecules as the former kind of water molecules undergo mutual 

polarization which results in an increase in the dipole moment and dielectric constant.32, 33 

That is why C-480 molecules feel more polar microenvironment in C16TAp-TS micelle as 

compared to the micelles of other three surfactants. To support these results of 

micropolarity, the ET(30) values of micelles have been determined according to method 

given in Chapter 2, Section no. 2.2.5.30 The data listed in Table 3a.2 show that the ET(30) 
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of micelles of C16TAp-TS is higher than that of other three surfactants supporting the fact 

of more polar nature of the Stern layer of the former micelles than that of the latter micelles. 

Although Jiang et al.2 noticed the difference in micropolarity among the surfactants, 

C16TAX with X = Br-, NO3
-, and SO4

2- using ESR experiments with a probe, 5-doxylstearic 

acid (5-DSA), but that has not been observed in the present fluorescence experiments. It 

could be because of use of two different kinds of probe molecules with difference in their 

locations in the micelles. It might in particular, be due to the attachment of a C13 carbon 

chain with 5-DSA which pulls the hydrophilic part of the molecule towards the core of the 

micelles. In fact Kevan et al.34 in their study have reported that the 5-DSA probe molecules 

are located in the inner part of the Stern layer of micelles. On the other hand, C-480 

molecules are comparatively more exposed to the bulk water. 

Table 3a.3. Steady-state fluorescence anisotropy (r), fluorescence lifetime <τf>, rotational 

correlation time (τR) of DPH and microviscosity (ηm) of micelles at 298.15 K.           

Systems r <τf>  (ns) τR (ns) ηm (mPa s) 

C16TABr 0.065 5.66 1.24 16.4 

C16TANO3 0.060 5.85 1.16 15.3 

(C16TA)2SO4 0.055 6.05 1.08 14.2 

C16TAp-TS 0.071 6.24 1.52 20.0 

 

To estimate the microviscosity of micelles we have used 1,6-diphenyl-1,3,5-

hexatriene (DPH) as a viscosity probe molecule.35, 36 The microviscosity of micelles, ηm 

have been determined by using Debye-Stokes-Einstein35, 37 and Perrin’s Equations38, 39 

(Chapter 2, Section no. 2.2.6, Equation 2.2, and 2.3, respectively) Although in our case the 

differences between the microviscosity values for these surfactants are very less (Table 

3a.3), but considering the fact that DPH is a quite sensitive viscosity probe the 

experimental errors are expected to below. The estimated ηm values along with other 

fluorescence parameters are given in Table 3a.3. The data listed in Table 3a.3 show that 

while there is not much difference in the microviscosity values of micelles of C16TABr, 

C16TANO3 and (C16TA)2SO4 surfactants, the microviscosity value is comparatively higher 

for the micelles of C16TAp-TS surfactant. This could be because of very tight association 

of the latter surfactant molecules in the micelles. Jiang et al.2 based on their ESR 

experiments with 5-DSA have found that the microviscosity increases in the order 

(C16TA)2SO4 < C16TABr  C16TANO3 same as Hofmeister series. Even though in our case 
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the variations in microviscosities are very small, the trend is same as that reported by Jiang 

et al.2 Low microviscosity for (C16TA)2SO4 micelle is due to its less packing structure.2 

3a.2.4 Solvation dynamics 

 The fluorescence decays of C-480 have been recorded in the micelles of each of 

the surfactants, C16TAX with different counterions, X = Br-, NO3
-, SO4

2- and p-TS- at 

several wavelengths across the range of its emission spectrum (430 - 530 nm). The 

emission wavelength dependent fluorescence decays of C-480 in the micelles of 

(C16TA)2SO4 surfactant have been shown in Figure 3a.4 as a representative one. In each 

case the emission at lower wavelength is very fast with tri-exponential decay. This fast 

decay is due to the decay of unsolvated dipoles of the probe molecules created after the 

excitation. Of course, there would be a small contribution from the solvated dipoles as well 

which is beyond the control due to the limitation of our instrument (the instrument 

response function of our laser system is ~ 165 ps). However, at higher wavelength shows 

bi-exponential decay with clear growth has been observed. The growth with a negative 

pre-exponential factor is the manifestation of the solvation of the dipole of the C-480 

molecule created in the excited state. On complete solvation the decay comes from the 

fully relaxed energy state at the red edge of fluorescence spectrum which is delayed by the 

relaxation time.32, 40  

 

Figure 3a.4. Fluorescence decays of C-480 in the micelles of (C16TA)2SO4 at various 

wavelengths. λex = 375 nm.  

It is to be noted here that all decays are for the neutral C-480 only. A small 

absorption due to the protonated species of C-480 is observed at ~321 nm; however, to 

record a decay the sample was excited at 375 nm where there is no existence of the 
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protonated species (a single steady-state fluorescence band from λex = 375 nm is shown by 

Figure 3a.3). On the basis of above mentioned discussion about the location of the probe 

molecules, C-480, one can conclude that the solvation is taking place at the Stern layer of 

the micelles. Moreover, wavelength dependent decays in bulk water are difficult to observe 

because it requires high time resolution of instrument and the probe molecules present in 

the hydrocarbon core of the micelles do not show wavelength dependent decays.29 The 

time-resolved emission spectrum (TRES) have been constructed using the procedure given 

by Fleming and Maroncelli 30, 41 Decay profiles were fitted to a bi- or tri-exponential 

function to have χ2 value in between 1-1.2 using decay analysis software (DAS 6). The 

impulse response function, I(,t) was calculated using those best fitted decay profiles. The  

TRES have been constructed according to method discussed in Chapter 2 ( Section no. 

2.2.10) 30 30 30 30 11 . The wavenumber at maximum emission at a time t, ( )t was then 

obtained after fitting the spectrum to a log-normal function.41, 42  The TRES of C-480 in 

the micelles of all four types of surfactants are shown in Figure 3a.5. 

                     

               

Figure 3a.5. Time-resolved emission spectra (TRES) of C-480 in the micelles of 

surfactants, C16TAX with X = (a) Br-, (b) NO3
-, (c) SO4

2- and (d) p-TS-. 
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The time constants of the solvation have been calculated by the use of decays of 

solvent response functions, C(t) (Equation 2.9) which is explained by Fleming and 

Maroncelli41 (Chapter 2, Section no. 2.2.10) The peak wavenumbers ( )t , ( )  and 

(0)  at time t, infinity and zero, respectively have been calculated from the time resolved 

emission spectra (TRES). The decays of solvent correlation function, C(t) of C-480 in the 

micelles of each of four different surfactants have been shown in Figure 3a.6. The time 

constants of the observable solvation are obtained after fitting the plot of solvent 

correlation function, C(t) versus time. A bi-exponential function which is written as 

Equation 2.14 (Chapter 2) , has been used to obtain the solvent relaxation time constants. 

The decay parameters of C-480 in different micelles are listed in Table 3a.4. 

 

Figure 3a.6. Decays of solvent correlation function, C(t) of C-480 in micelles of 

surfactants, C16TAX  (X = Br-, NO3
-, SO4

2- and p-TS-). 

Table 3a.4. Decay characteristics of C(t) of C-480 in different micelles. 

Systems a1 τ1 

(ps) 

a2 τ2 

(ps) 

<τs> 

(ps) 

(0)

(cm-1) 

( )   

(cm-1) 

a

(cm-1) 

%Missing 

component 

C16TABr 0.79 292 0.21 2167 685 21521 20901 620 44 

C16TANO3 0.83 226 0.17 1852 502 21846 20985 861 14 

(C16TA)2SO4 0.32 170 0.68 425 343 21608 20971 637 39 

C16TAp-TS 0.73 80 0.27 670 239 22095 20699 1396 3 

 (0) ( )a        

It can be seen from the data given in Table 3a.4 that the solvation dynamics is 

bimodal in nature and the average solvation time in each micellar system is much longer 
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than that in bulk water (310 fs) reported by Fleming et al.43 Therefore, solvation dynamics 

in the Stern layer of the present micelles is approximately three orders of magnitude slower 

than that in bulk water. Bhattacharyya et al.29 also noticed the solvation dynamics of same 

order in the micelles of various surfactants, CTAB, SDS and Triton X-100. Free and bound 

water molecules are responsible for the fast and the slow components, respectively in the 

bimodal behavior of solvation dynamics. As far as micelles are concerned, water 

molecules interacting with the polar headgroups of the surfactant molecules are more 

restricted (bound water), compared to water molecules hydrogen bonded among 

themselves (free water).32, 44, 45 Apart from water molecules, various other factors 

responsible for the solvation of the dipoles are counterions and polar headgroups of the 

surfactant molecules. However, a headgroup being attached to the long molecular tail 

experiences restriction in the mobility and is expected to contribute to a slow solvation 

process. It is reported that the dynamics of polymer chain occur on very slow time scale 

(~ 100 ns).29, 46 Therefore, water molecules and counterions are mostly responsible for the 

solvation dynamics. 

 From the data given in Table 3a.4 one can see that the increasing order of solvation 

time for the surfactants, C16TAX follows the order C16TAp-TS < (C16TA)2SO4 < 

C16TANO3 < C16TABr. p-TS- ions bind so strongly that the repulsive interactions between 

the headgroups of surfactant molecules are screened very effectively. As a result, the 

majority of water molecules that are released, are hydrogen bonded among themselves, 

and can be considered to be free water that contributes to the fast solvation. Among other 

three counterions, larger number of water molecules is released due to stronger interaction 

of SO4
2- ions with the headgroups as compared to NO3

- and Br- ions. Although the SO4
2- 

ions are bivalent but there is lesser extent of release of water molecules as compared to 

that of p-TS- ions could be because of two reasons: (i) micelles with SO4
2- ions might have 

less tightly packed structure, and (ii) p-TS- ions are more tightly bound to the headgroups 

could be because of added effect of its hydrophobic part. NO3
- ions bind with the surfactant 

headgroups less strongly than SO4
2- ions but more strongly than Br- ions. Thus the 

increasing order of release of water molecules during the formation of micelles is expected 

to be C16TABr < C16TANO3 < (C16TA)2SO4 < C16TAp-TS which is same as the increasing 

order of rate of solvation (Table 3a.4). The more the number of water molecules released 

as free water during the formation of micelles, the greater would be the contribution 

towards the fast solvation process. The number of free water molecules might be the 
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dominating factor responsible for the ease of solvation of C-480 in the micelles of C16TAp-

TS rather than the effect of its more viscous environment. The greater extent of release of 

water molecules during the formation of the micelles of C16TAp-TS is also supported by 

significant higher value of Stokes’ shift,   (Table 3a.4) estimated from time resolved 

fluorescence data in this case as compared to other micellar systems. Hessz et al.28 have 

reported that C-480 can form two types of complexes with H2O molecules: either oxo 

complex (complexation through H-bonding between keto oxygen atom of C-480 and H2O) 

or amino complex (complexation through H-bonding between nitrogen atom of C-480 and 

H2O). An absorption band at ~ 321 nm (Figure 3a.2) in each case of micelles of all four 

surfactants indicates the formation of either of these complexes. However, the data in 

Table 3a.2 shows that there is a blue shift in absorption band and a red shift in fluorescence 

band in case of micelles of C16TAp-TS with respect to that for other three surfactants. This 

phenomenon could be because of the formation of amino complex in the ground state and 

oxo complex in the excited state in the Stern layer of micelles of C16TAp-TS. Although 

the complexes are formed in all cases of micelles, but the effects of complexation on the 

absorption and fluorescence spectra are more prominent in the case of micelle of C16TAp-

TS as there is a greater extent of availability of free water molecules surrounding the C-

480 molecules in the Stern layer of this micelle. Thus, greater extent of release of water 

molecules during the formation of C16TAp-TS micelles as compared to other micelles is 

sufficiently evidenced.   

 It has been reported that counterions also indirectly contribute to the solvation 

process.35, 36, 47, 48 The increasing order of  observed in the present case is C16TAp-TS  

(C16TA)2SO4 < C16TABr < C16TANO3. Water molecules can interact with anions through 

hydrogen bonds. More the number of dissociated counter ions greater would be the 

clustering of water molecules and lesser would be the contribution towards the fast 

solvation by free water molecules.36 As per the value of , the clustering of water 

molecules would be greater in case of C16TANO3 as compared to C16TABr. However, the 

observed solvation time is faster in case of the former than that of the latter. It is known 

that the aggregation number of micelles of C16TANO3 is greater than that of C16TABr.49 

In fact the hydrodynamic radius of a micelle of C16TANO3 (0.80 nm) is found to be greater 

than that of C16TABr (0.67 nm) (Table 3a.6). Thus, the faster solvation in C16TANO3 as 

compared to C16TABr is due to greater extent of release of water molecules in the former 

than the latter.  values of C16TAp-TS and (C16TA)2SO4 are smaller than that of the 
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micelles of other two surfactants. So, the extent of clustering of water molecules in the 

former two micelles is expected to be lesser than the latter two micelles which is also in 

support to the fact of faster solvation. It is to be noted in Figure 3a.5 that the full width at 

half the maximum of TRES decreases on longer time scale in case of each type of micelles. 

This indicates that there is a possibility of self-diffusion of the probe, C-480 which can 

contribute towards the slower component of solvation.50  

3a.2.5 Missing component 

As our TCSPC set-up has some time resolution limitation, so some part of dynamic 

Stokes’ shift must have been missed. Fee51 and Maroncelli41 proposed a method to 

calculate the missing component. Using their method we have calculated the missing 

components for all the studied micellar systems and the values are listed in Table 3a.4. 

Missing component found in case of C16TABr micelle is in agreement with that reported 

before.31  

3a.2.6 Rotational relaxation or time-resolved fluorescence anisotropy 

 For further exploration of the location of the probe molecules in the micellar media, 

time-resolved fluorescence anisotropy measurements have been carried out. The time 

resolved fluorescence anisotropy, r(t) has been calculated by using the Equation 2.16 

(Chapter 2, Section no. 2.2.11). Anisotropy decay is mono-exponential in pure water, 

however, it is bi-exponential in all micellar media. The bi-exponential anisotropy decay 

function can be represented as Equation 2.17 (Chapter 2, Section no. 2.2.12). The average 

rotational relaxation time for the bi-exponential decay in micelles is calculated using the 

fluorescence anisotropy decays of C-480 in the micelles of each type of the syrfactants at 

10 times of respective cmc are represented by Figure 3a.7.
 
The rotational relaxation 

parameters i.e. fast and slow relaxation components (τ1r and τ2r, respectively) along with 

average rotational relaxation time (<τr>) of C-480 in different micelles are given in Table 

3a.5. The rotational relaxation time in pure water is found to be 132 ps which is very close 

to the reported value, i.e., 125 ps.31 The average relaxation time in micellar media is higher 

than that in pure water, which indicates that the random motions of the probe molecules in 

the former media are restricted more than in the latter media. The decreasing order of 

average rotational relaxation time of C-480 in the micelles of surfactants is C16TAp-TS >> 

C16TABr > C16TANO3  > (C16TA)2SO4. The decreasing order of microviscosity found in 
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the present study is C16TAp-TS >> C16TABr > C16TANO3 > (C16TA)2SO4 within a very 

low limit of experimental errors. Thus, more the microviscosity of the environment around 

the probe molecules harder is their random motions. Loose packing micelle structure in 

case of (C16TA)2SO4 is the cause for its low microviscosity. Pal et al.52 have also reported 

that the rotational relaxation times correlate well with the viscosity values. It is noteworthy 

that although the solvation process is faster, but the rotational relaxation process is slower 

in case of micelles of C16TAp-TS as compared to that in the micelles of other surfactants. 

It is inferred that viscosity has very less effect to slow down the solvation dynamics. It is 

also indicated that rotational relaxation and solvation are two independent processes. 

Unlike simple solution, the solvation dynamics and rotational relaxation in micelle-like 

complex solutions are not related.      

 

Figure 3a.7. Fluorescence anisotropy decays of C-480 in the micelles of surfactants, 

C16TAX (X = Br-, NO3
-, SO4

2- and p-TS-).  

Table 3a.5. Rotational relaxation parameters for C-480 in different micelles. 

Systems a1r τ1r (ps) a2r τ2r (ps) <τr> (ps) χ2 

C16TABr 0.81 392 0.19 2030 706 1.03 

C16TANO3 0.68 294 0.32 1308 614 1.00 

(C16TA)2SO4 0.80 364 0.20 1518 590 1.00 

C16TAp-TS 0.93 477 0.07 7436 952 1.00 

The fluorescence anisotropy decay of C-480 in the micellar media is bi-exponential 

in nature. This bi-exponential anisotropy decay is generally not because of the fact that 

probe molecules are present at the different locations in the micelles, but due to their 
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various kinds of rotational motions.52 The data in Table 3a.5 shows that the time scale for 

fast rotational relaxation lies in the range of ~ 294 ps to ~ 477 ps. Thus the longer time 

scale for fast relaxation process as compared to that in water (132 ps) and complete 

solubilization of C-480 molecules in micelles infer that rotational relaxation of C-480 

molecules takes place only in micellar environment. The bi-exponential behavior of 

anisotropy decay usually is explained using the two-step and wobbling-in-a-cone model 

(Chapter 2, Section no. 2.2.12 and 2.2.13, respectively).31, 53-56 These models are applicable 

for spherical micelles. In our case the hydrodynamic radius data given in Table 3a.6 

suggest that all the micelles are spherical in shape.  

According to the two-step model,30, 35, 55 the slow rotational relaxation process is 

related to the lateral diffusion of the fluorophore and rotational motion of the micelle as a 

whole. The slow rotational relaxation time, 2r is calculated from the fitted decay. The 

method of calculation of τm using hydrodynamic radius of micelle has been described in 

Chapter 2, Equation 2.20. The estimated values of hydrodynamic radii (rh) and size 

distribution plots of all four micelles are given in Table 3a.6 and Figure 3a.8, respectively. 

The values of m calculated by using the Equation 2.20 and τD calculated using the values 

of τm and Equation 2.19 at 298.15 K temperature. Calculated values of m and τD are given 

in Table 3a. 6. From the data in Tables 3a.5 and 6 one can see that the slow rotational 

relaxation time (τ2r) of C-480 in each type of micelle is same as the time of lateral diffusion 

(τD) of C-480 along the surface of the micelle. Thus, the slow rotational relaxation is 

mainly due to the lateral diffusion. The τD values obtained are mostly the function of the 

microviscosity of the micelles. The rotational motion of the micelle as a whole containing 

C-480 molecule is a much slower process than lateral diffusion of C-480 molecule. τm 

values are found to be the function of the size of the micelles. With increasing size of the 

micelle, τm increases. The rotational motion is the slowest for the micelle of (C16TA)2SO4, 

and the fastest for the micelle of C16TABr. 

The time constant for the wobbling motion (τw) of the probe molecule, C-480 has 

been calculated by the method given in Chapter 2, Equation 2.25. The calculated τw values 

are also given in Table 3a.6. The decreasing order of τw values of C-480 in the micelles of 

surfactants is C16TAp-TS > C16TABr  (C16TA)2SO4 > C16TANO3. The decreasing order 

of microviscosity is C16TAp-TS >> C16TABr > C16TANO3 > (C16TA)2SO4. The difference 

between these two orders suggests that in addition to microviscosity the nature of local 

structure of the micelle also affects the wobbling motion. It is known that τw is a measure 
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of the relaxation of the local structure of the micelle.55 The differences between the local 

structures as a result of different packing structures of micelles due to variable counterions 

are expected. 

Table 3a.6. Hydrodynamic radius (rh)
a, time for overall rotational motion of the micelle 

(τm), lateral diffusion time (τD), wobbling motion time (τw), wobbling diffusion coefficient 

(Dw), cone angle (θo) and order parameter (|S|) obtained from the anisotropy decays of C-

480 in different micelles. 

Systems rh (nm) τw (ps) τm (μs) τD (ps) Dw10-8 (s-1) θo (deg) |S| 

C16TABr 0.67 486 0.273 2045 5.74 55.7 0.44 

C16TANO3 0.80 379 0.464 1312 5.29 47.2 0.57 

(C16TA)2SO4 1.75 479 4.861 1518 5.67 55.1 0.45 

C16TAp-TS 1.09 510 1.175 7483 7.94 68.8 0.26 

aStandard deviation:  0.02    

 

Figure 3a.8. The Size distribution graph for the micelle of the C16TAX (X = Br-, NO3
-, 

SO4
2- and p-TS-) surfactants obtained from dynamic light scattering (DLS) measurement. 

Further information about the motional restriction of the probe molecules within 

the micelles can be obtained using the wobbling-in-a-cone model.30, 55 For this purpose the 

generalized order parameter, S (Equation 2.22), the wobbling cone angle (θo) (Equation 

2.23) and wobbling diffusion coefficient (DW) (Equation 2.26) have been calculated and 

values obtained are also given in Table 3a.6. S values higher than zero indicate restricted 

motion of C-480 in the micelles. It has been discussed above that the microviscosity of 

C16TAp-TS is greater than that of other three micelles. However, lower value of S, and 
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higher values of θo and Dw for the former as compared to the latter have been observed. 

This might be indicating that the wobbling-in-a-cone model is not suitable for the micelles 

of C16TAp-TS. Saha et al.30 earlier made a similar observation in case of rotational 

relaxation of the same probe, C-480 in micelles with high microviscosity and another 

reported model called spinning-in-equatorial-band model55, 57 was used to resolve this 

apparent discrepancy. In fact this model is applicable for S < 0.5 which is the case for 

C16TAp-TS. According to this model, S2 = [(1/2)(1- cos2θo)]2. After applying this model, 

the θo value is coming out to be 46.1o. In spinning-in-equatorial-band model, the rod-like 

probe molecule is aligned in such a way that the emission moment is perpendicular to the 

long axis unlike the wobbling-in-a-cone model. This result indicates that the orientation of 

C-480 in viscous micelles of C16TAp-TS is different from that in other three comparatively 

less viscous micelles. It is to be mentioned here that the Dw values are almost the same in 

the micelles of C16TAX with X = Br-, NO3
- and SO4

2-.  

3a.3 Conclusions 

 The effects of an organic and a Hofmeister series of inorganic counterions on the 

solvation dynamics and rotational relaxation of C-480 in the Stern layer of aqueous 

micelles of hexadecyltrimethylammonium surfactants have been studied. C-480 molecules 

feel more polar microenvironment in C16TAp-TS micelles as compared to the micelles of 

other three surfactants. Solvation dynamics in the Stern layer of the present micelles is 

approximately three orders of magnitude slower than that in the bulk water. The increasing 

order of rate of solvation is C16TABr < C16TANO3 < (C16TA)2SO4 < C16TAp-TS. The 

repulsive interactions between the headgroups of surfactant molecules are screened very 

effectively due to the stronger binding ability of p-TS- ions. The majority of water 

molecules are hydrogen bonded among themselves, resulting in comparatively more polar 

microenvironment of C16TAp-TS micelles. These water molecules, considered to be free 

water, contribute to the fast solvation. The order for solvation time is similar to the order 

for cmc. SO4
2- ions behave differently than from the monovalent ions. Effectively the 

solvation process is controlled by the extent of release of water molecules during the 

formation of micelles. More the number of water molecules released as free water, greater 

would be the contribution towards the fast solvation process. Release of water molecules 

during the formation of micelles depends on effective binding of counterions to the 

headgroups. p-TS- ions are more tightly bound to the headgroups because of added effect 
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of its hydrophobic part. Counterions can indirectly contribute to the slow solvation by 

causing clustering of water molecules. However, not only the number of dissociated 

counterions, but also the effective number of surfactant molecules participating in micelles 

formation could be a function of net amount of free water molecules. NO3
- ions bind more 

strongly to the micelles as compared to Br- ions promoting more number of surfactant 

molecules to form micelles. NO3
- ions contribute to greater number of free water molecules 

as compared to Br- ions resulting in faster solvation in C16TANO3 as compared to C16TABr 

micelles.  values of C16TAp-TS and (C16TA)2SO4 are smaller than that of the micelles of 

other two surfactants. The extent of clustering of water molecules in the former two 

micelles is expected to be lesser than the latter two micelles. The effective binding of 

counterions forming larger micelles and resulting in release of greater number of free water 

molecules, and the lesser extent of clustering of water molecules in the micelles of 

C16TAp-TS and (C16TA)2SO4 contribute to fast solvation. The decreasing order of average 

rotational relaxation time of C-480 in the micelles of surfactants is C16TAp-TS >> 

C16TABr > C16TANO3 > (C16TA)2SO4 which is same as the decreasing order of 

microviscosity. The rotational relaxation time is shorter in the micelles of (C16TA)2SO4 as 

compared to C16TAp-TS is because of less tightly packed structure of the former. The slow 

rotational relaxation is mainly due to the lateral diffusion of C-480 along the surface of the 

micelle. The rotational motion of the micelle as a whole containing C-480 molecule is a 

much slower process than lateral diffusion. The rotational motion is the slowest for the 

micelle of (C16TA)2SO4, and the same is the fastest for the micelle of C16TABr. There is 

an indication of different orientation of C-480 in viscous micelles C16TAp-TS as compared 

to other less viscous micelles. The fact of counterion dependent solvation processes might 

help us in studying physicochemical properties of surfactants in solutions. 
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Abstract: Solvation dynamics and rotational relaxation of Coumarin 480 (C-480) in 

aqueous micelles of cationic gemini surfactants with diethyl ether (EE) spacer group (m–

EE–m) and tails with varying tail lengths (m = 12, 14 and 16) have been studied. Studies 

have been carried out by measuring UV-vis absorption, both steady-state and time-

resolved fluorescence with fluorescence anisotropy, 1H NMR and dynamic light scattering. 

Effects of hydrocarbon tail length and hydrophilicity of spacer group on solvation 

dynamics and rotational relaxation processes at inner side of the Stern layer of micelles 

have been studied. With increasing hydrophobicity of tails of surfactants water molecules 

in Stern layer become progressively more rigid resulting in decrease in rate of solvation 

process with slow solvation as a major component. With increasing hydrophilicity of the 

spacer group of gemini surfactant the extent of free water molecules is decreased thereby 

making the duration of solvation process longer. Solvation times in the micelles of gemini 

surfactants with hydrophilic spacer are almost four times longer as compared to micelles 

of their conventional counterpart. 

Rotational relaxation time 

increases with increasing tail 

length of surfactant as a result of 

increasing microviscosity of 

micelles with fast relaxation as a 

major component. With 

increasing hydrophilicity of the 

spacer group the anisotropy decay becomes slower due to the formation of more compact 

micelles. Rotational relaxation in gemini micelles is also slower as compared to micelles 

of conventional counterpart. The anisotropy decay is found to be bi-exponential with 

lateral diffusion of the probe along the surface of the micelle as a slow component. 

Rotational motion of micelle as a whole is a very slow process and the motion becomes 

further slower with increasing size of the micelle. The time constants for wobbling motion 

and lateral diffusion of the probe become longer with increasing microviscosity of 

micelles. 
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3b.1 Introduction 

In recent time gemini surfactants have attracted attention because of their countless 

applications in the nanotechnology, biotechnology, material science, supramolecular 

chemistry and pharmaceutical application such as drug delivery, gene delivery etc.1-5 

Gemini surfactants are made up of two hydrophobic tails and two hydrophilic headgroups, 

covalently connected by a spacer group at their headgroups. Gemini surfactants are more 

surface active than their conventional counterparts.6 Aggregation properties of a gemini 

surfactant are dependent upon the various parts of the surfactant such as headgroups,7-9 

spacer group,10-15 counterions,16 and alkyl chain lengths.17, 18 Gemini surfactants are 

reported to have different types of spacer groups like hydrophilic, hydrophobic, rigid and 

flexible.6, 19, 20  The spacer part plays a significant role in the aggregation properties of a 

gemini surfactant. The critical micelle concentration (cmc), counterion binding,  

thermodynamic properties, microviscosity and micropolarity, rheological behavior and 

aggregation number of gemini surfactants vary with any change in the spacer part.1, 6, 14, 21-

25 Not only the spacer group but also the hydrophobic tails of the gemini surfactant have 

an intense effect on the aggregation properties of the surfactants 26, 27 

Polymethylene spacer chain length of a series of cationic gemini surfactants 

influences the solvation dynamics and rotational relaxation of C-153 in aqueous micelles.28 

The value of  increases with increasing the spacer chain length which induces more and 

more clustering of water molecules at the Stern layer of micelles. Thus solvation dynamics 

becomes slower with increasing spacer chain length of the surfactant. Saha et al. studied 

the solvation dynamics in presence of gemini surfactants.29 Effect of hydroxyl group 

present at spacer group of gemini surfactant on solvation dynamics has been monitored. 

Solvation dynamics becomes slow with increasing the number of the hydroxyl group in 

the spacer part of gemini surfactant. The increase in the solvation time could be due to the 

formation of hydrogen bonds between water molecules and hydroxyl group(s) of spacer 

group which results in protection of the probe molecule from its contact with some of the 

water molecules. Moreover, hydrogen bonding interactions between hydroxyl group(s) of 

the spacer group and water molecules may restrict the mobility of water molecules as well. 

Saha et al. have studied the effect of hydroxyl group substituted29 and polymethylene28 

spacer groups on the solvation dynamics and rotational relaxation processes in aqueous 

micelles. They have demonstrated that hydrogen bonding through hydroxyl groups on the 

spacer group has a significant effect on retardation of the solvation process in aqueous 



Chapter 3b 
 

131 
 

micelles. Also, average solvation time increases with increasing polymethylene spacer 

chain length as a result of increasing degree of counterion dissociation. 

Observing into the fact of interesting aggregation behavior of gemini surfactants 

and effects of chemical nature of its spacer groups and also the effect of hydrocarbon tail 

length of conventional surfactants on solvation dynamics and rotational dynamics, the 

chapter aims to see how these dynamics depend on the hydrophobicity of the tails of 

gemini surfactants using C-480 as a probe. In this chapter, we have selected a series of 

diethyl ether spacer group containing gemini surfactants with varying hydrocarbon tail 

lengths, C12 (Gemini-X), C14 (Gemini-Y) and C16 (Gemini-Z) [Scheme 3b.1]. We have 

also compared our present dynamics data with that in the micelles of gemini surfactant 

containing C12 tails and tetramethylene spacer group (Gemini-A) [Scheme 3b.1] studied 

earlier.29 With these compounds, we could simultaneously demonstrate how the rates of 

solvation and rotational relaxation processes in aqueous micelles depend on increasing tail 

length of gemini surfactants i.e. increasing hydrophobicity of tails and also how these rates 

change with increasing hydrophilicity of spacer group with similar tails. We have also 

shown how these rates in gemini micelles with hydrophobic spacer group as well as with 

hydrophilic spacer group differ from that in the micelles of their conventional counterparts, 

dodecyltrimethylammonium bromide (DTAB), tetradecyltrimethylammonium bromide 

(TTAB) and cetyltrimethylammonium bromide (CTAB) reported earlier.30 

   

  

Scheme 3b.1: Chemical structures of gemini surfactants with numbering of spacer protons 

and Coumarin 480 with their names in short form. 

3b.2 Results and discussion 

3b.2.1 UV-visible absorption and steady-state fluorescence study  
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The UV-visible absorption and steady-state fluorescence spectra of C-480 have 

been recorded in the aqueous micelles of Gemini-X, Gemini-Y, and Gemini-Z surfactants 

(Figure 3b.1). To ensure complete solubilization of C-480 molecules in the micelles, the 

concentration of each surfactant was chosen to be fifteen times of respective cmc. To see 

the effect of spacer group of gemini surfactants, we have also compared our present results 

with that for Gemini-A studied earlier.29 The peak maxima of absorption and fluorescence 

bands of C-480 in all these micellar systems are tabulated in Table 3b.1. The cmc values 

of all gemini surfactants determined using conductometric method are given in Table 

3b.1.27  

 

Figure 3b.1. UV-visible absorption and steady-state fluorescence spectra of C-480 in 

aqueous micellar media of Gemini-X, Gemini-Y and Gemini-Z surfactants. λex = 375 nm, 

slit width = 3 nm (both excitation and emission). 

To support those values the cmc values have also been determined by fluorescence 

method in the present study (Figure 3b.2). The solubilization of C-480 in the micelles is 

evidenced by the change in fluorescence intensity with increasing concentration of a 

surfactant (Figure 3b.2). The cmc values determined by these two different methods 

corroborate very well which further supports the purity of the synthesized surfactants. The 

peak positions of absorption and fluorescence bands of C-480 in each of the micellar media 

of Gemini-X, -Y and -Z are found to be at 394 nm, and 482 nm, respectively. Although 
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there is a change in the absorption and fluorescence intensity, but no change in peak 

position has been noted with the change in hydrophobic tail length of these surfactants. It 

could be due to constrained structure of C-480.29-31 With changing the tail length of 

surfactants there may not be significant change in the polarity of the microenvironment, 

but motional restriction is increased.  

 

Figure 3b.2. Plot of variation of fluorescence intensities with increasing concentration of 

gemini surfactants. λex = 375 nm, slit width = 3 nm (both excitation and emission).  

It has been documented that C-480 molecules show fluorescence peak maxima at 

494 nm, 473 nm, 417 nm, and 408 nm in the pure water, methanol, hexane, and 

cyclohexane, respectively.32 By comparison of fluorescence peak maxima of C-480 in 

studied micellar systems to that in all pure solvents, one can say that the polarity of 

microenvironment around C-480 is similar to that of methanol. Therefore, the C-480 

molecules are mostly located in the Stern layer of micelles.32, 33 To further support this, the 

micropolarity expressed in the form of empirical solvent polarity parameter, ET(30) has 

been estimated by the reported method and is given in Chapter 2, Section no.  2.2.5.29, 34-

36 The value of ET(30) for the micelles of each of Gemini-X, -Y and -Z is found to be 56.5 

kcal mol-1 which is close to that of methanol (55.4 kcal mol-1).29 Absorption and 

fluorescence peak maxima of C-480 appear at 390 nm, and 477 nm, respectively in the 

micelles of Gemini-A.29 It implies that there is a blue shift in the fluorescence peak position 

of C-480 in the micelles of Gemini-A as compared to that in the present micellar systems. 

Different values of both max
Abs and max

fl of C-480 in the micelles of Gemini-X, -Y and -
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Z as compared to micelles of Gemini-A (Table 3b.1) show the effect of hydrophilic spacer 

on the location of probe molecules. The solvent polarity parameter, ET(30) for the micelles 

of Gemini-A is found to be 53.2 kcalmol-1 which is lesser than that for the present micellar 

systems. Li et al.17 have described that the hydrophilic spacer group can easily be located 

at the Stern layer of micelles favoring the formation of micelles. The data in Table 3b.1 

show that the cmc value (Table 3b.1) of each of Gemini-X, -Y and -Z is lesser than that of 

Gemini-A.29 These results infer that C-480 molecules feel comparatively more polar 

environment in the micelles of surfactants, Gemini-X, -Y and -Z with hydrophilic diethyl 

ether spacer group as compared to the micelles of surfactant, Gemini-A with hydrophobic 

tetramethylene spacer group. 

Table 3b.1. Cmc of gemini surfactants, experimental concentration of surfactants, 

absorption and steady-state fluorescence peak maxima and average excited singlet state 

lifetime and fluorescence anisotropy of C-480 in micelles of Gemini-X, Gemini-Y, 

Gemini-Z and Gemini-Aa (ex = 375 nm and em = 475 nm), microviscosity and 

micropolarity [ET(30)] of micelles. 

aAll data for Gemini-A are taken from the reference.29 bcmc determined by conductometric 

method, ccmc determined by fluorescence method. 

3b.2.2 Excited singlet state lifetime 

Excited singlet state lifetime values (τf) of C-480 molecule in the aqueous micelles 

of each of gemini surfactant at ~ 15cmc have been determined using time-correlated single 

photon counting (TCSPC) method. All decays were fitted bi-exponentially. The average 

lifetime has been calculated by using the Equation 1.8 , (Chapter 1). The average lifetime 

of C-480 in the all studied micelles along with the
2 values are given in Table 3b.1. The 

lifetime values of all components along with corresponding pre-exponential factors are 

separately given in Table 3b.2. The lifetime values of C-480 molecules in pure solvent 

have been reported earlier29 and the values are 5.89, 4.90, and 3.13 ns in water, methanol 

and cyclohexane, respectively. Comparing the lifetime value in a particular micellar 
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system to that in pure solvents one can conclude that the microenvironment around C-480 

is similar to that of methanol.  

Table 3b.2. Excited state lifetime of C-480 in the different pure solvents and micelles. 

System a1 τ1 (ns) a2 τ2 (ns) a3 τ3 (ns) <τf> (ns) χ2 

Water 1.00 5.89 - - - - 5.89 1.09 

Cyclohexane 1.00 3.13 - - - - 3.13 1.12 

Methanol 1.00 4.90 - - - - 4.90 1.01 

Gemini-A 0.03 2.60 0.84 5.69 0.13 1.48 5.05 1.01 

Gemini-X 0.11 0.73 0.89 5.86 - - 5.29 1.03 

Gemini-Y 0.11 1.02 0.89 5.85 - - 5.31 1.06 

Gemini-Z 0.12 1.10 0.90 5.80 - - 5.35 1.07 

λex = 375 nm, λem = 475 nm. Lifetime data of C-480 in water, cyclohexane, methanol and 

Gemini-A are taken from reference.29 

3b.2.3 Steady-state anisotropy and microviscosity  

The steady-state fluorescence anisotropy of C-480 in the micelles of Gemini-X, -

Y and -Z have been determined and the values obtained along with the same in the micelles 

of Gemini-A reported earlier29 are given in Table 3b.1. Using these values the 

microviscosities of environment around C-480 in all micelles have been estimated by the 

method described before (Chapter 2, Section no. 2.2.6).29, 37, 38 The data given in Table 

3b.1 show that the microviscosity increases with increasing tail length of the surfactants. 

One can also see that the microviscosity of micelles of Gemini-X, -Y and -Z are greater 

than that of Gemini-A. It is true that with increasing tail length of the surfactants the 

formation of micelles become favored due to enhanced hydrophobic interactions and as a 

result of that the compactness of surfactant molecules in the micelles increases.27 In fact, 

it is supported by the decrease in cmc values with increasing tail length (Table 3b.1). The 

fact of increase in microviscosity has been probed by C-480 which however, is located at 

the Stern layer of micelles. Thus, this result infers that the C-480 molecules penetrate up 

to a certain depth at the Stern layer of micelles. They feel comparatively more viscous 

environment with increasing tail length of the surfactants as more compact micelle 

structure inhibits the penetration of water molecules deep inside the Stern layer. Thus 

compact micelle structure has indirect effect on the microviscosity at the Stern layer of 

micelles. The microviscosity of micelles of Gemini-A is lower than that of other three 

gemini is due to the less compact structure of the former than that of the latter. Formation 
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of a micelle is favored by hydrophobic attractive interactions between the tails of surfactant 

molecules and disfavored by the repulsive interactions between the hydrophilic 

headgroups of surfactants. These repulsive interactions are reduced by the solvation of 

headgroups by the water molecules in aqueous micelles. Therefore, in the present case 

when a micelle is stabilized by greater extent of hydrophobic interactions between the 

longer tails, then the requirement of solvation of headgroups becomes less important. In 

addition, the water molecules near to hydrophilic spacer group are more restricted than 

that to hydrophobic spacer group. These could be the reasons for why microviscosity of 

micelles of Gemini-X, -Y and -Z are greater as compared to Gemini-A. The greater 

micropolarity of the micelles of Gemini-X, -Y and -Z as compared to that of Gemini-A is 

because of the presence of hydrophilic spacer groups in the former. 

3b.2.4 Solvation dynamics 

In the micelles of all gemini surfactants, C-480 molecule exhibits wavelength-

dependent fluorescence decay. Fluorescence decays of C-480 have been recorded at 

different intervals in the whole wavelength range of fluorescence spectrum. A decay at a 

shorter wavelength corresponds to the fluorescence from the unsolvated dipole created at 

the excited state. However, as mentioned before due to the limitation of our TCSPC setup 

in the present case also there is a possibility that a high % of solvated dipoles contribute 

to the fast decays observed at shorter wavelength range. But at a longer wavelength, the 

fluorescence decay is from a solvated dipole which is delayed by solvent relaxation process 

showing a clear growth in the decay.39, 40 Figures 3b.3a-c represent the wavelength-

dependent decays of C-480 in the micelles of Gemini-X, Gemini-Y and Gemini-Z, 

respectively. For the quantitative measurement of solvation dynamics, the solvent response 

function (SRF), C(t) given by Fleming and Maroncelli41 has been used (Equation 2.9 

Chapter 2). 

Time-resolved emission spectra (TRES) have been constructed to determine the 

peak wavenumbers following the method proposed by Fleming and Maroncelli (Chapter 

2, Section no. 2..2.10).41 TRES for Gemini-X, -Y and -Z are shown by Figure 3b.4. The 

peak wavenumber, ( )t for each TRES at different times was obtained after the fitting of 

TRES to a log-normal function.41, 42 After calculating solvent response function, C(t) using 

Equation 2.9, (Chapter 2) the decays of C(t) have been shown by Figure 3b.5. The bi-

exponential fitting of the decay of C(t) with time has been done using Equation 2.14 

(Chapter 2). The values of solvation times obtained from the fitted data are given in Table 
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3b.3. The average solvation time, s   for a bi-exponential decay, was calculated by the 

Equation 2.15 and are also given in Table 3b.3. 

      

 

Figure 3b.3. Fluorescence decays of C-480 in the micelles of (a) Gemini-X (b) Gemini-Y 

and (b) Gemini-Z, respectively at λem = 430 nm, 460 nm, 490 nm and 565 nm along with 

instrument response function. λex = 375 nm. 

The time-dependent Stokes’ shift occurring is because of the probe molecules 

present at the Stern layer of the micelles,43 neither for the probes those exist in the core of 

the micelles (no solvation),29, 32 nor for the probes present in the bulk water (too fast to be 

detected by the present set-up).44 The bimodal behavior of solvation dynamics i.e. fast and 

slow solvation components (Table 3b.3) are due to the free and bound water molecules, 

respectively.45 Apart from water molecules polar headgroups, spacer groups and 

counterions may also be responsible for the solvation of the probe molecule in the Stern 

layer of aqueous micelles. However, polar headgroups are directly attached with the tails 

and spacer group is indirectly attached with the tails which restrict their mobility. 

Therefore, the solvation process contributed by the headgroups and the spacer group is 
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very slow because it has been reported that dynamics of polymer chains occurs in ∼100 

ns time scale.32, 46 Thus water molecules and counterions are mainly responsible for the 

present solvation process.  

 

 

Figure 3b.4. Time-resolved emission spectra (TRES) of C-480 in the micelles of (a) 

Gemini-X, (b) Gemini-Y and (c) Gemini-Z at different times (0 ps -10000 ps). 

It has been reported that the strength of a hydrogen bond between water and polar 

headgroup is much stronger than that between two water molecules.32, 47, 48 Thus those 

water molecules interacting with the polar headgroups contribute to the slow component 

of solvation and the water molecules hydrogen bonded among themselves contribute to 

the fast component of solvation. The data in Table 3b.3 show that fast and slow solvation 

times as well as average solvation time increase with increasing tail length from C12 to C16 

in Gemini-X, -Y and -Z, respectively. In all cases the slow components have major 

contribution to the solvation than the fast component. Reason behind this could be that 

water molecules taking part in this solvation process are present deep inside the Stern layer 

and are quite rigid. Rigidness of water molecules increases with increasing tail length 
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which is evidenced by decrease in Stokes’ shift,   (Table 3b.3). Chattopadhyay et al.49 

have reported that water can penetrate the micelles up to a certain depth depending upon 

the compactness of the micelle. Although the increase in solvation time is not very 

significant for increase in tail length from C14 to C16, but it is comparatively more 

significant for increasing tail length from C12 to C14 which is unlike conventional 

surfactants studied by Sarkar et al.30 They have noticed average solvation times, 273 ps, 

286 ps and 341 ps for conventional surfactants with tails C12, C14 and C16, respectively.  

 

Figure 3b.5. Decays of solvent response function, C(t) of C-480 in the micelles of Gemini-

A, -X, -Y and -Z. 

Table 3b.3. Decay characteristics of C(t) of C-480 in different micelles. 

System a1s τ1s 

(ps) 

a2s τ2s 

(ps) 

<τs>a 

(ps) 

 b (cm-1) Missing 

component (%) 

Gemini-A 0.34 233 0.66 574 458 1354 16 

Gemini-X 0.40 254 0.60 1742 1147 1005 16 

Gemini-Y 0.43 331 0.57 1834 1188 955 29 

Gemini-Z 0.45 359 0.55 1895 1204 819 39 

a
1 1 2 2s a a     , b (0) ( )      . All data for Gemini-A are taken from reference.29 

From these results it can be suggested that there is a little effect of increasing tail 

length on the solvation time and this effect is not linearly proportional to the increase in 

the number of carbon atoms in the tail. On the other hand, when one compares these results 

with that of Gemini-A, it can be seen that solvation process is much faster in Gemini-A 

with a larger value of Stokes’ shift,  (Table 3b.3) as compared to other three gemini 
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surfactants. Even it is faster as compared to Gemini-X which has tails of same length as 

Gemini-A. This difference must be due to the difference in the chemical nature of their 

spacer group. Results depict that solvation process at the Stern layer is faster in case of 

micelles of gemini surfactants with comparatively hydrophobic spacer group. Gemini-A 

micelle has less compact structure (hydrodynamic radius = 1.92 nm) as compared to that 

of other three surfactants (hydrodynamic radius = 0.52 - 0.63 nm). Moreover, hydrophobic 

spacer group in Gemini-A is not hydrated whereas the hydrophilic diethyl ether spacer 

group in other surfactants is easily hydrated. Therefore, due to the presence of greater 

extent of free water molecules the solvation dynamics in the micelles of Gemini-A is faster 

than that in the micelles of other three surfactants. It is noteworthy that although the 

contribution of slower component in Gemini-A is similar to that in other three micelles, 

but bound water molecules contributing to the slow solvation is expected to be less rigid 

in the micelles of the former than that in the latter. The average solvation times noted in 

the present micelles are almost four times longer than that in the micelles of conventional 

surfactants with same tail length.30 This difference could be due to two reasons. First, 

formation of micelles by gemini surfactants having two tails is thermodynamically more 

feasible; cmc of Gemini-X, -Y and -Z are much smaller than their conventional 

counterparts,30 DTAB (15 mM), TTAB (3.5 mM) and CTAB (0.8 mM), respectively, 

therefore, micelles of gemini surfactants are expected to be more compact as compared to 

micelles of conventional surfactants.  Second, the hydrophilic spacer groups present in the 

present gemini surfactants easily get hydrated and protect a significant amount of water 

molecules from their contact with the probe molecules. It can be mentioned here that 

Shirota and co-workers50 have also found that solvation dynamics in the micelles of 

anionic surfactant, sodium alkyl sulfate (Cn = 8, 10, 12, and 14), and cationic surfactant, 

alkyltrimethylammonium bromide (Cn = 10, 12, 14, and 16) become slower with 

increasing alkyl chain length. 

As there is a limitation of time resolution of our TCSPC setup (instrument response 

function = 165 ps), we are unable to detect a percentage of ultrafast solvation. The 

quantification of these missing components has been done following the method proposed 

by Fee and Maroncelli41, 51 and the values are listed in Table 3b.3. To further support the 

fact that the hydrophilic spacer groups present in the gemini surfactants protect a certain 

amount of water molecules from their contact with the probe molecule, C-480, we have 

carried out a fluorescence experiment by forming micelles in the water-methanol mixture. 
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In our previous study20 and also study carried out by other groups,52 it has been observed 

that significant change in cmc values or the change in size of micelles is occurred when 

the percentage of an organic co-solvent especially hydrogen bond donating solvent in 

water-organic solvent mixture is above 20%. Keeping this in mind, we have recorded 

fluorescence spectra of C-480 in pure water and also in presence of various % of organic 

co-solvent not exceeding 20%. In this experiment we wanted to see the extent of 

interactions between the -OH group of methanol and C-480. Figure 3b.6(a) shows that in 

presence of 15cmc of Gemini-A the fluorescence peak maximum gets red-shifted from 477 

nm to 480 nm on increasing % of methanol up to 20%. On the other hand, Figure 3b.6(b) 

shows that there is no change in fluorescence peak maximum for same % of increase in 

methanol in case of 15cmc of Gemini-X. This result is a clear evidence of protection of 

molecules containing -OH groups by hydrophilic spacer group from their contact with the 

probe molecule. 

               

Figure 3b.6. Fluorescence spectra of C-480 in (a) 15cmc Gemini-A and (b) 15cmc 

Gemini-X in presence of various % of methanol in water-methanol mixture. λex = 375 nm. 

We have also carried out 1H NMR study to demonstrate the interactions between 

spacer part of gemini surfactants and water molecules. The 1H NMR spectra of Gemini-A, 

-X, -Y and -Z have been recorded in D2O as solvent. A detailed discussion in this regard 

is given below for Gemini-A and Gemini-X. The same is true for Gemini-Y and Gemini-

Z as well. The chemical shifts for the S1 protons and S2 protons (Scheme 1) of Gemini-A 

are observed to be at  3.34 and 1.81, respectively in D2O, while that for Gemini-X are 

found to be at  3.59 and at  3.95, respectively in D2O. Both S1 and S2 protons are more 

deshielded in Gemini-X as compared to Gemini-A. The 1H NMR spectra for Gemini-A, 
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Gemini-X, Gemini-Y and Gemini-Z in D2O are given in Figure 3b.7 (a), (b), (c) and (d), 

respectively and data are given below: 
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Figure 3b.7. 1H NMR spectra of (a) Gemini-A (18.0 mM), (b) Gemini-X (14.5 mM), (c) 

Gemini-Y (5.0 mM) and (d) Gemini-Z (5.0 mM) in D2O. 

Gemini-A: 1H NMR (400 MHz, D2O) δ 3.34 (t, 4H), 3.30 (t, 4H), 3.08 (s, 12H), 1.81 (br 

s, 4H), 1.68 (br s, 4H), 1.34-1.14 (m, 36H), 0.80 (t, 6H). 
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Gemini-X: 1H NMR (400 MHz, D2O) δ 3.95 (br s, 4H), 3.59 (br s, 4H), 3.46-3.30 (m, 

4H), 3.11 (s, 12H), 1.70 (br s, 4H), 1.48-1.03 (m, 36H), 0.80 (t, 6H). 

Gemini-Y: 1H NMR (400 MHz, D2O) δ 3.96 (br s, 4H), 3.60 (br s, 4H), 3.41 (br s, 4H), 

3.12 (s, 12H), 1.71 (br s, 4H), 1.39-1.07 (m, 44H), 0.79 (t, 6H). 

Gemini-Z: 1H NMR (400 MHz, D2O) δ 3.96 (br s, 4H), 3.60 (br s, 4H), 3.41 (br s, 4H), 

3.12 (s, 12H), 1.71 (br s, 4H), 1.34-1.12 (m, 52H), 0.80 (t, 6H). 

It has been reported in the literature53, 54 that in presence of an electronegative atom 

in a molecule close to a proton the latter becomes more acidic resulting in showing 

downfield 1H NMR signal which is observed in the present case as well. It is also 

noteworthy that while S1 protons are more deshielded as compared to S2 protons in case 

of Gemini-A, but for Gemini-X, S2 protons are more deshielded as compared to S1 protons. 

Because of the presence of an oxygen atom in between two carbon atoms in the spacer of 

Gemini-X, S2 protons are acidic in nature making those protons highly deshielded. 

Therefore, it is expected that extent of H-bonding between a proton in the spacer and water 

molecule would be more in case of Gemini-X as compared to Gemini-A. Thus the presence 

of oxygen atom in the spacer group of Gemini-X can protect the water molecules from 

their contact with the probe molecules present in inner side of the micelles to a greater 

extent as compared to Gemini-A. The 1H NMR data for Gemini-Y and -Z in D2O are also 

in the same line as Gemini-X. Thus 1H NMR results support our above mentioned 

discussion that the hydrophilic spacer has effect on the rate of solvation dynamics in the 

micelles.  

3b.2.5 Time-resolved fluorescence anisotropy  

To have better idea about the microenvironment of micelles, the time-resolved 

fluorescence anisotropy measurements of C-480 have been carried out in micellar media. 

The time-resolved fluorescence anisotropy, r(t) values have been calculated by using the 

Equation 2.16 in Chapter 2. The anisotropy decays in the micelles of Gemini-A, -X, -Y 

and -Z are shown by Figure 3b.8. While the anisotropy decay of C-480 is found to be 

single exponential in water, but it is bi-exponential in micellar media. Earlier we have 

reported that the anisotropy decay of C-480 in pure water is single exponential with 

rotational relaxation time of 132 ps.29 The bi-exponential anisotropy decay has been fitted 

to the decay function represented by the Equation 2.17 in Chapter 2. The rotational 
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relaxation times for first and slow components have been calculated from the fitted decay. 

The Equation 2.18 has been used to estimate the average rotational relaxation time. 

The values of rotational relaxation times for the first and slow components along 

with average rotational relaxation time have been given in Table 3b.4. Longer rotational 

relaxation time in a micellar environment as compared to pure water represents that the 

free rotational motions of C-480 in water get restricted in micelles. The rotational 

relaxation data for C-480 in the micelles of Gemini-A obtained in our previous study29 

have also been given in Figure 3b.8 and Table 3b.4 for the purpose of comparison. 

 

Figure 3b.8. Fluorescence anisotropy decays of C-480 in the micelles of gemini 

surfactants. λex = 375 nm. λem = 470 nm. 

Table 3b.4. Rotational relaxation data of C-480 in the different system. 

System a1r τ1r (ps) a2r τ2r (ps) <τr> (ps) χ2 

Gemini-Aa 0.64 372 0.36 1663 837 1.04 

Gemini-X 0.61 304 0.39 1853 908 1.00 

Gemini-Y 0.65 375 0.35 2174 1005 1.00 

Gemini-Z 0.71 407 0.29 2856 1117 1.08 

aAll data for Gemini-A are taken from reference.29 

 Data in Table 3b.4 show that both fast and slow relaxation times along with average 

relaxation time increase with increasing tail length of surfactants. This result can be 

corroborated with the increase in microviscosity of micelles with increasing tail length. 

Recently, Samanta et al.55 have found that the rotational dynamics of 4- aminopthlimide 
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(4-AP) slows down when the chain length of cationic part of N-alkyl-N-

methylmorpholiniumionic liquid (ionic liquid) increases. It can be noted that the fast 

component has major contribution (61-71%) to the fluorescence depolarization than that 

of the slow component (29-39%) in each of micellar system. Although C-480 is apparently 

present in a rigid environment, but the presence of fast motions responsible for the loss of 

anisotropy is evidenced by the values of time-zero anisotropy, ro = 0.30, 0.31 and 0.31 for 

Gemini-X, -Y and -Z, respectively which are less than the maximum possible value of ro 

= 0.40.40 One can note that the change in average relaxation time is more for increasing 

tail length from C14 to C16 than that for C12 to C14 which is unlike solvation time. As 

expected the relaxation time is lower in case of micelles of Gemini-A as compared to 

micelles of other surfactants due to lower microviscosity of the former than that of the 

latter.14 It has been discussed above that slow solvation component has major contribution 

to the solvation dynamics of C-480 in the Stern layer. Thus, these results infer that although 

solvation dynamics is a slow process, but C-480 molecules are quite freely movable deep 

inside the Stern layer of micelles. In a complex micellar environment, rate of rotational 

relaxation process may be directly correlated with the microviscosity, but it may not be 

true for rate of solvation process. Sarkar et al.30 have reported that the average rotational 

relaxation times for C-480 in the micelles of conventional surfactants with C12, C14 and 

C16 tails are 481, 687 and 812 ps, respectively. However, in the present surfactant systems 

with hydrophilic spacer groups these values are almost 1.5 times longer. It is even longer 

in presence of hydrophobic spacer group as well. Thus, the presence of spacer group in a 

gemini surfactant makes the rotational relaxation process slower in more compact micelles 

with higher microviscosity as compared to their conventional counterparts. 

 The observed bi-exponential behavior of the anisotropy decay is not due to the 

different location of the probe molecule in the micelles but due to the different types of 

rotational motions.56, 57 This type of bimodal anisotropy decay is well explained by two-

step and wobbling-in-a-cone model57, 58 According to this model, wobbling motion of the 

probe in a cone, translational motion or lateral diffusion of the probe along the surface of 

the micelle, and overall tumbling motion of the micelles are responsible for fluorescence 

depolarization in a micelle.16, 73, 74 The two-step model explains that the slow relaxation 

time (τ2r) can be related to the times corresponding to the tumbling motion of the micelle 

as a whole (τm) and the lateral diffusion (τD) of the probe along the micelle surface 

following the relation given by Equation 2.19 in Chapter 2. 
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 The time corresponding to the rotational motion of the micelle as a whole (τm) has 

been calculated using Debye-Stokes-Einstein equation (Equation 2.20) using the value of 

hydrodynamic radius of micelle. The hydrodynamic radii (rh) estimated in the present 

study and size distribution plots of all three micellar media are given in Table 3b.5 and 

Figure 3b.9, respectively. The m values have been calculated by using the Equation 2.20 

and τD values have been calculated using the values of τm and Equation 2.19 at 298.15 K 

temperature and are tabulated in Table 3b.5. By comparing the values of τD (Table 3b.5) 

with the values of slow rotational relaxation time (τ2r) (Table 3b.4), one can see that these 

values are almost same. Therefore, the slow rotational relaxation is mainly due to the 

lateral diffusion of the probe along the surface of the micelle. The time constant for the 

lateral diffusion of the probe increases with increasing tail length of the gemini surfactants 

i.e. with increasing microviscosity of micelles. The tumbling motion of the micelle as a 

whole is much slower than the lateral diffusion of the probe in the micelle. As expected 

the time constant for the overall motion of micelle increases with increasing size of 

micelle. The time constant for the wobbling motion (τw) of C-480 in the micelles has been 

calculated by using the Equation 2.25. The calculated τw values are also tabulated in Table 

3b.5. The wobbling motion time (τw) is a measurement of relaxation of local structure in a 

micelle. The value of τw increases with increasing microviscosity of micelles. 

Table 3b.5. Hydrodynamic radius (rh), wobbling motion time (τw), time for overall 

rotational motion of the micelle (τm), lateral diffusion time (τD), wobbling diffusion 

coefficient (Dw), cone angle (θo), and order parameter (|S|) obtained from the anisotropy 

decay of C-480 in the different micelles. 

System rh  (nm) τw (ps) τm (ns) τD (ps) Dw10-8 (s-1) θo (deg) |S| 

Gemini-X 0.52 364 126 1880 4.64 43.6 0.62 

Gemini-Y 0.61 453 208 2200 4.11 45.8 0.59 

Gemini-Z 0.63 475 226 2890 4.55 49.3 0.54 

Applying wobbling-in-a-cone model57, the values of wobbling diffusion 

coefficient (Dw), order parameter (|S|) and cone angle (θo) have been calculated using 

Equations 2.26, 2.22 and 2.23, respectively to have further information about the motional 

restriction of C-480 molecules within the micelles. The values obtained are summarized 

in Table 3b.5. A large value (greater than 0.5) of spatial restriction parameter (|S|) shows 

that the probe molecules are located in a restricted environment. The higher values of θo 
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and lower values of (|S|) for Gemini-Y and -Z as compared to Gemini-X might be 

indicating that wobbling-in-a-cone model is not suitable for micelles with high 

microviscosity. To resolve this apparent discrepancy, often spinning-in-equatorial-band 

model59, 60 is used. However, in the present case it is not applicable as for this model the 

value of |S| should be less than 0.5. The possible reason could be that the probe molecule 

is aligned in such a way that the emission moment is neither perpendicular to the long axis 

like that in spinning-in-equatorial-band model, nor parallel to the long axis like that in the 

wobbling-in-a-cone model, but oriented in between these two possibilities. More 

importantly, the orientation of C-480 molecules in more viscous Gemini-Y and Gemini-Z 

micelles are possibly different from that in Gemini-X micelles. 

It is noteworthy that hydrodynamic radii data show the micelles are spherical in 

nature and that is why we could use Two-step and Wobbling-in-a-cone model those are 

applicable for spherical micelles. Data also show that size variation is not very large. So 

there is no chance of effect of aggregation states i.e. change in micellar shapes from 

spherical to worm-like or so on the solvation dynamics or rotational relaxation. Also 

concentration of surfactant taken is much higher than cmc, so there would be hardly any 

chances of existence of premicellar aggregates. 

 

Figure 3b.9. The size distribution graph for the micelles of the surfactants, Gemini-X, -Y 

and -Z obtained from dynamic light scattering (DLS) measurement. 
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3b.3 Conclusions 

Present study demonstrates the effect of hydrophobicity of tails and hydrophilicity 

of the spacer group of gemini surfactants on the rates of solvation and rotational relaxation 

processes of C-480 in aqueous micelles. Study shows that C-480 molecules are located in 

the Stern layer. Micelles become progressively more compact with increasing hydrocarbon 

tail length which results in lesser extent of penetration of water molecules thereby 

increasing microviscosity of micelles. The rate of solvation process becomes slower with 

increasing microviscosity of micelles with slow solvation as a major component. It infers 

that C-480 molecules are located inside the Stern layer of micelles and water molecules 

become progressively more rigid with increasing compactness of micelles. Micelles with 

hydrophilic spacer group like diethyl ether in the present case are more compact as 

compared to hydrophobic spacer. Moreover, hydrophilic spacer group gets easily 

hydrated. Therefore, the microviscosity of micelles of a gemini surfactant with 

hydrophobic spacer group is lower as compared to hydrophilic spacer group. Also the 

extent of free water molecules is more at the Stern layer of micelles of the former than that 

of the latter. As a result, solvation dynamics is faster in case of micelles of gemini 

surfactants with hydrophobic spacer. The rate of rotational relaxation process also slows 

down with increasing hydrocarbon tail length of surfactants as a result of increased 

microviscosity of micelles. However, unlike solvation process the fast rotational motion is 

a major component for depolarization. Thus although solvation process is slow, but the 

rotational motion of C-480 is quite feasible inside the Stern layer of a compact micelle. 

More compact micelles are formed with increased hydrophilicity of the spacer group of 

gemini surfactants which results in slowing down the rate of rotational relaxation process. 

The hydrophilic spacer group of gemini molecules protects the water molecules from their 

easy contact with the probe molecules present inside the Stern layer and also favors the 

formation of compact micelle. That is why solvation and rotational relaxation processes 

are almost 4 and 1.5 times longer in case of present micelles of surfactants with hydrophilic 

spacer groups as compared to micelles of their conventional counterparts, respectively. 

Thus the spacer group of a gemini surfactant has an effect on the rates of solvation and 

rotational relaxation processes in the micelles and the effect is more pronounced in the 

case of solvation process. The slow rotational component is mainly due to the lateral 

diffusion of the probe along the surface of micelle. The tumbling motion of micelles as a 

whole is a very slow process as compared to the lateral diffusion of the probe and the time 
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constant for the former motion increases with increasing size of the micelle. Both wobbling 

motion and lateral diffusion of the probe become slower with increasing microviscosity of 

micelles. There is an indication of different orientation of probe molecules in the micelles 

of high microviscosity.  
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Abstract: The present work highlights the effect of urea on solvation dynamic and the 

rotational relaxation of Coumarin 480 (C-480) in the Stern layer of aqueous micelles of 

cationic gemini surfactants, 12-4(OH)n-12 (n = 0, 1, 2). UV-Visible absorption, steady-

state fluorescence and fluorescence anisotropy, time-resolved fluorescence and 

fluorescence anisotropy, and dynamic light scattering measurements have been carried 

out for this study. The formation of micelles becomes disfavored in presence of urea at 

high concentration.  Solvation dynamics is bimodal in nature with fast solvation as a major 

component. Average solvation time increases, reaches a maximum and then decreases 

with increasing concentration of urea because the degree of counterion dissociation also 

follows the same order with the addition of urea in the micellar solution. With increased 

degree of counterion dissociation the extent of clustering of water molecules is increased 

resulting in slower solvation process. The –OH group present in the spacer group of 

gemini surfactant controls the rate of solvation by shielding the water molecules from the 

probe molecules forming hydrogen bond. The microviscosity of micelles is decreased with 

increasing concentration of urea as a result of it rotational relaxation process becomes 

faster. In presence of –OH 

group in the spacer group 

the microviscosity of 

micelles is enhanced 

resulting in longer rotational 

relaxation time. Rotational 

relaxation process is 

bimodal in nature with the 

major contribution from the 

fast component to the fluorescence depolarization. Slow rotational relaxation is mainly 

due to the lateral diffusion of C-480 molecules along the surface of the micelle. The 

tumbling motion of micelle as a whole is much slower than the lateral diffusion of C-480. 

Wobbling motion of C-480 becomes faster with increasing concentration of urea as a 

result of decreased microviscosity of micelles. The alignment of C-480 molecules in 

micelles might change with changing microviscosity. 
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3c.1 Introduction  

Micelles, the assemblies of surfactant molecules, up to a certain extent, mimic the 

environment of lipid bilayers. The studies on micellar organization and dynamics pay 

special attention because the general principle for the micelles formation is related to other 

molecular assemblies such as bilayers, reverse micelles, liposomes, and biological 

membrane.1-4 For biophysical or structure biological studies surfactants are used to 

maintain the purified protein in its native and functional states.5, 6 Presence of an additive 

modifies various aggregating properties of the micellar solution of surfactant.7-11 Urea, a 

well-known protein denaturant, present with ionic and nonionic surfactants increases the 

critical micellar concentration (cmc) values,12-16 reduces the aggregation number of 

micelles17, 18 etc. The solubility of hydrocarbons in the aqueous medium is enhanced in 

presence of urea. A mixture of surfactant and urea are used for various applications in 

membrane-protein research.19-23 Urea facilitates the transfer of purified membrane protein 

from detergent micelles to lipid bilayers.23 Two different mechanisms are proposed 

regarding urea-induced protein denaturation.24-27 In one case urea acts as a water structure 

breaker or “chaotrope” facilitating the solvation of nonpolar solute. In another case, urea 

weakens the intramolecular proteinous bond while directly binding to proteins.24-27 

Various studies have been carried out to understand the properties of the urea-water 

system. Few studies reported that urea acts as water “structure breaker”28, 29 while few 

others studies show that urea act as water “structure maker”.30, 31 Some other studies show 

the combination of these two effects.32, 33 Hayashi et al.34 have shown that urea retains the 

weakly associated water in the tetrahedral structure and thus, urea is not a strong structure 

breaker of water. Recently, Choudhury et al. have reported that urea is able to substitute 

for water in the hydrogen-bonded network without breaking the tetrahedral, hydrogen-

bonded structure of water.35   

Different groups have studied the effect of urea on various physical properties of 

conventional surfactants. Dey et al. have studied the effects of urea on aggregation 

properties of chiral surfactant.36 Keller et al.37 have reported the impact of urea on non-

ionic sugar based surfactants. The effect of urea on the aggregation behavior of gemini 

surfactants and their mixed micelles with pluronic surfactant has been reported by Mahajan 

et al.38. Studies on the effect of urea concentration on the solvation dynamics in the 

micellar environment are scarcely available.  



Chapter 3c 
 

155 
 

Considering the importance of gemini surfactants over conventional surfactants 

and urea in the protein denaturation process, it would be valuable to study the effect of 

urea on solvation and rotational relaxation dynamics in aqueous micelles of gemini 

surfactant. If there is any effect of urea on the micellization behavior of gemini surfactants 

with different spacer groups then how does it affect solvation dynamics and rotational 

relaxation processes of the probe molecule. Whether water structure breaker or maker 

properties of urea or some other factor(s) guide(s) the rate of solvation process? Is the 

effect of urea on the solvation dynamics and rotational relaxation and micellization 

behavior of gemini surfactant with different spacer group same or different? Answers to 

these questions are important as surfactant-urea mixtures are used in various membrane-

protein research.19-23   

In this chapter, we have investigated the effect of urea concentration on aggregation 

properties of gemini surfactants with different spacer groups (with and without –OH 

group(s)) [Scheme 3c.1] and also its effect on solvation dynamics and rotational relaxation 

of C-480 [Scheme 3c.1] in aqueous micelles of those surfactants. To probe the solvation 

dynamics the solute chosen should have zero or low dipole moment in the ground state 

and very high dipole moment in the excited state.3639 C-480 is such kind of molecule. 

Moreover, because of the presence of several basic centers, it can also form hydrogen 

bonds.40-45 There are arguments on the cleavage of hydrogen bond upon excitation.42, 44 

However, a more convincing report by Zhao et al.45 says that the early time of 

photoexcitation of C-480 to the excited state is strengthened due to the intermolecular 

hydrogen bonding between C-480 and hydrogen bond donating solvents/groups. The 

surfactants used in the present study have been explored before to demonstrate the effect 

of –OH group(s) on solvation dynamics.46 Microenvironmental properties around C-480 

within the micelles of gemini surfactants with the variation of urea concentration have 

been studied. Two-step and wobbling-in-a-cone models have been explored to show the 

bimodal behavior of rotational relaxation processes and to demonstrate the wobbling 

motions in the micelles. Results obtained from this study could be useful to understand the 

water dynamics in biological systems in presence of urea.   
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                   12-4-12 (Gemini-A) 

 
                   12-4(OH)-12 (Gemini-B) 

 
                 12-4(OH)2-12 (Gemini-C) 

 

Coumarin 480 (C-480) 

Scheme 3c.1: Molecular structures of gemini surfactants and Coumarin 480. 

3c.2 Results and discussion 

3c.2.1 Effect of urea on cmc  

Cmc and degree of counter ion dissociation () values of all studied gemini 

surfactants in absence and in presence of various concentrations of urea have been 

determined by conductivity measurements performed at 298.15 K following Williams’s 

method.47 A plot of specific conductivity,   versus concentration of surfactant with 

varying concentration of urea for Gemini-A is given in Figure 3c.1 as a representative one. 

Similar changes in  with change in concentration of surfactant at varying concentration 

of urea have been noticed in cases of other two surfactants as well. While a cmc value has 

been calculated from the break point of two intersecting lines, a value of  has been 

calculated by taking the ratio of the slopes of the straight lines in post-micellar region to 

the pre-micellar region.48 The values of cmc obtained are given in Table 3c.1 and the values 

of  are given later (Table 3c.6) where relevant discussion has been made.  Cmc values of 

all the pure gemini surfactants are in good agreement with the reported values46, 49 

indicating the goodness of cmc values in presence of urea as well. It has been noticed that 

cmc value of gemini surfactants enhances with increasing the concentration of urea. It is 

reported in the literature that the solubility of a surfactant increases many fold in presence 

of urea.50 Increased solubility of surfactant ions in the solution i.e. their reduced 

solvophobicity delays the aggregation process of surfactant molecules. In other words the 

hydrophobic interactions between surfactant molecules are decreased in presence of 
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urea.51 Consequently, the concentration at which surfactant molecules start to form 

aggregates is increased.  

 

Figure 3c.1. Plot of  versus concentration of Gemini-A with varying concentration of 

urea at 298.15 K.  

Table 3c.1. Critical micelle concentration (cmc), mole fraction partition coefficient (Kmic), 

and standard molar Gibbs free energy of micellization (ΔGo, mic) of gemini surfactants in 

presence of urea. 

 

 To support the increment in cmc value with increasing the concentration of urea 

into aqueous phase, the mole fraction partition coefficient of gemini surfactants from 

aqueous phase to micellar phase (Kmic) has been determined by using the Equation 2.7 for 

all micellar systems.37  Kmic values calculated are given in Table 3c.1. Kmic values are 

decreasing with increasing the urea concentration. In presence of urea because of 

depression in the water-to-micelles partition coefficient cmc value of a gemini surfactant 
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is increased. The values of standard molar Gibbs free energy of micellization have been 

calculated by the given Equation 2.8.37 ΔGo, mic values at 298.15 K at various urea 

concentrations are given in Table 3c.1. ΔGo, mic values are increased with increasing the 

concentration of urea. This also indicates that micellization process becomes less 

favourable with increasing the concentration of urea. 

3c.2.2 UV-visible absorption and steady-state fluorescence study 

UV-visible absorption and steady state fluorescence spectra of C-480 have been 

obtained in presence of pure gemini surfactants and also in presence of gemini surfactant 

plus various concentrations of urea. Figure 3c.2a depicts the absorption spectra of C-480 

in presence of 10 mM of Gemini-A and Gemini-A (10 mM) + varying concentration of 

urea as a representative. Figure 3c.2b demonstrates the fluorescence spectra of C-480 in 

presence of pure 10 mM Gemini-A and Gemini-A (10 mM) + varying concentration of 

urea. Similar absorption and fluorescence spectra are observed in presence of each of other 

two gemini surfactants plus urea systems as well.  

       

Figure 3c.2. (a) Absorption spectra and (b) fluorescence spectra (ex = 375 nm) of C-480 

in presence of pure Gemini-A and Gemini-A + varying concentration of urea. [C-480] = 

5 µM. 

In 10 mM of both Gemini-A and Gemini-B, the absorption and fluorescence peak 

maxima of C-480 are 395 nm and 475 nm, respectively. In 10 mM of Gemini-C, these 

values are 393 nm and 474 nm, respectively. There is no significant change in peak 

maxima values upon addition of urea. Absorption and fluorescence peak maxima values 

of C-480 in all the studied systems are given in Table 3c.2. It is noteworthy that an increase 

in absorbance and fluorescence intensity with increasing concentration of urea have been 

observed in pure water as well (spectra not shown). It could be because of either effect of 
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urea on hydrogen bonding between C-480 and water and/or salting-in effect of urea (a 

thorough study can be done later). However, this effect can be ruled out in presence of 

high concentration of surfactant (10 mM) where C-480 molecules are completely 

solubilized in micelles (excitation wavelength independent fluorescence peak maximum 

and very little change in absorption and fluorescence peak maxima in presence of urea 

noted). Figure 3c.3 shows absorption and fluorescence spectra of C-480 in pure water, 

methanol, cyclohaxane and 10 mM of Gemini-A. Absorption and fluorescence peak 

maxima of C-480 in pure water are observed at 389 nm and 489 nm, respectively and the 

same in cyclohaxane are appeared at 362 nm, 378 nm and 409 nm, respectively (Table 

3c.2). 

 

Figure 3c.3. Absorption (        ) and fluorescence (         ) spectra (ex = 375 nm) of C-480 

in pure water, methanol, cyclohexane and 10 mM of Gemini-A. 

 In water, fluorescence of C-480 occurs from the stabilized intramolecular charge 

transfer (ICT) state.52-55 Low fluorescence intensity in a polar medium is because of high 

rate of non-radiative processes as triplet and ground states are very close to the ICT state. 

As compared to water, in a comparatively less polar medium like micelles fluorescence 

intensity increases with concomitant blue shift in peak maximum. This is because the 

emitting state now get destabilized and goes away from the triplet as well as ground states.  

The blue shift in absorption peak maximum in water with respect to that in micellar 

medium is because of intermolecular hydrogen bonding between C-480 and water 

molecules which generally observed for molecules with ICT characteristics.52-55 The ICT 
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fluorescence of C-480 has also been demonstrated by recording fluorescence spectra in 

different % of dioxane-water mixtures. Figure 3c.4a represents fluorescence spectra and 

3c.4b shows changes in fluorescence intensity and fluorescence peak maxima of C-480 

with increasing % of water in dioxane-water mixtures. In presence of pure gemini 

surfactants and gemini surfactants plus urea absorption and fluorescence peak maxima of 

C-480 are different from that in presence of pure water. 

Table 3c.2. Absorption peak maxima ( max

abs ) and fluorescence peak maximaa ( max

flu ) of C-

480 in pure solvents and gemini surfactant-urea mixed systems.    

Urea (M) Gemini-A

max

abs (nm) 

Gemini-A      

max

flu  (nm) 

Gemini-B

max

abs (nm) 

Gemini-B      

max

flu  (nm) 

Gemini-C

max

abs (nm) 

Gemini-C      

max

flu  

(nm) 

0.0 395 475 395 475 393 474 

0.5 395 475 395 475 393 474 

1.0 395 475 395 475 394 474 

2.0 395 475 395 475 394 474 

3.0 396 475 396 475 394 474 

4.0 396 475 396 475 394 474 

5.0 396 475 396 475 394 474 

Water 389 489 - - - - 

Methanol 390 475 - - - - 

Cyclohexane 362, 378 409 - - - - 
aex = 375 nm. 

        

Figure 3c.4. (a) Fluorescence spectra and (b) variations in fluorescence intensity and 

fluorescence peak maxima of C-480 in different % dioxane-water mixtures. [C-480] = 5 

µM, ex = 375 nm. 
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These results indicate that microenvironment around C-480 in the micelles of pure 

gemini surfactant and that of gemini surfactant plus urea are different from that in presence 

of pure water. The blue shift in fluorescence peak maxima in a micellar medium as well 

as in a micelle plus urea mixed system as compared to pure water suggests that C-480 feels 

less polar environment in micelle and micelle-urea mixed media than that in bulk water. 

3c.2.3 Study on microenvironment of micellar systems in presence and absence of 

urea 

3c.2.3.1 Micropolarity 

Determination of micropolarity value around the probe molecule gives valuable 

information about the location of the probe molecule inside the micellar environment. 

Fluorescence active probe molecules play an important role for the determination of 

micropolarity of biological and biologically related environment.46, 56 In the present study, 

the micropolarity values expressed in terms of ET(30) which is an empirical solvent 

polarity parameter developed by Reichardt et al.57 have been estimated to obtain the 

information about microenvironment surrounding the probe molecule inside the micelles. 

To determine the micropolarity around C-480 in various studied systems, the fluorescence 

behaviours of C-480 in absence and presence of various concentration of urea have been 

compared with that in different composition of dioxane-water mixture.46 The values of 

max
fl of C-480 in absence and presence of various concentration of urea have been 

estimated and ET(30) values have been estimated from the method in given Chapter 2, 

Section no. 2.2.5. The ET(30) values for all the systems are found to be vary between 53.8 

- 55.8 kcal mol-1. The calculated ET(30) value in the investigated systems indicating that 

micropolarity around C-480 in these systems is lesser than that of water (ET(30) = 63.1 

kcal mol−1).The ET(30) value in all the studied systems is similar to that of methanol (55.5 

kcal mol-1). It depicts that C-480 is neither present at the core of the micelles nor in the 

bulk water, but somewhere in between these two. Literature report says that the 

micropolarity of the Stern layer is similar to methanol.46, 56, 58-60 Based on this literature 

report we state that C-480 molecules are mostly residing in the Stern layer. It is pertinent 

to note that C-480 being present in the Stern layer of micelles, microenvironment remains 

more or less same with the addition of urea in micellar systems. Consequently both 

fluorescence peak maximum and ET(30) values are found to be same in gemini micelles 

with varying concentration of urea.  
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3c.2.3.2 Microviscosity 

Measurement of fluorescence anisotropy of a probe molecule in a 

microenvironment gives information about microviscosity around the molecule. As we 

were not getting proper trend of microviscosity using C-480 as a probe following our 

earlier method,46  we explored 1,6-diphenyl-1,3,5-hexatriene (DPH) which is a well-

known viscosity sensitive fluorescence probe molecule.56 The absolute values of 

microviscosities of micelles, m using DPH have been estimated using Debye-Stokes-

Einstein relation (Equation 2.2).56, 61  The rotational correlation time, R has been calculated 

using Perrin’s equation (Equation 2.3, Chapter 2). 62  The values of r, <f>, R and m are 

given in Table 3c.3. The data in Table 3c.3 show that in case of each micellar system the 

fluorescence anisotropy as well as microviscosity decrease with increasing concentration 

of urea. It further supports our above mentioned discussion based on Kmic and Go values 

(Table 3c.1) that urea disfavour the formation of micelles. As a result of that probe 

molecules get more and more exposed to the less viscous environment. Although this result 

does not provide the actual picture of microenvironment around C-480, but it serves our 

purpose to demonstrate the effect of urea concentration on the microviscosity of micelles. 

Table 3c.3. Fluorescence anisotropya (r), average excited singlet state lifetimeb <τf>, 

rotational correlation time (τR) of DPH, microviscosities (ηm) of micelles in presence of 

various gemini surfactants (10 mM) at various concentration of urea. 

aex = 375 nm. [DPH] = 5 M. A solution of DPH was prepared in tetrahydrofuran. bex = 

375 nm, bem = 429 nm. 
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To see whether there is any effect of nature of spacer group on the microviscosity 

of micelles, we have plotted m with varying concentration of urea for micelles of the all 

three surfactants. Figure 3c.5 shows that at a given concentration of urea, microviscosity 

increases on substitution of –OH group in the spacer group and it also increases with 

increasing number of –OH groups. This result could be depicting that hydroxyl group(s) 

protect(s) the probe molecules from their contact with the water molecules due to which 

the microviscosity of micelles increases. Further evidence in support of this phenomenon 

has been given later.   

 

Figure 3c.5. Plot of variation of microviscosity of micelles with increasing concentration 

of urea in the micellar media of Gemini-A, -B and -C. 

 To further support the effect of urea concentration on the microviscosity of 

micelles the excited singlet state lifetime values of C-480 have been calculated using time-

correlated single photon counting (TCSPC) method. Fluorescence decays in all micelles-

urea mixed systems are bi-exponential in nature. The average lifetime has been calculated 

by using the Equation 1.8 in Chapter 1. The lifetime values of all components along with 

the average lifetime of C-480 and 
2 values in all micelles-urea mixed systems are given 

in Table 3c.4a-c. The fact that all C-480 molecules are solubilized in micelles at 10 mM 

concentration of gemini, this biexponential decay could be because of two species: (1) 

locally excited (LE) and (2) intramolecular charge transfer (ICT) as it is known that C-480 

has ICT characteristics.41 At present we are not confirmed, a detailed study can be carried 

out later. Data in Table 3c.4a-c show that ICT species is mostly contributing to the decay. 
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It can be seen that average excited state lifetime values (<f>) are decreased with 

increasing urea concentration in all micellar systems. Figure 3c.6 shows the variation of 

average excited state lifetime values of C-480 in presence of all studied surfactants and 

urea mixed systems. Excited state lifetime values are decreased with microviscosity value 

of gemini surfactants. It has been mentioned (Table 3c.2) that fluorescence peak maxima 

of C-480 remains unchanged in presence and absence of urea. It infers that variation in 

excited singlet state lifetime is mostly due to change in microviscosity of the systems. Of 

course, a comparatively lesser effect due to the change in micropolarity cannot be ruled 

out.  

Table 3c.4a. Excited-state lifetimea of C-480 in presence of pure Gemini-A and Gemini-

A with various concentration of urea. 

Urea (M) a1 τ1 (ns) a2 τ2 (ns) <τf> (ns) χ2 

0.0 0.17 ±0.02 4.39 ±0.03 0.83 ±0.02 6.00 ±0.03 5.73 1.05 

0.5 0.09 ±0.01 3.11 ±0.02 0.91 ±0.01 5.91 ±0.03 5.66 1.03 

1.0 0.08 ±0.01 2.80 ±0.02 0.92 ±0.01 5.86 ±0.04 5.62 1.06 

2.0 0.25 ±0.02 4.29 ±0.04 0.75 ±0.02 5.99 ±0.04 5.57 1.00 

3.0 0.12 ±0.01 3.44 ±0.03 0.88 ±0.01 5.73 ±0.03 5.46 1.06 

4.0 0.16 ±0.01 3.89 ±0.04 0.84 ±0.01 5.72 ±0.01 5.43 1.11 

5.0 0.31 ±0.02 4.38 ±0.04 0.69 ±0.01 5.77 ±0.02 5.34 1.07 

aex = 375 nm, em = 475 nm. 

 

Table 3c.4b. Excited-state lifetimea of C-480 in presence of pure Gemini-B and Gemini-

B with various concentration of urea. 

Urea (M) a1 τ1 (ns) a2 τ2 (ns) <τf> (ns) χ2 

0.0 0.10 ±0.01 2.97 ±0.02 0.90 ±0.01 6.03 ±0.03 5.72 1.04 

0.5 0.09 ±0.01 2.94 ±0.02 0.91 ±0.01 6.00 ±0.04 5.72 1.04 

1.0 0.12 ±0.01 3.53 ±0.02 0.88 ±0.01 5.99 ±0.04 5.69 1.06 

2.0 0.11 ±0.01 3.23 ±0.04 0.89 ±0.02 5.90 ±0.04 5.61 1.06 

3.0 0.13 ±0.01 3.28 ±0.02 0.87 ±0.02 5.84 ±0.03 5.51 1.06 

4.0 0.19 ±0.01 4.02 ±0.03 0.81 ±0.02 5.84 ±0.03 5.49 1.01 

5.0 0.12 ±0.01 3.24 ±0.04 0.88 ±0.02 5.67 ±0.03 5.38 1.03 

aex = 375 nm, em = 475 nm. 
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Table 3c.4c. Excited-state lifetimea of C-480 in presence of pure Gemini-C and Gemini-

C with various concentration of urea. 

Urea (M) a1 τ1 (ns) a2 τ2 (ns) <τf> (ns) χ2 

0.0 0.10 ±0.01 3.06 ±0.02 0.90 ±0.01 6.00 ±0.03 5.71 1.07 

0.5 0.24 ±0.01 4.32 ±0.02 0.76 ±0.01 6.17 ±0.04 5.73 1.03 

1.0 0.14 ±0.02 3.62 ±0.02 0.86 ±0.01 6.02 ±0.04 5.68 1.07 

2.0 0.14 ±0.02 3.54 ±0.03 0.86 ±0.02 5.95 ±0.03 5.61 1.05 

3.0 0.27 ±0.02 4.35 ±0.03 0.73 ±0.02 5.98 ±0.02 5.54 1.07 

4.0 0.20 ±0.01 4.13 ±0.03 0.80 ±0.01 5.87 ±0.02 5.52 1.05 

5.0 0.17 ±0.01 3.85 ±0.03 0.83 ±0.02 5.72 ±0.03 5.40 1.07 

aex = 375 nm, em = 475 nm. 

 

Figure 3c.6. Variation in average excited state lifetime (<τf >) value of C-480 with 

increasing concentration of urea in presence of studied surfactants. [Surfactant] = 10 mM. 

ex = 375 nm, em = 475 nm. 

3c.2.4 Solvation dynamics 

 

Solvation dynamics of C-480 have been studied in presence of 10 mM of all three 

studied gemini surfactants and in presence of gemini surfactant with various 

concentrations of urea in the range mentioned above. Fluorescence decays of C-480 in 10 

mM of all the three gemini surfactants with varying concentrations of urea have been 

recorded. In these systems emission wavelength dependent decays of C-480 have been 
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noted. Wavelengths are selected from the entire range of a steady-state fluorescence 

spectrum of C-480 (Figure 3c.2b). Figure 3c.7 shows the emission wavelength dependent 

decays of C-480 in surfactant (10 mM) + 5 M urea as a representative one. Similar 

behaviours have also been observed for all gemini surfactants and urea mixed systems. A 

fast decay is noticed at a short wavelength (say 430 nm). Fluorescence occurring from the 

unsolvated dipole generated at the excited state is responsible for fast decay. Of course 

there is a possibility of contribution of high % of solvated dipoles to the fast decay which 

could not be detected due to the shortcomings of our TCSPC setup. At a longer wavelength 

(say 565 nm) fluorescence decay shows a clear growth in the spectrum followed by the 

decay. The growth in the decay indicates the solvation of the probe molecule in the exited 

state [Chapter 3b]. While at a shorter wavelength decays were fitted tri-exponentially but 

at a longer wavelength decays were fitted bi-exponentially. It is mentioned above that most 

probable location of C-480 molecules is Stern layer. Therefore, the probe molecules 

located at the Stern layer of the micelles are mostly contributing to the said solvation 

process.46, 56, 58, 63, 64 Because the solvation processes occur in the bulk are too fast to be 

measured by our instrumental set-up. On the other hand, the probe molecules located in 

the hydrocarbon core of the micelles are not supposed to contribute to any solvation 

process.46, 56  

The time resolved emission spectra (TRES) have been constructed by following 

the method of Fleming and Maroncelli.65 The dynamic Stokes shifts in the emission spectra 

of C-480 can be seen after constructing TRES. Figure 3c.8a shows the TRES of C-480 in 

presence of Gemini-A (10 mM) + varying concentration of urea. TRES for other systems 

are shown by Figures 3c.8b and 3c.8c. The peak wavenumber, ( )t for each TRES at 

different times was obtained after the fitting of TRES to a log-normal function.55, 65 The 

peak wavenumber ( ( )t ) values have been used to calculate the solvent response function 

(SRF), C(t) by using Equation 2.9 given by Fleming and Maroncelli65 for the quantitative 

measurement of solvation dynamics. Figure 3c.9a represents the plot of C(t) versus time 

for the system of Gemini-A (10 mM) + varying concentration of urea. The C(t) decays for 

other systems are given as Figures 3c.9b and 3c.9c. The C(t) decays are generally bi-

exponential in nature in all the studied systems. The bi-exponential fitting of decays of 

C(t) has been done by the Equation 2.14. The decay characteristic of C(t) are given in 

Tables 3c.5a-c for all the studied systems. The average solvation time, s  for a bi-
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exponential decay has been estimated by the Equation 2.15 and are also given in Tables 

3c.5a-c. 

 

Figure 3c.7. Fluorescence decays of C-480 in (a) Gemini-A (10 mM)  + 5 M urea, (b) 

Gemini-B (10 mM)  + 5 M urea and (c) Gemini-C (10 mM)  + 5 M urea. ex = 375 nm. 

As mentioned in the literature, the bimodal behavior of solvation in the 

microheterogeneous systems arises due to the presence of free and bound water 

molecules.66 The strength of a hydrogen bonding between water molecule and polar 

headgroup is stronger than that between two water molecules.60, 67, 68 The water molecules 

those are hydrogen bonded with the polar headgroups are called bound water. While free 

water molecules lead to the fast solvation, the bound water molecules are responsible for 

slow solvation.69 In all micellar systems the fast components are the major components to 

contribute to the solvation processes. In case of gemini surfactant systems, polar 

headgroups, counterions and spacer group can also contribute to the solvation process. 

However, as decreased before for a gemini surfactant, essentially counterions and water 

molecules are responsible for the solvation processes.46, 56, 58, 60, 63, 64  
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Figure 3c.8a. Time resolved emission spectra of C-480 in Gemini-A (10 mM) + X M urea 

(from right to left: 0ps, 500ps, 5000ps, and 10000 ps). X = 0 M (a), 0.5 M (b), 1.0 M (c), 

2.0 M (d), 3.0 M (e), 4.0 M (f), 5.0 M (g). 
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Figure 3c.8b. Time resolved emission spectra of C-480 in Gemini-B (10 mM) + X M urea 

(from right to left: 0ps, 500ps, 5000ps, and 10000 ps). X = 0 M (a), 0.5 M (b), 1.0 M (c), 

2.0 M (d), 3.0 M (e), 4.0 M (f), 5.0 M (g). 
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Figure 3c.8c. Time resolved emission spectra of C-480 in Gemini-C (10 mM) + X M 

urea (from right to left: 0ps, 500ps, 5000ps, and 10000 ps). X = 0 M (a), 0.5 M (b), 1.0 

M (c), 2.0 M (d), 3.0 M (e), 4.0 M (f), 5.0 M (g). 
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Figure  3c.9a. Decays of solvent response function, C(t) of C-480 in the micelles of 

Gemini-A and urea.  (a) 0 M-1 M urea, (b) 2 M-5 M urea. 

      

Figure  3c.9b. Decays of solvent response function, C(t) of C-480 in the micelles of 

Gemini-B and urea.  (a) 0 M-1 M urea, (b) 2 M-5 M urea. 

     

Figure  3c.9c. Decays of solvent response function, C(t) of C-480 in the micelles of 

Gemini-C and urea.  (a) 0 M-1 M urea, (b) 2 M-5 M urea. 
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Table 3c.5a. Decay characteristic of solvent response function, C(t) of C-480 in presence 

of pure Gemini-A and Gemini-A with various concentration of urea. 

Urea 

(M) 

a1s τ1s  (ps) a2s τ2s (ps) <τs> (ps)  cm-1 

0.0 0.64 ±0.01 193.15 ±0.01 0.36 ±0.01 1709.25 ±0.04 738.95 1855 

0.5 0.66 ±0.02 258.12 ±0.01 0.34 ±0.02 1706.93 ±0.12 750.72  1917 

1.0 0.73 ±0.02 321.99 ±0.01 0.27 ±0.02 1986.20 ±0.21 771.33  1956 

2.0 0.69 ±0.01 270.65 ±0.01 0.31 ±0.01 1919.62 ±0.11 781.83 1995 

3.0 0.69 ±0.01 373.04 ±0.01 0.31 ±0.01 1869.15 ±0.08 836.83 1989 

4.0 0.71 ±0.01 285.66 ±0.01 0.29 ±0.01 1778.84 ±0.10 718.68 1957 

5.0 0.67 ±0.01 115.14 ±0.01 0.33 ±0.01 1431.39 ±0.07 549.50 2314 

    =  (0) -  (∞). 

 

Table 3c.5b. Decay characteristic of solvent response function, C(t) of C-480 in presence 

of pure Gemini-B and Gemini-B with various concentration of urea. 

Urea 

(M) 

a1s τ1s (ps) a2s τ2s (ps) <τs> (ps)   cm-1 

0.0 0.68 ±0.01 355.43 ±0.01 0.28 ±0.01 1861.01 ±0.08 762.76 1910 

0.5 0.56 ±0.04 297.45 ±0.01 0.44 ±0.04 1409.21 ±0.25 786.62 1930 

1.0 0.66 ±0.02 347.02 ±0.01 0.34 ±0.02 1735.24 ±0.17 819.01 2057 

2.0 0.52 ±0.03 337.47 ±0.02 0.48 ±0.03 1498.59 ±0.13 894.81 1954 

3.0 0.73 ±0.02 371.56 ±0.01 0.27 ±0.02 1768.15 ±0.16 748.64  1911 

4.0 0.51 ±0.01 262.44 ±0.01 0.49 ±0.01 1230.69 ±0.02 736.88 2098 

5.0 0.67 ±0.01 175.85 ±0.01 0.33 ±0.01 1350.64 ±0.03 563.53 2366 

      =  (0) -  (∞). 

 

Table 3c.5c. Decay characteristic of solvent response function, C(t) of C-480 in presence 

of pure Gemini-C and Gemini-C with various concentration of urea. 

Urea 

(M) 

a1s τ1s (ps) a2s τ2s (ps) <τs> (ps)  cm-1 

0.0 0.80 ±0.04 493.77 ±0.02 0.20 ±0.03 2589.21 ±0.61 912.86 2075 

0.5 0.82 ±0.03 521.95 ±0.02 0.18 ±0.03 2847.76 ±0.69 940.60 2050 

1.0 0.82 ±0.04 535.06 ±0.02 0.18 ±0.03 2930.32 ±0.71 966.21 2030 

2.0 0.86 ±0.03 515.85 ±0.03 0.14 ±0.02 4721.38 ±0.73 1104.62 1997 

3.0 0.70 ±0.02 391.78 ±0.01 0.30 ±0.02 1743.48 ±0.11 797.29 1930 

4.0 0.68 ±0.02 392.63 ±0.01 0.32 ±0.02 1580.51 ±0.07 772.75 1885 

5.0 0.75 ±0.02 376.72 ±0.01 0.25 ±0.02 1867.86 ±0.13 749.51 1820 

      =  (0) -  (∞). 
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Average solvation time (<τs>) of C-480 in presence of gemini surfactants and urea 

mixed systems have been calculated (Tables 3c.5a-c) using Equation 2.15 and the 

variations in the values with urea concentration are shown by Figure 3c.10.  It can be 

observed from the data in Tables 3c.5a-c as well as from Figure 3c.10 that in the absence 

of urea and also upto 2.0 M concentration of urea the average solvation time increases on 

increasing the number of hydroxyl group in the spacer group of gemini surfactants.46 As 

reported by us earlier,46 the hydroxyl group(s) present in the spacer group of gemini 

surfactant might be forming hydrogen bonds with the water molecules. It protects the 

probe molecules from their contact with the water molecules and that is why solvation 

time is increased with increasing number of the hydroxyl group in the spacer of gemini 

surfactants.46 In chapter 3b, we have discussed comparatively slower solvation processes 

in case the micelles of gemini surfactants containing diethyl ether spacer group causing 

similar effect. In case of micelles of Gemini-A i.e. 12-4-12 surfactant, due to the presence 

of hydrophobic spacer group the extent of free water molecules is greater than that in 

micelles of gemini surfactants possessing hydroxyl groups in the spacer. Evidence to this 

hypothesis has been discussed below. 

 

Figure 3c.10. Average solvation time of C-480 in presence of gemini surfactant and urea 

mixed systems. 

We have carried out a separate fluorescence experiment to further support the fact 

that the hydroxyl group(s) present in the spacer group of gemini surfactants shields the 

probe molecules from their contact with a certain amount of water molecules [Chapter 3b]. 

It has been reported48, 70 that the significant change in micelle size and cmc occurs only 
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when the percentage of organic co-solvent in water-organic solvent mixture is above 20%. 

In view of this fact, we have recorded fluorescence spectra of C-480 in aqueous micelles 

and also in micelles in presence of various % of organic co-solvent not exceeding 20%. 

By performing these experiments we wanted to demonstrate the extent of interactions 

between the hydroxyl group of methanol and C-480. For this purpose we have presented 

here Figure 3c.11(a) for Gemini-A which is same as Figure 3b.6a in Chapter 3b. This 

figure shows that in presence of 10 mM of Gemini-A the fluorescence peak maximum gets 

red-shifted from 477 nm to 480 nm on increasing % of methanol upto 20%. However, 

Figures 3c.11(b) and (c) show that there is no such change in fluorescence peak maximum 

in 10 mM of Gemini-B and Gemini-C, respectively in presence of same percentage of 

methanol. Thus these results depict that hydroxyl group(s) present in the spacer group of 

Gemini-B and Gemini-C protect molecules containing -OH groups from their contact with 

probe molecule. Also this experiment is an extra step as compared to our previous study46 

to support our hypothesis of protection of water molecules by –OH group(s) in the spacer 

groups. 

                           

 

Figure 3c.11. Fluorescence spectra of C-480 in 10 mM of each of (a) Gemini-A, (b) 

Gemini-B and (c) Gemini-C in presence of various % of methanol in water-methanol 

mixture. λex = 375 nm. 
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One can see in Figure 3c.10 that with increasing concentration of urea the average 

solvation time initially increases, reaches a maximum and then decreases for each of three 

gemini micellar systems. While for Gemini-B and Gemini-C the solvation time is 

maximum at 2.0 M of urea, but for Gemini-A the solvation time is maximum at 3.0 M of 

urea. While searching for the reason behind it we have found that concentration of urea 

has an effect on the degree of counterion dissociation () (Table 3c.6) as well.  

Table 3c.6. Degree of counterion dissociation (α) for micelles of gemini surfactants. 

Urea 

(M) 

Gemini-A 

α 

Gemini-B 

α 

Gemini-C 

α 

0.0 0.32 ±0.03 0.29 ±0.02 0.28 ±0.02 

0.5 0.36 ±0.02 0.37 ±0.03 0.29 ±0.02 

1.0 0.42 ±0.04 0.38 ±0.03 0.32 ±0.02 

2.0 0.46 ±0.04 0.39 ±0.03 0.37 ±0.03 

3.0 0.47 ±0.04 0.36 ±0.02 0.34 ±0.02 

4.0 0.34 ±0.02 0.33 ±0.02 0.32 ±0.02 

5.0 0.31 ±0.02 0.30 ±0.02 0.27 ±0.02 

Figure 3c.12 represents the variation of  with increasing concentrations of urea. 

 increases, reaches a maximum and then decreases with increasing concentrations of urea. 

The concentration of urea at which  is maximum is same as that of average solvation 

time. There is a good correlation between the variation of average solvation times and  

with increasing concentration of urea in each case of gemini surfactant. These results show 

that counterions have effect on the solvation dynamics. In our previous study with gemini 

surfactants with polymethylene spacer group and also with mixed surfactant systems, we 

have found that the counterions have effect on solvation dynamics.56, 58 With increasing  

the extent of free counterions increases. It is known that water molecules can form 

hydrogen bonds with anions.71 Thus upto a certain concentration of urea with increasing 

number of counter ions the clustering of water molecules increases.72 With the greater 

degree of clustering of water molecules the number of free water molecules is expected to 

be decreased. That could be the reason that solvation process becomes slower. However, 

above a certain concentration of urea with decreasing  (decreasing number of free counter 

ions) the clustering of water molecules is reduced.  Due to this the number of free water 

molecules probably starts increasing which results in an increase in the rate of solvation 

process i.e. the solvation time starts decreasing. Thus free counter ions indirectly control 

the solvation dynamics via the formation of water clusters.  



Chapter 3c 
 

176 
 

 

 
Figure 3c.12. Degree of counterion dissociation () versus concentration of urea for the 

micelles of Gemini-A, Gemini-B and Gemini-C.  

It is noteworthy that the ascending order of  observed in the micelles of 

surfactants at a given concentration of urea is as follows: Gemini-C < Gemini-B < Gemini-

A. However, the order is reversed as far as the average solvation times are concerned at a 

given concentration of urea. It is inferred that ultimately the net availability of free water 

molecules towards the solvation process of solute molecules probably controls the rate of 

solvation. Even if the clustering of water molecules is higher in case of Gemini-A due to 

comparatively greater , but because of presence of hydrophobic spacer group the 

accessibility of free water molecules for effective solvation might be larger in this case. 

Thus spacer group of gemini surfactant plays an important role in solvation dynamics. It 

is to be mentioned here that even high concentration of urea has very less effect on the 

strength of hydrogen bonding interactions between water molecules.73 Only a small 

fraction of water molecules gets immobilized by urea. Therefore, any significant direct 

effect of urea on the solvation dynamics can be ruled out.  

3c.2.5 Time-resolved fluorescence anisotropy 

To have further information about the microenvironment of micelles, the time-

resolved fluorescence anisotropy, r(t) measurement in molecular assemblies has been 

carried out.56, 58, 63 The r(t) values have been determined using Equation 2.16. Rotational 

relaxation behaviours of C-480 in micelles of gemini surfactants, and in presence of 

various concentration of urea have been characterized. Figures 3c.13a-c show the 
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fluorescence anisotropy decays of C-480 in Gemini-A,  -B and -C, respectively in presence 

of various concentrations of urea. In pure water, the anisotropy decay of C-480 is 

monoexponential, whereas that in presence of pure gemini surfactants and also in presence 

of gemini surfactant with various concentration of added urea are bi-exponential in nature. 

The decay function represented by the Equation 2.17 has been applied to fit the bi-

exponential anisotropy decay. The rotational relaxation times for fast and slow 

components have been obtained from the fitted decays. The average rotational relaxation 

time has been determined using Equation 2.18. 

 

 

 

 

 

 

 

 

Figure 3c.13. Fluorescence anisotropy decays of C-480 in the micelles of gemini 

surfactants, (a) Gemini-A, (b) Gemini-B and (c) Gemini-C in presence of various 

concentrations of urea. λex = 375 nm. λem = 470 nm. 

Tables 3c.7a-c present the rotational relaxation parameters along with the average 

rotational relaxation times of C-480 in the micelles of Gemini-A, -B and –C, respectively 

in presence of various concentrations of urea. Rotational relaxation time of C-480 in 

presence of pure water is found to be 132 ps which is in well agreement with the reported 

value of 125 ps.74 Rotational relaxation time of C-480 is many folds slower in micelles 

compared to that in pure water. This suggests that random motions of the probe molecules 

are restricted in a micellar medium. It can be seen that for each micellar system the fast 
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rotational relaxation component has major contribution to the fluorescence depolarization 

than that of the slow component. The fact that the fast motions are responsible for the loss 

of anisotropy is evidenced by the values of time-zero anisotropy, ro < 0.40. It is known that 

the maximum possible value of ro = 0.40.40 The data in Tables 3c.7a-c show that fast as 

well as slow relaxation times along with the average relaxation time decrease with 

increasing concentration of urea in a given micelle.  

The variations of <τr> of C-480 with increasing concentration of urea in all three 

micellar systems are shown by Figure 3c.14. The decreases in <τr> with increasing 

concentration of urea in a given micellar system is in the harmony of microviscosity of the 

systems. At a higher concentration of the urea the solvent molecules seep in the micelle. 

Urea molecules reduce the hydrophobic interaction between the surfactant molecules, 

causes the demicellization. As a result of it the microviscosity of micelles decreases with 

increasing concentration of urea which results in decrease in rotational relaxation time. 

This phenomenon is also evidenced by almost continuous decrease in ro value with 

increasing concentration of urea in each micellar system. Mukherjee et al.75 have found 

that the rotational relaxation process of the probe molecules became faster when 

concentration of the urea is increased in F127 micelles. It is also pertinent to note that at a 

given concentration of urea the increase in rotational relaxation time is as per the 

increasing order of microviscosity of micelles with the presence of more number of –OH 

group starting from 0 to 2. 

 

Figure 3c.14. Average rotational relaxation time of C-480 in presence of gemini surfactant 

and urea mixed systems.  
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From literature reports it can be stated that the observed bi-exponential behavior 

of the anisotropy decay is mainly because of the different types of rotational motions.76, 77 

The two-step and wobbling-in-a-cone model77, 78 are very suitable to explain this kind of 

bimodal behaviour of anisotropy decay. According to the two-step model, the tumbling 

motion of the entire micelle (τm) and the lateral diffusion (τD) of the probe along the micelle 

surface contribute to the slow rotational relaxation (τ2r). The time corresponding to the 

slow rotational relaxation is related to that of overall motion of micelle as a whole and 

lateral diffusion as Equation 2.19.  

Table 3c.7a. Rotational relaxation parameters of C-480 in the micelles of Gemini-A and 

urea mixed systems. 

Urea  

(M) 

r0 a1r τ1r  

(ns) 

a2r τ2r  

(ns) 

<τr> 

(ns) 

χ2 

0.0 0.34 ±0.04 0.87 ±0.02 0.61 ±0.06 0.13 ±0.02 6.91 ±0.53 1.43 1.06 

0.5   0.33 ±0.05 0.90 ±0.02 0.67 ±0.07 0.10 ±0.02 7.41 ±0.61 1.34 1.06 

1.0 0.31 ±0.03 0.92 ±0.01 0.66 ±0.06 0.08 ±0.01 7.74 ±0.63 1.23 1.02 

2.0 0.29 ±0.03 0.93 ±0.01 0.67 ±0.07 0.07 ±0.01 6.96 ±0.56 1.11 1.09 

3.0 0.28 ±0.04 0.62 ±0.02 0.36 ±0.04 0.38 ±0.01 1.73 ±0.12 0.88 0.99 

4.0 0.27 ±0.03 0.74 ±0.02 0.45 ±0.05 0.26 ±0.01 2.09 ±0.14 0.88 1.01 

5.0 0.27 ±0.03 0.70 ±0.02 0.39 ±0.04 0.30 ±0.01 1.96 ±0.13 0.86 0.99 

ex = 375 nm, em = 470 nm 

Table 3c.7b. Rotational relaxation parameters of C-480 in the micelles of Gemini-B and 

urea mixed systems. 

Urea  

(M) 

r0 a1r τ1r  

(ns) 

a2r τ2r  

(ns) 

<τr>  

(ns) 

χ2 

0.0 0.33 ±0.05 0.91 ±0.02 0.67 ±0.07 0.09 ±0.01 13.13 ±0.98 1.79 1.01 

0.5 0.32 ±0.04 0.93 ±0.02 0.69 ±0.07 0.07 ±0.01 10.39 ±0.87 1.37 1.03 

1.0 0.33 ±0.05 0.91 ±0.01 0.63 ±0.06 0.09 ±0.01 7.97 ±0.65 1.29 1.02 

2.0 0.32 ±0.03 0.89 ±0.01 0.62 ±0.05 0.11 ±0.01 5.29 ±0.44 1.13 1.02 

3.0 0.31 ±0.03 0.90 ±0.01 0.65 ±0.06 0.10 ±0.01 5.09 ±0.43 1.09 1.04 

4.0 0.30 ±0.03 0.78 ±0.01 0.49 ±0.05 0.22 ±0.01 2.51 ±0.15 0.93 1.03 

5.0 0.27 ±0.03 0.78 ±0.01 0.52 ±0.05 0.22 ±0.01 2.25 ±0.14 0.90 1.00 

ex = 375 nm, em = 470 nm. 
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Table 3c.7c. Rotational relaxation parameters of C-480 in the micelles of Gemini-C and 

urea mixed systems. 

Urea  

(M) 

r0 a1r τ1r  

(ns) 

a2r τ2r  

(ns) 

<τr> 

(ns) 

χ2 

0.0 0.30 ±0.04 0.85 ±0.01 0.76 ±0.08 0.15 ±0.02 12.82 ±0.97 2.57 1.05 

0.5 0.28 ±0.03 0.86 ±0.02 0.75 ±0.08 0.14 ±0.01 12.38 ±0.89 2.38 1.10 

1.0 0.28 ±0.03 0.90 ±0.02 0.79 ±0.08 0.10 ±0.01 12.68 ±0.98 1.98 1.02 

2.0 0.27 ±0.03 0.91 ±0.01 0.78 ±0.08 0.09 ±0.01 13.25 ±0.99 1.90 1.08 

3.0 0.27 ±0.03 0.87 ±0.02 0.73 ±0.07 0.13 ±0.01 7.19 ±0.59 1.57 1.09 

4.0 0.26 ±0.03 0.89 ±0.02 0.72 ±0.07 0.11 ±0.01 7.84 ±0.63 1.50 1.05 

5.0 0.26 ±0.03 0.57 ±0.02 0.39 ±0.05 0.43 ±0.02 1.89 ±0.12 1.04 1.03 

ex = 375 nm, em = 470 nm. 

Debye-Stokes-Einstein equation is used to calculate τm after estimating the 

hydrodynamic radii (rh) of micelle (Equation 2.20, Chapter 2). The estimated rh for all 

three micellar media in presence of urea are given in Tables 3c.8a-c. Figure 3c.15 

represents the size distribution plot for Gemini-B as a representative one. The m values at 

298.15 K have been calculated by using the Equation 2.20. After knowing m values, τD 

values have been calculated using Equation 2.19. Both m and τD values have been 

tabulated in Tables 3c.8a-c. One can see that τD values (Tables 3c.8a-c) are almost same as 

slow rotational relaxation time (τ2r) (Tables 3c.5a-c).Thus the lateral diffusion of the probe 

occurring along the surface of the micelle mainly contributes to the slow rotational 

relaxation. We have found that in case of Gemini-A there is an increasing tendency of the 

hydrodynamic radius of micelles with increasing concentration of urea. It is inferred that 

with increasing concentration of urea the micelles become less compact as the stabilization 

of micelles formation is reduced. As expected the time constant for the tumbling motion 

of the micelle (m) increases with increasing size of micelles. However, we have not found 

any particular trend for hydrodynamic radii values of Gemini-B and Gemini-C with 

increasing concentration of urea although there is a relationship between the size of the 

micelle andm value. There is a diminishing tendency of τD with increasing concentration 

of urea for a given micellar system. This trend is due to the decrease in the microviscosity 

of micelles with increasing concentration of urea. However, as τD is related to the m, this 

correlation is also found to be comparatively better for Gemini-A than Gemini-B and 

Gemini-C. The lateral diffusion of probe molecule is much faster than the tumbling motion 

of the micelle as a whole. The time constants for the wobbling motion, τw of the probe 



Chapter 3c 
 

181 
 

molecule, C-480 in all the micelles calculated using the Equation 2.25 are also tabulated 

in Tables 3c. 8a-c. As the wobbling motion gives an account of the relaxation of local 

structure in a micelle, there is a decreasing tendency of the value of τw with decreasing 

microviscosity of micelles. 

Table 3c.8a. Hydrodynamic diameter (rh), time for overall rotational motion of the micelle 

(τm), lateral diffusion time (τD), wobbling motion time (τw), wobbling diffusion coefficient 

(Dw), cone angle (θo) and order parameter (S) obtained from the anisotropy decays of 

C-480 in the micelles of Gemini-A and urea. 

aθo is calculated using the Spinning-in-equatorial-band model. 

Table 3c.8b. Hydrodynamic diameter (rh), time for overall rotational motion of the micelle 

(τm), lateral diffusion time (τD), wobbling motion time (τw), wobbling diffusion coefficient 

(Dw), cone angle (θo) and order parameter (S) obtained from the anisotropy decays of 

C-480 in the micelles of Gemini-B and urea. 

aθo is calculated using the Spinning-in-equatorial-band model. 
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Table 3c.8c. Hydrodynamic diameter (rh), time for overall rotational motion of the micelle 

(τm), lateral diffusion time (τD), wobbling motion time (τw), wobbling diffusion coefficient 

(Dw), cone angle (θo) and order parameter (S) obtained from the anisotropy decays of C-

480 in the micelles of Gemini-C and urea. 

aθo is calculated using the Spinning-in-equatorial-band model. 

 

Figure 3c.15. The size distribution graph of the micelles of the Gemini-B obtained by 

dynamic light scattering (DLS) measurement. 

The values of wobbling diffusion coefficient (Dw), order parameter (|S|) and cone 

angle (θo) have been calculated using Equations 2.26, 2.22 and 2.23, respectively upon 

application of wobbling-in-a-cone model46, 77 to have more information about the motional 

restriction of the probe molecules within the micelles. These values are tabulated in Tables 
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3c.8a-c. Quite large values of spatial restriction parameter (|S|) show that the probe 

molecules are located in a restricted environment. The higher values of θo and lower values 

of (|S|) at lower concentration range of urea could be because of high microviscosity of 

micelles in this range. There is a possibility that wobbling-in-a-cone model is not 

appropriate for micelles with high microviscosity. To solve this apparent problem, 

sometimes the spinning-in-equatorial-band model79, 80 is used. Spinning-in-equatorial-

band model describes that the value of S cannot exceed 0.5 and it is connected to θo by 

the following Equation 2.24. We have applied the spinning-in-equatorial-band model for 

micellar systems for which |S| < 0.5 which is the requirement to apply this model. After 

applying this model the calculated values of θo are also given in Tables 3c.8a-c. Thus 

possibly the probe molecule is oriented in such a way that the emission moment remains 

perpendicular to the long axis like that in spinning-in-equatorial-band model for micelles 

of high microviscosity. On the other hand for micelles of comparatively lower 

microviscosity the alignment of C-480 molecules would be such that the emission moment 

is parallel to the long axis like that is in the wobbling-in-a-cone model. 

3c.3 Conclusions 

Effect of added urea in the aqueous micelles of each of three cationic gemini 

surfactants with varying spacer groups on the micellization behaviour of surfactants, 

solvation dynamics and rotational relaxation of C-480 has been studied. With increasing 

concentration of urea the hydrophobic interactions between surfactant molecules are 

reduced due to lesser solvophobicity. This effect disfavors the formation of micelles so 

cmc is increased with increasing concentration of urea. The most probable location of C-

480 molecules is the Stern layer of micelles. Solvation dynamics is found to be bimodal in 

nature. Average solvation time increases, reaches a maximum and then decreases with 

increasing concentration of urea. It has been observed that degree of counterion 

dissociation also increases, reaches a maximum and then decreases with more and more 

addition of urea in the micellar solution. With increasing concentration of free counterions 

the extent of clustering of water molecules is expected to be increased resulting in longer 

solvation times. Thus the rate of solvation process can be correlated with the degree of 

counterion dissociation. The presence of –OH group in the spacer group has effect on the 

rate of solvation process. The –OH groups protect the water molecules from their contact 

with the probe molecules through hydrogen bonding. As a result of it solvation process is 

slowed down. The microviscosity of micelles is decreased with increasing concentration 
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of urea as a result of it rotational relaxation process becomes faster. At a given 

concentration of urea the rotational relaxation process slows down with introduction of –

OH group in the spacer group due to enhanced microviscosity of micelles. Rotational 

relaxation is bimodal in nature. The fast rotational relaxation component has major 

contribution to the fluorescence depolarization than that of the slow component. The lateral 

diffusion of the probe molecules along the surface of the micelle is mainly responsible for 

slow rotational relaxation. The tumbling motion of micelle as a whole is much slower than 

the lateral diffusion of the probe molecules. Wobbling motion also becomes faster with 

increasing concentration of urea as a result of decreased microviscosity of micelles. C-480 

molecules might change its alignment in the micelles with changing microviscosity. 
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Unfolding of Native Protein by Gemini 
Surfactants and Its Refolding Induced by 

β-Cyclodextrin and Sodium Dodecyl 
Sulfate in Aqueous Medium: Effect of 
Spacer Chain Length of Gemini 
Surfactants  

 
 

 

Key Concepts: 

 

 The gemini surfactant-induced denaturation of the BSA through 

specific and nonspecific binding of surfactants has been explored.  

 

 The present Chapter also demonstrates the step-by-step refolding of 

protein present in the form of protein-gemini surfactant complex using 

β-cyclodextrin (β-CD) and sodium dodecyl sulfate (SDS) as stripping 

agents. 

 

 The spacer group of a gemini surfactant has an immense effect on the 

denaturation and renaturation of the BSA. 
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Abstract: Several methods such as UV-visible absorption spectroscopy, steady-state and 

time-resolved fluorescence spectroscopy, circular dichroism spectroscopy (CD), dynamic 

light scattering (DLS) and field emitting scanning electron microscopy (FESEM) have 

been used to explore the interactions between protein, bovine serum albumin (BSA) and 

cationic gemini surfactants, 12-n-12 with varying number of –CH2- group (n = 3, 6, 8, 12) 

in the spacer. At low concentration range of surfactants, the decrease in secondary 

structure (-helix) of the protein is more with decreasing chain length of the spacer group 

due to the interaction of larger-sized pre-micellar aggregates with the protein. However, 

the unusual decrease in -helix found in case of 12-12-12 is because of the greater extent 

of hydrophobic interactions between its long spacer chain and the protein. Present study 

also demonstrates the step-by-step refolding of protein present in the form of protein-

gemini surfactant complex using β-cyclodextrin (β-CD)/sodium dodecyl sulfate (SDS) as 

stripping agents. This method is in contrast with the refolding of protein via artificial 

chaperone protocol. The mechanisms of interactions between β-CD/SDS and protein-

gemini complex have 

been described. It has 

been observed that a 

gemini surfactant 

molecule with a long 

flexible spacer chain 

can more easily be 

captured by β-CD 

molecules forming 

simple inclusion 

complexes or 

nanotubes/rods 

depending on the 

concentration of β-

CD. After the protein-

micelles aggregates 

are dissociated, the 

gemini surfactant 

molecules with a short spacer chain are more easily stripped off by β-CD molecules and 

refolded proteins are formed. Gemini surfactant induced unfolded proteins are also 

refolded by SDS molecules through the formation of catanion (mixed micelles, vesicles 

etc.). The study of refolding of proteins induced by stripping agents and controlled by the 

spacer chain length of gemini surfactants and mechanisms of interactions involved has 

great impact.  Because the refolding of non-native or misfolded proteins formed through 

different biological processes is a crucial step as these forms of proteins are believed to 

be the primary reasons for various neurodegenerative diseases in humans.  
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4.1 Introduction 

Proteins are important molecules of living organisms and are involved in all life 

processes. To perform a certain biological function protein has to adopt the particular 

folded three-dimensional structure.1, 2 This functional protein is called biologically active 

protein. Many works have been done to gain knowledge about the function-conformation 

relationship of protein.3, 4 However, due to some unfavorable cellular conditions, proteins 

sometimes cannot gain proper folded structures on their own and assistance of a special 

type of ubiquitous protein called molecular chaperones is required.5 Absence of function 

of molecular chaperones may result in the formation of misfolded proteins which 

unfortunately becomes the primary reasons for various neurodegenerative diseases such 

as Alzheimer, Perkinson etc. in humans.6 Thus, the study of refolding of proteins has 

importance. Refolding study of proteins via artificial chaperones protocol using surfactants 

and cyclodextrins has been reported.7 The present study is focused on two aspects: (i) 

unfolding of native protein, bovine serum albumin (BSA) by gemini surfactants with 

varying spacer chain length and mechanism of interactions, and (ii) refolding of BSA 

denatured by gemini surfactants with varying spacer chain using -cyclodextrin and 

sodium dodecyl sulfate (SDS) as stripping agents and mechanism of interactions involved 

in it. 

BSA protein used in the present study is the most abundant globular protein in 

blood plasma. BSA consists of 583 amino acids in a single polypeptide chain. It has high 

solubility in the aqueous media. BSA can interact with different types of amphiphilic 

biological molecules and has an important contribution to physiological function.8, 9 The 

surfactant is generally an excellent agent to alter the protein conformation.10-13 Protein-

surfactant interaction performs an imperative role in various applications, such as foods, 

cosmetics, pharmaceuticals, biotechnology and physiological system. To control over the 

protein-surfactant interaction, intense research has been carried out in this area.14-17 Many 

reports state that the denaturation of protein is possible due to the unfolding of proteins 

induced by ionic surfactants.18-24 Mainly, two binding stages of an ionic surfactant and 

proteins are reported in the literature: (1) a specific binding stage, initially surfactant binds 

to ionic sites on the protein. This is driven by the ionic interaction of surfactant head groups 

with ionic sites on the proteins; (2) a nonspecific binding stage at the high concentration 

of surfactant; binding of alkyl chains of the surfactant to the protein through non-
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cooperative and massive cooperative interactions. Surfactants used in the present study are 

a special class of surfactants called “Gemini”, made up of two hydrophobic chains and two 

polar head groups, covalently associated via a spacer group at heads.25-27  The unusual 

properties of aggregates of gemini surfactants are related to spacer structure because it 

influences the distances between head groups in the aggregate.28 Gemini surfactants are 

more surface active and have higher affinity towards the protein than the conventional 

single chain counterparts.15, 24, 29-32 The interactions of a gemini surfactant, 16-4-16 and its 

conventional counterpart, cetyltrimethylammonium bromide (CTAB) with the BSA show 

that significantly lower concentration of gemini is required as compared to CTAB to 

induce unfolding of BSA,18, 33-35 and it is also noticed that at higher concentration of the 

gemini, refolding of protein can be happened.29 Our recent report describes the effect of 

gemini surfactants, 12-4(OH)-12, 12-4-12, and 12-8-12 with different spacer group on the 

unfolding of the BSA in the buffer medium.36 Circular dichroism (CD) spectra show that 

gemini surfactant with a hydroxyl group in the spacer is more capable in decreasing the α-

helix of the BSA than that without hydroxyl group in the spacer. Gemini surfactant with a 

hydrophobic spacer group (12-8-12) gives more hydrophobic environment in the vicinity 

of Trp and Tyr residues in the protein by forming micelles.  

Refolding of the BSA assisted by the artificial chaperones method is well 

reported.7, 37-39 In these refolding processes, the surfactants are captured from the protein-

surfactant complexes by the addition of cyclodextrin.7, 37 Cyclodextrin is a special type of 

molecule which has a nonpolar cavity in their structure, thus they allow the formation of 

inclusion complexes with organic molecules, including surfactants.40, 41 In recent 

reports,42, 43 the effect of cyclodextrin on the interaction between BSA and the anionic 

surfactants, sodium dodecyl sulfate (SDS) and sodium dodecyl benzene sulfonate (SDBS) 

has been studied by means of different measurement techniques. The presence of 

cyclodextrins hinders the strong interactions between BSA and surfactants by the 

combined effect of electrostatic and hydrophobic interactions between them. The 

nonspecific interactions between BSA and surfactants are completely hindered by 

cyclodextrins. The hydrophobic interaction between cyclodextrin and surfactant is 

stronger than that between BSA and surfactant. The refolding of BSA by the use of gemini 

surfactants and -CD and a comparison with a conventional surfactant has also been 

reported in the literature.44 
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Apart from cyclodextrin, the formation of mixed micelles of cationic-anionic 

surfactants is an appreciable method to refold the proteins. For these surfactants, the 

formation of micelles in the bulk solution is more favorable process than binding with 

proteins.45 The equimolarly mixed micelles of catanion forms precipitates or turbid 

solution at very low concentration which limits the researchers to have an intense study on 

them.46 These types of systems are especially used in protein separation.47-49 It has been 

reported that cationic and anionic surfactants have noticeably strong synergistic 

interactions when they are mixed in aqueous solutions.46 In addition to the hydrophobic 

interactions, there also exists the strong electrostatic attraction between the oppositely 

charged headgroups of surfactants. For these mixed systems, the formation of mixed 

micelles would compete with the binding process.  The binding of surfactant molecules to 

BSA is restricted by the formation of mixed micelles and therefore, BSA can maintain its 

native structure even in a system containing mixed surfactants. 

The first part of the chapter explores the gemini surfactant-induced denaturation of 

the BSA through specific and nonspecific binding of surfactants. Since the spacer group 

of a gemini surfactant has an immense effect on the aggregation behavior, a series of 

gemini surfactants with varying spacer chain length (Scheme 4.1) has been used to 

demonstrate the mechanisms of interactions between BSA and surfactants at various 

regions of binding isotherm. Study indicates that the larger-sized premicellar aggregates 

formed by the gemini surfactants with short spacer chain at low concentration has an effect 

on denaturation of the protein. The second part of the study is further divided into two 

parts, (i) interactions of β-CD molecules with gemini micelles-BSA complex thereby 

causing the refolding of the protein. Study demonstrates how this refolding process is 

controlled by the spacer chain length of the gemini surfactants. Here, denatured proteins 

get refolded as β-CD molecules strip off the surfactant molecules which is unlike the 

refolding of proteins via artificial chaperones protocol. Study reveals that β-CD molecules 

after stripping off the surfactant molecules form the simple inclusion complexes and also 

bigger structures (nanotubes or rods) depending on its concentration. There are some 

reports on the study of the interaction of BSA and gemini surfactants, but the effects of 

spacer groups of gemini surfactants are not investigated much.15, 30, 36, 50-52 and (ii) study 

of SDS-induced refolding of BSA as an action of rather stronger binding and formation of 

catanion micelles/vesicles between the cationic gemini surfactants with varying spacer 

chain length and anionic SDS up to a certain molar ratio.53 This chapter also describes how 
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the formation of catanion which is the cause for the refolding of the protein is dependent 

on the spacer chain length of gemini surfactants. This is a systematic study on β-CD and 

SDS induced refolding of proteins unfolded by gemini surfactants of varying spacer chain 

length. Even though it has immense significance, but little attention has been paid towards 

such type of study which could be useful for understanding the mechanism and developing 

new method for refolding of non-native or misfolded proteins.  

 
          [12-n-12], n = 3, 6, 8 and 12 

Scheme 4.1: Chemical structures of gemini surfactants. 

4.2 Results and discussion 

4.2.1 Binding interactions of gemini surfactants with BSA (unfolding of BSA) 

4.2.1.1 UV- visible absorption spectra 

The absorption spectrum of BSA is greatly responsive to the alteration in the 

microenvironment. Figure 4.1a-d display the absorption spectra of native BSA and BSA 

in presence of different concentrations of 12-3-12, 12-6-12, 12-8-12, and 12-12-12, 

respectively. Figure 4.1a clearly exhibits absorption bands with peak maxima at 210 nm 

and 279 nm. The details about these two bands are given elsewhere.36 The band with peak 

maximum at 279 nm corresponds to n  *
 transition of the aromatic amino acids (Trp, 

Phe, and Tyr) present in the BSA. There is a red shift with a decrease in absorbance value 

for the band with peak maximum at 210 nm with increasing concentration of the gemini 

surfactants. However, very little changes are noted for the band with peak maximum at 

279 nm. Observed ~14 nm bathochromic shift of the band with the peak position at 210 

nm with the addition of the gemini surfactant, 12-3-12 (0 – 10 mM) is due to the exposure 

of amidic bond of BSA towards the more polar phase i.e. the bulk water phase.36 Similar 

kinds of alterations are also noticed in the absorption spectra of the BSA in presence of 

other surfactants i.e. 12-6-12, 12-8-12, and 12-12-12; the corresponding figures are given 

as Figure 4.1b-d, respectively.  



Chapter 4 
 

194 
 

    

       

Figure 4.1. Absorption spectra of BSA at varying concentration of gemini surfactant: (a) 

12-3-12, (b) 12-6-12, (c) 12-8-12, and (d) 12-12-12. [BSA] = 5.0 μM 

4.2.1.2 Steady-state fluorescence spectra 

Fluorescence spectroscopy is an excellent method to study the interactions of 

surfactants with protein. For this type of study, the intrinsic fluorescence (fluorophore(s) 

itself is(are) present in the protein and have fluorescence) is generally explored.17, 30, 32, 54  

In the present study also we have monitored the intrinsic fluorescence of the BSA i.e. the 

fluorescence due to the presence of aromatic amino acids viz. Trp, Phe, and Tyr. Earlier 

studies show that the fluorescence is mainly contributed by the Trp residues in BSA.36, 55 

Also, the fluorescence of Trp is affected more by gemini surfactant as compared to the 

fluorescence of Tyr.36 In BSA, two types of domains, I and II are present. One of the two 

types of Trp amino acid residues i.e. Trp 134 is present in the domain I at the position of 

134 in amino acid sequence, the other Trp residue, i.e. Trp 213 is present inside the 

hydrophobic pocket of domain II. Therefore, a slight change in the microenvironment of 

the intrinsic fluorophore can lead to the significant change in fluorescence properties. 
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Figure 4.2a-d represents the change in the fluorescence spectra of BSA with the variation 

in the concentration of the 12-3-12, 12-6-12, 12-8-12, and 12-12-12 surfactants, 

respectively. The peak maximum of the fluorescence band for pure BSA is located at 348 

nm (Figure 4.2a). Upon addition of gemini surfactants, 12-n-12 to BSA solution, a 

decrease in the fluorescence intensity of BSA is occurred (Figure 4.3) which is 

accompanied by a blue shift of peak maximum by ~ 14 nm (Figure 4.4), suggesting that 

Trp residues are getting exposed to a more polar environment. Then, the fluorescence 

intensity increases gradually with a slight red shift (4 nm) in peak maximum. With a further 

increase in the concentration of gemini surfactants, the increase in fluorescence intensity 

is not much, with no change in the peak position (Figure 4.2). Similar trends are detected 

for all the 12-n-12 surfactants except for the difference in the concentration of the gemini 

surfactants at which the changes in various fluorescence properties take place. It has been 

reported that a similar trend is also noticed for a single-chain surfactant-BSA system such 

as cationic CTAC-BSA or zwitterionic HPS-BSA systems.56 

                     

                   

Figure 4.2. Fluorescence spectra of native BSA and BSA in presence of different 

concentrations of gemini surfactant, (a) 12-3-12, (b) 12-6-12, (c) 12-8-12, and (d) 12-12-

12. ex = 295 nm. [BSA] = 5.0 µM. 
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 Detailed analysis of Figure 4.3 and Figure 4.4 are as follows. As the concentration 

of gemini surfactant in the solution of BSA is increased, the fluorescence intensity ratio 

(F/Fo, where F and Fo are intensities in presence and absence of surfactant, respectively) 

initially increases up to a very low concentration (0.04 mM). After that, intensity decreases 

up to 0.1 mM of surfactant with the blue shift in the peak maxima (348 nm to 334 nm) and 

then the intensity again rises up to 0.4 mM with red shift in peak maxima. Beyond 0.4 mM 

concentration of surfactant, there is a slight decrease in the fluorescence intensity with 

increasing concentration of a surfactant. At very low concentration range of a surfactant 

when the molar ratio of BSA and gemini surfactant is 1:1, the secondary structure of BSA 

is not change, however the tertiary structure is altered.57 This conclusion can be drawn by 

an observation of enhancement in the fluorescence intensity in this range. The increase in 

fluorescence intensity is because of the binding of the gemini surfactant with very high 

energy binding sites of BSA, consequently, compactness of BSA is increased.57, 58 This 

result indicates that the surrounding microenvironment of Trp is changed due to binding 

of the gemini surfactant with the protein.59  

 

Figure 4.3. Fluorescence intensity ratio (F/Fo) of BSA at various concentrations of gemini 

surfactants, [12-n-12]. (Inset) clear view for the changes at low conc. range, λex = 295 nm, 

fluorescence intensity is measured at 330 nm. 

At a comparatively higher concentration of the gemini surfactant, the secondary 

structure of a protein is changed due to the non-co-operative binding between gemini and 

BSA.30 When the BSA chain opens up, the fluorescence intensity starts to decrease due to 

the greater exposure of the fluorophore moiety of BSA towards the polar phase.23 With 

further increasing concentration of the gemini surfactant the fluorescence intensity is 
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enhanced due to the comparatively nonpolar environment around the fluorophore moiety 

as a result of formation of micelles along the protein chain (co-operative binding) forming 

necklace-bead kind of structures.54 Figure 4.4 shows variations in the fluorescence peak 

maxima of BSA at different concentrations of gemini surfactants. Table 4.1 represents the 

fluorescence peak maxima of BSA (5.0 µM) in presence of various concentrations of all 

four gemini surfactants, 12-n-12. 

 

Figure 4.4. Change in fluorescence peak maxima of BSA (5.0 µM) with the variation in 

concentration of gemini surfactants, [12-n-12]. λex = 295 nm.  

At ~ 0.1 mM concentration of 12-n-12, the decrease in the fluorescence intensity 

follows the order as 12-8-12 < 12-6-12 < 12-3-12 < 12-12-12. For the first three 

surfactants, the order is as reported in the literature that the decrease in -helix of protein 

is more with decrease in hydrophobicity (decrease in the chain length) of the spacer 

group.60 The DLS measurements show that the sizes of the denatured protein particles 

associated with surfactant molecules in presence of 0.1 mM concentration of gemini 

surfactants, 12-8-12, 12-6-12, 12-3-12 and 12-12-12 are 8.71.0 nm, 10.51.8 nm, 

11.00.8 nm, and 78.84.9 nm, respectively (See Figure 4.5 for size distribution graph). 

Zana et al. have reported that the extent of formation of micelles or extended micelles 

increases for gemini surfactants with short spacer chains.28 Looking at the present results, 

we are proposing that in this concentration range of surfactants there is a possibility of 

formation of pre-micellar aggregates and the sizes of these aggregates are supposed to be 

in proportion to that of micelles or extended micelles. Thus the effect of pre-micellar 

aggregates of gemini surfactant with a short spacer chain like 12-3-12 would be more as 
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compared to gemini surfactants with longer spacer chain like 12-8-12. The bigger 

structures of protein-surfactant complexes in presence of the former than that of the latter 

are expected. In this respect, the interactions of BSA with gemini surfactants are different 

from that with conventional surfactants.  

Table 4.1. Fluorescence peak maxima of BSA and BSA in presence of [12-n-12], n = 3, 

6, 8 and 12. [BSA] = 5.0 μM, ex = 295 nm. 

Sr. 

No. 

12-3-12 

(mM) 

λmax
flu 

(nm) 

12-6-12 

(mM) 

λmax
flu 

(nm) 

12-8-12 

(mM) 

λmax
flu 

(nm) 

12-12-12 

(mM) 

λmax
flu 

(nm) 

1 0.000 348 0.000 348 0.000 348 0.000 348 

2 0.005 347 0.020 338 0.020 338 0.005 346 

3 0.010 346 0.040 336 0.040 335 0.010 344 

4 0.020 342 0.050 337 0.060 335 0.020 339 

5 0.030 337 0.080 335 0.080 335 0.030 337 

6 0.040 335 0.100 335 0.100 335 0.040 335 

7 0.050 334 0.150 336 0.150 335 0.050 335 

8 0.060 334 0.200 336 0.200 335 0.060 335 

9 0.080 334 0.250 336 0.250 337 0.080 336 

10 0.100 334 0.300 337 0.300 337 0.100 337 

11 0.200 335 0.400 338 0.400 338 0.200 338 

12 0.300 336 0.600 338 0.500 338 0.300 339 

13 0.400 336 0.800 338 0.600 338 0.400 339 

14 0.500 336 1.000 338 0.800 338 0.500 339 

15 0.800 336 1.250 339 1.000 338 0.800 339 

16 1.000 336 1.500 339 1.500 338 1.000 339 

17 3.000 336 1.750 339 2.000 338 3.000 339 

18 5.000 335 2.000 339 3.000 338 5.000 339 

19 8.000 335 3.000 339 4.000 338 8.000 339 

20 10.000 335 4.000 339 5.000 338 10.000 339 

21   5.000 339 8.000 338   

22   8.000 339 10.000 338   

23   10.000 339     

In case of conventional surfactants there is no such report on formation of pre-

micellar aggregates to the best of authors’ knowledge. However, in case of 12-12-12 

gemini surfactant, the maximum decrease in fluorescence intensity could be because of 

the fact that the effect of highly hydrophobic longer spacer group overcomes the other 

effect which is also supported by the particle size obtained from DLS measurements. Also 

the effect of formation of loop by a long spacer chain cannot be ruled out.28 For 12-6-12, 

12-8-12 and 12-12-12, at a concentration of 0.5 mM and greater than that, the fluorophores 
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feel comparatively less polar environment as compared to the native BSA (Figure 4.3). 

The reason is the formation of micelles along the BSA chain, which creates comparatively 

higher hydrophobicity around the fluorophores.36 

 

Figure 4.5. The size distribution graphs of the native BSA (5.0 µM) and BSA (5.0 µM) + 

[12-n-12] (0.1 mM), acquired by dynamic light scattering (DLS) measurement. 

 

Figure 4.6. Variation in the quantum yield of BSA at different concentration of gemini 

surfactants, [12-n-12]. λex = 295 nm.   

 Fluorescence quantum yields of BSA in absence and presence of various 

concentrations of gemini surfactants have been calculated and plotted in Figure 4.6. From 

Figure 4.6, it is clear that the trend for change in fluorescence quantum yields is in the 

same line with that of the fluorescence intensity ratio (F/Fo) given in Figure 4.3. It is well 

reported that the fluorescence quantum yield of Trp is reduced in a comparatively polar 
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solvent.61 Upon denaturation of BSA the Trp moiety gets exposed to the water phase which 

results in the quenching of fluorescence. The quantum yield is found to be 0.73 for the 

native BSA. With the addition of a gemini surfactant to the native BSA the quantum yield 

starts to decrease, after reaching a minimum it increases and then becomes almost constant. 

Table 4.2 represents the quantum yield values for BSA in absence and presence of various 

concentrations of 12-n-12 surfactants. 

Table 4.2. Quantum yield (ϕf) of BSA and BSA in presence of [12-n-12], n = 3, 6, 8 and 

12. [BSA] = 5.0 μM, ex = 295 nm  

Sr. 

No. 

12-3-12 

(mM) 

ϕf
 12-6-12 

(mM) 

ϕf 12-8-12 

(mM) 

ϕf 12-12-12 

(mM) 

ϕf 

1 0.000 0.73 0.00 0.73 0.000 0.73 0.000 0.73 

2 0.005 0.47 0.04 0.26 0.005 0.71 0.005 0.48 

3 0.010 0.41 0.08 0.18 0.010 0.62 0.010 0.39 

4 0.020 0.39 0.10 0.28 0.020 0.42 0.020 0.28 

5 0.030 0.34 0.20 0.34 0.040 0.31 0.040 0.11 

6 0.040 0.30 0.60 0.36 0.060 0.23 0.060 0.06 

7 0.050 0.29 0.80 0.42 0.080 0.20 0.080 0.09 

8 0.060 0.23 1.25 0.41 0.100 0.25 0.100 0.12 

9 0.080 0.15 1.50 0.49 0.600 0.53 0.400 0.20 

10 0.100 0.23 1.75 0.46 0.800 0.53 0.800 0.22 

11 0.200 0.27 2.00 0.48 1.000 0.56 1.000 0.28 

12 0.300 0.27 2.50 0.46 1.500 0.56 1.500 0.30 

13 0.400 0.27 3.00 0.40 2.000 0.57 2.000 0.31 

14 0.500 0.28 4.50 0.43 3.000 0.54 3.000 0.31 

15 0.800 0.28 8.00 0.38 4.000 0.53 4.000 0.29 

16 1.000 0.28 10.00 0.27 5.000 0.51 5.000 0.27 

17 3.000 0.26   8.000 0.47 8.000 0.26 

18 5.000 0.28   10.000 0.45 10.000 0.25 

19 8.000 0.27       

20 10.000 0.28       

4.2.1.3 Binding isotherm of gemini surfactants   

Binding isotherm study provides with a better understanding of BSA-surfactant 

interaction by giving an idea about availability of binding positions in the protein, where 

the surfactants molecule can actually interact. Suppose, a protein has total binding 

positions, no, and at a particular concentration of surfactant, the surfactant molecules bind 

to n positions of protein, then the fraction of binding (α) of surfactant with protein has been 
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given by the Equation 2.28, Chapter 2.17, 36, 62 At the saturated binding condition, the 

fractional alteration in the fluorescence of BSA (α) caused by the binding of gemini 

surfactant has been determined by Equation 2.29, Chapter 2.17, 62, 63  Mainly, three binding 

regions have been reported earlier:17, 60 (1) specific binding, (2) non-co-operative binding, 

and (3) co-operative binding. In the first binding region, binding isotherm shows very little 

rise because of specific ionic interaction between surfactant and BSA. In the second non-

co-operative binding region, binding isotherm shows a very steep rise. And finally, in the 

third binding region, co-operative binding occurs between surfactant and BSA. After the 

third region, a flat terrain has been noticed, which shows saturation in the binding of 

surfactants with BSA. Das et al.17 have reported and explained four regions of binding of 

surfactant with protein. Figure 4.7 shows binding isotherm plots for all gemini surfactants.  

 

Figure 4.7. Binding isotherm of gemini surfactants, 12-n-12 with BSA, where n = 3, 6, 8, 

12. [Fluorescence intensity measured at 348 nm].  

4.2.1.4 Excited state lifetime 

Fluorescence lifetime gives information about the rotational conformers of Trp and 

interconversion in their conformers with a change in protein conformation. Three 

rotational conformers of Trp are reported earlier, out of them, conformers 1 and 2 (Scheme 

4.2) show the conformational exchange dynamics.36, 64, 65 Fluorescence lifetime decays 

show bi-exponential fitting and corresponding lifetime decays are due to the conformers 

of Trp present in the BSA. Average excited state lifetime can be calculated by the help of 

following Equation  (4.1)62, 64  
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Here, ai is a pre-exponential factor and i is a lifetime of the i-th component. Figure 4.8 

represents the fluorescence decay plots for native BSA and BSA in presence of different 

concentrations of 12-3-12 as a representative one. We observed bi-exponential fitting of 

lifetime decay with a good fitting parameter. Excited state lifetime of native BSA and BSA 

in presence of different concentrations of the 12-n-12 are given in the Tables 4.3a-d for 

12-3-12, 12-6-12, 12-8-12, and 12-12-12, respectively. The longer component is appeared 

due to the rapid inter-conversion of conformers 1 and 2. The shorter component is due to 

the conformer 3 (Scheme 4.2).  

          

                                

Scheme 4.2: Chemical structures of rotational conformers of tryptophan (trp). 

 

Figure 4.8. Fluorescence decays of native BSA and BSA in presence of different 

concentrations of 12-3-12. [BSA] = 5.0 μM, ex = 300 nm, em is the fluorescence peak 

maxima for each system. 
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Relative populations of conformers are assigned by their contributions in decay as 

decay components. The average excited state lifetime for native BSA is observed to be 

6.21 ns which is in well corroborated with the reported values.57, 58 Figure 4.9 shows 

changes in the average excited state lifetime of BSA as an action of varying concentration 

of gemini surfactants. Similar to our earlier report,36 in the present study also we see that 

for less than 0.1 mM concentration of the gemini surfactant the lifetimes of BSA is 

decreased. This decrease in the lifetime infers that the conformation changes are occurred 

by the gemini surfactants. Due to this alteration in conformation of BSA, Trp is exposed 

to the more polar water phase and at the same time more surfactant molecules interact with 

Trp which results in disturbance of the planarity of indole ring that is present in Trp amino 

acid; consequently, contribute to the shortening of excited state lifetime.  

Table 4.3a. Excited state lifetimes of BSA and in presence of different concentration of 

12-3-12. [BSA] = 5.0 μM. 

Sr. 

No. 

[12-3-12] 

(mM) 

a1 τ1  

(ns) 

a2 τ2 

(ns) 

<τf >  

(ns) 

χ2 

1 0.000 0.32 2.96 0.68 6.87 6.21 1.11 

2 0.005 0.43 2.50 0.57 6.83 5.89 1.19 

3 0.010 0.44 2.49 0.56 6.73 5.78 1.19 

4 0.020 0.53 2.25 0.47 6.45 5.26 1.16 

5 0.030 0.62 2.25 0.38 6.06 4.62 1.20 

6 0.040 0.65 2.16 0.35 5.79 4.30 1.19 

7 0.050 0.66 2.19 0.34 5.64 4.16 1.07 

8 0.060 0.67 2.08 0.33 5.55 4.05 1.15 

9 0.080 0.55 1.58 0.45 4.72 3.81 1.18 

10 0.100 0.65 1.63 0.35 5.32 3.98 1.09 

11 0.200 0.57 1.88 0.43 5.07 4.02 1.12 

12 0.300 0.61 2.12 0.39 5.27 4.05 1.21 

13 0.400 0.58 2.07 0.42 5.84 4.60 1.23 

14 0.500 0.58 2.08 0.42 5.81 4.58 1.19 

15 0.800 0.59 2.11 0.41 5.76 4.50 1.17 

16 1.000 0.60 2.02 0.40 5.68 4.41 1.20 

17 3.000 0.63 1.82 0.37 5.32 4.03 1.15 

18 5.000 0.65 1.63 0.35 5.09 3.80 1.17 

19 8.000 0.58 1.25 0.42 4.41 3.52 1.21 

20 10.000 0.62 1.08 0.38 4.28 3.35 1.15 

ex = 300 nm, em is the fluorescence peak maxima for each system. 
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Table 4.3b. Excited state lifetimes of BSA and in presence of different concentration of 

12-6-12. [BSA] = 5.0 μM  

Sr. 

No. 

[12-6-12] 

(mM) 

a1 τ1 

(ns) 

a2 τ2 

(ns) 

<τf >  

(ns) 

χ2 

1 0.00 0.32 2.96 0.68 6.87 6.21 1.11 

2 0.02 0.70 2.17 0.30 6.02 4.26 1.17 

3 0.04 0.69 1.97 0.31 5.51 3.94 1.11 

4 0.05 0.69 1.85 0.31 5.48 3.92 1.15 

5 0.08 0.72 1.84 0.28 5.48 3.79 1.17 

6 0.10 0.70 1.68 0.30 5.23 3.71 1.19 

7 0.15 0.66 1.81 0.34 5.34 3.94 1.07 

8 0.20 0.66 1.86 0.34 5.64 4.16 1.16 

9 0.25 0.65 1.90 0.35 5.75 4.29 1.17 

10 0.30 0.65 1.95 0.35 5.85 4.36 1.09 

11 0.40 0.60 1.84 0.40 5.73 4.47 1.13 

12 0.60 0.60 1.93 0.40 5.84 4.54 1.13 

13 0.80 0.61 1.96 0.39 5.85 4.51 1.06 

14 1.00 0.61 1.10 0.39 5.83 4.75 1.19 

15 1.50 0.63 2.07 0.37 5.90 4.47 1.15 

16 1.75 0.61 1.97 0.39 5.81 4.48 1.12 

17 3.00 0.61 2.02 0.39 5.70 4.39 1.19 

18 4.00 0.63 2.03 0.37 5.69 4.31 1.19 

19 5.00 0.63 1.10 0.37 5.58 4.45 1.20 

20 8.00 0.62 1.19 0.38 5.31 4.21 1.20 

21 10.00 0.63 1.80 0.37 5.25 3.98 1.12 

ex = 300 nm, em is the fluorescence peak maxima for each system. 

However, on further increasing the concentration of 12-n-12, the excited state 

lifetime becomes longer and after a certain concentration it becomes constant. This 

decrement/increment in the lifetime is consistent with the decrement/increment in the 

fluorescence intensity as well as in the quantum yield at the same concentration range of 

gemini surfactants. The decrease in the lifetime is found to be more for the gemini 

surfactants with comparatively longer (more hydrophobic) spacer chain i.e. 12-8-12, 12-

12-12. This result indicates that longer spacer is more effective to cause puckering of the 

indole ring of Trp by disturbing its planarity. Contrary to the earlier results, in the present 
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case we observe that at the higher concentration range of the 12-n-12 (beyond 1 mM), the 

increase in average excited state lifetime follows the order 12-3-12 < 12-6-12 < 12-8-12 < 

12-12-12, which is in well agreement with the increasing order of hydrophobicity of the 

spacer group of gemini surfactants. This result reveals that Trp is feeling more 

hydrophobic microenvironment by increasing the methylene groups in the spacer. For all 

gemini surfactants, the overall contribution of the faster component increases and the 

contribution of shorter component decreases, as the concentration of gemini surfactant in 

the BSA system is increased.  

Table 4.3c. Excited state lifetimes of BSA and in presence of different concentration of 

12-8-12. [BSA] = 5.0 μM  

Sr. 

No. 

[12-8-12] 

(mM) 

a1 τ1 

(ns) 

a2 τ2 

(ns) 

<τf >  

(ns) 

χ2 

1 0.00 0.32 2.96 0.68 6.87 6.21 1.11 

2 0.02 0.43 2.34 0.57 6.05 5.21 1.17 

3 0.04 0.62 2.29 0.38 5.83 4.45 1.17 

4 0.06 0.53 0.74 0.47 3.97 3.41 1.20 

5 0.08 0.70 0.47 0.30 3.69 2.95 1.21 

6 0.10 0.66 0.52 0.34 3.57 2.90 1.22 

7 0.15 0.52 0.70 0.48 4.16 3.63 1.20 

8 0.20 0.58 2.05 0.42 5.91 4.66 1.16 

9 0.25 0.53 1.92 0.47 5.98 4.90 1.17 

10 0.30 0.53 1.87 0.47 5.94 4.87 1.18 

11 0.40 0.53 2.44 0.47 6.29 5.12 1.17 

12 0.50 0.51 2.19 0.49 6.14 5.07 1.19 

13 0.60 0.49 2.05 0.51 6.03 5.05 1.23 

14 0.80 0.52 2.23 0.48 6.09 4.99 1.15 

15 1.00 0.53 2.31 0.47 6.13 4.99 1.10 

16 1.50 0.52 2.20 0.48 5.98 4.90 1.07 

17 2.00 0.52 2.14 0.48 5.91 4.85 1.12 

18 3.00 0.52 2.09 0.48 5.79 4.75 1.10 

19 4.00 0.52 2.09 0.48 5.69 4.67 1.08 

20 5.00 0.54 2.04 0.46 5.68 4.60 1.15 

21 8.00 0.57 2.17 0.43 5.66 4.48 1.13 

22 10.00 0.57 2.08 0.43 5.57 4.41 1.11 

ex = 300 nm, em is the fluorescence peak maximum for each system. 
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Table 4.3d. Excited state lifetimes of BSA and in presence of different concentration of 

12-12-12. [BSA] = 5.0 μM  

Sr. 

No. 

[12-12-

12] (mM) 

a1 τ1 

(ns) 

a2 τ2 

(ns) 

<τf >  

(ns) 

χ2 

1 0.000 0.32 2.96 0.68 6.87 6.21 1.11 

2 0.005 0.40 2.94 0.60 6.77 5.91 1.18 

3 0.010 0.43 2.82 0.57 6.60 5.68 1.15 

4 0.020 0.52 2.48 0.48 6.24 5.11 1.20 

5 0.030 0.59 2.36 0.41 6.04 4.72 1.19 

6 0.040 0.60 1.87 0.40 6.57 5.16 1.21 

7 0.050 0.56 0.68 0.44 4.20 3.60 1.30 

8 0.060 0.68 0.49 0.32 3.75 3.04 1.30 

9 0.080 0.67 0.49 0.33 3.82 3.13 1.30 

10 0.100 0.62 0.55 0.38 3.82 3.20 1.30 

11 0.200 0.66 0.45 0.34 4.01 3.37 1.20 

12 0.300 0.52 0.72 0.48 4.80 4.23 1.20 

13 0.400 0.44 1.58 0.56 5.87 5.12 1.18 

14 0.500 0.43 1.44 0.57 5.70 5.02 1.20 

15 0.800 0.48 2.20 0.52 6.38 5.37 1.13 

16 1.000 0.49 2.28 0.51 6.41 5.36 1.15 

17 3.000 0.51 2.58 0.49 6.34 5.22 1.18 

18 5.000 0.52 2.42 0.48 6.16 5.04 1.15 

19 8.000 0.53 2.37 0.47 6.04 4.91 1.10 

20 10.000 0.53 2.27 0.47 5.92 4.82 1.10 

ex = 300 nm, em is the fluorescence peak maximum in each system. 

 

Figure 4.9. Variation in excited state lifetime of BSA (5.0 µM) in presence of varying 

conc. of gemini surfactants, 12-n-12.  λex  = 300 nm, λem = 330 nm.  
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4.2.1.5 Circular dichroism (CD) spectra 

CD spectral study is useful to probe the alteration in the secondary structure of the 

BSA caused by the action of surfactants.66, 67 The far-UV CD spectra of the native BSA in 

absence and presence of the different concentrations of 12-3-12, 12-6-12, 12-8-12, and 12-

12-12 are shown by Figure 4.10a-d, respectively. The α-helical, β-sheet and the random 

coil contents of the secondary structure of BSA were analyzed using a CDNN 2.1 software 

in the range of 200-260 nm and the data obtained are given in Table 4.4.  Surfactants do 

not have any contribution in the range of 200-250 nm of CD spectra, hence, the observed 

CD spectra are only due to the peptide bonds of protein. It is clear from the Table 4.4 that 

for the all studied gemini surfactants, the content of α-helix decreases, however there are 

increasing tendency for other contents such as β-sheet, β-turn, and random coil. The CD 

spectra of the native BSA shows two negative bands in the far-UV region at 208 and 222 

nm as characteristic of the α-helical structure.68 Alterations of ellipticity at 222 nm (-θ222 

nm) is helpful to probe the variation in the α-helical content.69 We observe that as the 

concentration of a gemini surfactant in the BSA solution increases, the magnitude of 

ellipticity is decreased. It is well documented that the native BSA structure contains 60  ̶

67% of α-helix.70, 71 Present results are in good resemblance with the previous reports as 

we find 60.2 % α-helix content in the pure BSA. Variation in the % of α-helix of BSA with 

increasing concentration of gemini surfactants has been shown in Figure 4.11. We have 

noticed that at very low concentrations of gemini surfactant, the magnitude of ellipticity is 

enhanced with an increase in α-helix content. Percentage of α-helix changes according to 

the same trend as observed in fluorescence properties. At the higher concentration of the 

surfactant, the α-helix content is decreased up to 6.4%, which exhibits that with the 

increase in the surfactant concentration, the unfolding of the BSA is obvious. If we 

compare the % α-helix of BSA in presence of 0.2 mM (from Table 4.4) of 12-n-12, then 

we observe that more decrease in the % α-helix occurs with the order as follows:  12-3-12 

< 12-6-12 < 12-8-12 < 12-12-12. This result indicates that even at high concentration range 

of surfactants, the decrease in % α-helix depends on the spacer chain length. Longer the 

spacer chain length greater is the decrease in % α-helix observed in this concentration 

range. It is pertinent to note that the order of decrease in % α-helix noticed at low 

concentration range of surfactants (0.08-0.1 mM) is in good agreement with that of 

decrease in fluorescence intensity i.e. 12-8-12 < 12-6-12 < 12-3-12 < 12-12-12.  
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Figure 4.10. Circular dichroism (CD) spectra of BSA (5 µM) in absence and presence of 

gemini surfactant, (a) 12-3-12, (b) 12-6-12, (c) 12-8-12, and (d) 12-12-12.  

Table 4.4. Various components of the secondary structure of BSA (5.0 µM) calculated 

from the CD spectra.  

[12-n-12] 

(mM) 

α-Helix β-Sheet  

Anti-parallel          Parallel 

β-turn Random 

coil 

12-3-12 

0.00 60.2 3.4 4.5 12.4 21.1 

0.01 68.0 2.5 3.6 11.3 17.8 

0.05 57.5 3.7 4.8 12.8 22.3 

0.08 23.2 12.1 12.6 18.8 42.5 

0.20 49.1 5.0 5.9 14.2 25.1 

0.50 54.3 4.2 5.2 13.4 22.8 

0.80 57.3 3.8 4.9 13.0 22.3 

2.00 56.6 3.8 5.5 12.9 25.7 

5.00 22.6 9.6 16.0 16.5 58.2 

8.00 15.9 12.8 20.9 18.0 66.7 

10.00 6.4 24.0 37.1 21.9 82.5 

12-6-12 
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0.00 60.2 3.4 4.5 12.4 21.1 

0.01 71.0 2.3 3.2 10.9 16.3 

0.05 53.4 4.3 5.3 13.4 23.8 

0.08 53.4 4.3 5.3 14.3 23.5 

0.10 25.3 11.1 11.7 18.3 40.4 

0.20 35.8 7.6 8.4 16.2 32.6 

0.50 56.0 4.0 5.0 13.2 22.3 

0.80 63.7 3.0 4.2 12.1 20.3 

1.00 60.6 3.3 4.7 12.2 23.0 

2.00 50.7 3.4 9.2 11.5 48.0 

5.00 12.7 13.0 28.9 17.5 79.8 

8.00 9.8 17.0 31.0 19.3 79.6 

10.00 7.3 17.7 43.9 18.8 90.2 

12-8-12 

0.00 60.2 3.4 4.5 12.4 21.1 

0.01 62.4 3.1 4.2 12.1 20.2 

0.05 41.9 6.2 7.3 15.1 29.9 

0.10 29.1 9.6 10.5 17.4 37.9 

0.20 31.3 9.0 9.6 17.1 35.4 

0.50 56.8 3.9 4.9 13.2 21.8 

1.00 50.1 4.7 6.1 13.8 27.1 

2.00 32.9 5.4 15.7 13.2 65.6 

5.00 13.0 13.8 26.0 18.1 75.2 

8.00 17.8 11.10 20.30 17.0 67.4 

10.00 12.2 12.2 33.8 16.8 85.5 

12-12-12 

0.00 60.2 3.4 4.5 12.4 21.1 

0.01 60.2 3.4 4.4 12.4 20.8 

0.05 43.5 5.9 7.0 14.8. 29.1 

0.08 17.1 16.0 15.8 20.6 48.4 

0.20 19.5 14.4 14.2 19.9 45.1 

0.50 40.1 6.7 7.5 15.6 29.8 

1.00 48.0 5.0 6.5 14.1 28.3 

2.00 63.5 2.7 5.2 11.4 27.7 

5.00 23.2 8.3 18.2 15.4 66.3 

8.00 9.7 14.8 37.3 17.9 87.0 

10.00 7.5 17.3 44.0 18.6 90.4 
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Figure 4.11. Variation in the % of α-helix of BSA (5.0 µM) with increasing concentration 

of gemini surfactants, [12-n-12].   

4.2.2 Refolding of denatured BSA by the action of β-cyclodextrin (β-CD)  

4.2.2.1 Steady-state fluorescence spectra 

Even though the addition of β-CD leads to insignificant structural loss of the native 

protein but it is a very effective agent to refold the BSA.57 β-CD molecules can effectively 

strip off the surfactant molecules those are bound to BSA molecules as a result of the fact 

that the hydrophobic interactions between tails of surfactant molecules and hydrophobic 

pocket of β-CD molecules are much stronger than that between BSA and surfactant 

molecules.7, 37-39 The former interactions prevent the binding of surfactant molecules with 

BSA.72 In the present case to study the efficiency of β-CD to refold the BSA denatured by 

a gemini surfactant, fluorescence spectra were recorded at a fixed concentration of BSA 

(5.0 µM) and gemini surfactant (0.5 mM) and with varying the concentrations of β-CD. 

The above mentioned fluorescence study states that at 0.5 mM concentration of a gemini 

surfactant, the protein molecules get completely unfolded where micelles are formed along 

the protein chain giving necklace-bead kind of structures.18, 73-75 Figure 4.12 represents the 

change in the fluorescence spectra of BSA (5.0 µM) in presence of 0.5 mM of 12-3-12 

with varying concentrations of β-CD as a representative one.  
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Figure 4.12. Change in fluorescence spectra of BSA (5.0 µM) in presence of 12-3-12 (0.5 

mM) with varying concentrations of β-CD. λex = 295 nm. 

Figure 4.13 demonstrates the changes in fluorescence intensity ratios (F/Fo, where 

F and Fo are the fluorescence intensities in presence and absence of β-CD, respectively) 

with the variation in β-CD concentration. It is clear from the Figure 4.13 that with 

increasing concentration of the β-CD, F/Fo ratio initially increases, after reaching a 

maximum it decreases, reaches a minimum and then again starts to increase before 

reaching a saturation point.  However, F/Fo ratio does not reach at 1.0 even at 10 mM 

concentration of β-CD. These results indicate that β-CD molecules can strip off the gemini 

molecules and the stripping efficiency of β-CD from the specific high energy binding sites 

of BSA is low even in presence of high concentration of β-CD.  

 
Figure 4.13. Change in fluorescence intensity ratio of BSA (5.0 µM) in presence of 0.5 

mM of gemini surfactant, 12-n-12 with the variation of concentration of β-CD. λex = 295 

nm, fluorescence intensity measured at 330 nm.  
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The present study, however, says that these interactions depend on the 

hydrophobicity/chain length of the spacer group of the gemini surfactant molecules as 

described below. The β-CD molecules at a high concentration can be threaded on to the 

hydrophobic tails of the surfactant molecules.76  The initial increase in F/Fo ratio at lower 

concentration range of β-CD (Figure 4.13) could be because of the binding of β-CD 

molecules with BSA-surfactant aggregates thereby providing with comparatively less 

polar environment around the Trp residues of BSA. However, at a comparatively higher 

concentration of β-CD, the BSA-surfactant aggregates get dissociated due to the binding 

of surfactant molecules with the β-CD molecules. The values of fluorescence peak maxima 

and fluorescence quantum yields are tabulated in Table 4.5 and 4.6, respectively. The 

changes in fluorescence peak maxima and fluorescence quantum yields are represented by 

Figure 4.14 and Figure 4.15, respectively. Fluorescence lifetime values with varying 

concentration of β-CD have also been estimated. Excited state lifetimes of BSA (5.0 µM) 

in presence of 12-n-12 (0.5 mM) at various concentration of β-CD are given in Tables 

4.7a-d. Figure 4.16 represents the change in the average excited state lifetime of BSA in 

presence of 0.5 mM gemini surfactants, 12-n-12 with varying concentrations of β-CD. At 

the low concentration range of cyclodextrin lifetime shows a decreasing tendency, and 

after reaching a minimum, it shows the increasing tendency.  

 

Figure 4.14. Change in the fluorescence peak maxima of BSA (5.0 µM) in presence of 0.5 

mM gemini surfactant, 12-n-12 with varying concentration of β-CD. λex  = 295 nm.  
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Table 4.5. Fluorescence peak maxima of BSA (5.0 µM) in presence of 0.5 mM [12-n-12] 

and different concentrations of β-CD.  ex = 295 nm 

Sr. No. β-CD 

(mM) 

12-3-12 

λmax
flu (nm) 

12-6-12 

λmax
flu (nm) 

12-8-12 

λmax
flu (nm) 

12-12-12 

λmax
flu (nm) 

1 0.00 335 338 338 338 

2 0.01 335 338 338 338 

3 0.05 335 337 337 338 

4 0.10 335 337 337 338 

5 0.20 335 337 337 338 

6 0.30 335 336 336 337 

7 0.40 334 336 336 337 

8 0.60 334 336 335 337 

9 0.80 334 335 335 337 

10 1.00 334 335 337 336 

11 1.50 334 337 340 337 

12 2.00 334 339 341 338 

13 3.00 344 342 343 339 

14 4.00 347 344 344 340 

15 5.00 347 345 345 342 

16 6.00 347 346 345 344 

17 8.00 347 346 345 344 

18 10.00 347 346 345 345 

Table 4.6. Quantum yield (ϕf) of BSA (5.0 µM) in presence of 0.5 mM [12-n-12] and 

different concentrations of β-CD. ex = 295 nm. 

Sr. 

No. 

β-CD 

(mM) 

12-3-12 

ϕf
 

β-CD 

(mM) 

12-6-12 

ϕf 

β-CD 

(mM) 

12-8-12 

ϕf 

β-CD 

(mM) 

12-12-12 

ϕf 

1 0.00 0.29 0.00 0.46 0.00 0.51 0.00 0.16 

2 0.05 0.28 0.05 0.39 0.05 0.50 0.05 0.15 

3 0.10 0.22 0.10 0.20 0.10 0.28 0.20 0.14 

4 0.20 0.23 0.40 0.14 0.20 0.24 0.40 0.08 

5 0.80 0.11 0.80 0.06 0.40 0.13 0.80 0.04 

6 1.00 0.12 1.00 0.06 0.80 0.02 1.00 0.01 

7 1.50 0.26 1.50 0.27 1.00 0.05 1.50 0.02 

8 3.00 0.48 2.00 0.30 2.00 0.36 2.00 0.06 

9 4.00 0.46 3.00 0.41 3.00 0.39 5.00 0.37 

10 6.00 0.53 5.00 0.41 6.00 0.35 6.00 0.36 

11 8.00 0.62 6.00 0.35 8.00 0.39 8.00 0.44 

12 10.00 0.50 10.00 0.37 10.00 0.30 10.00 0.35 
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Figure 4.15. Change in the quantum yield of BSA (5.0 µM) in presence of 0.5 mM gemini 

surfactant [12-n-12] with varying concentration of β-CD. λex = 295 nm. 

Table 4.7a. Excited state lifetimes of BSA (5.0 µM) in presence of 12-3-12 (0.5 mM) at 

various concentration of β-CD. 

Sr. 

No. 

[β-CD] 

(mM) 

a1 τ1 

(ns) 

a2 τ2 

(ns) 

<τf >  

(ns) 

χ2 

1 0.00 0.58 2.06 0.42 5.75 4.53 1.11 

2 0.01 0.58 2.10 0.42 5.76 4.53 1.10 

3 0.05 0.58 2.03 0.42 5.70 4.49 1.14 

4 0.10 0.57 1.98 0.43 5.65 4.49 1.12 

5 0.15 0.60 2.22 0.40 5.88 4.56 1.09 

6 0.20 0.59 2.21 0.41 5.86 4.58 1.06 

7 0.25 0.60 2.22 0.40 5.86 4.54 1.11 

8 0.30 0.63 2.32 0.37 5.98 4.52 1.07 

9 0.40 0.64 2.33 0.36 5.99 4.49 1.12 

10 0.60 0.64 2.19 0.36 5.77 4.33 1.08 

11 0.80 0.66 2.04 0.34 5.59 4.12 1.13 

12 1.00 0.65 1.89 0.35 5.39 4.01 1.13 

13 2.00 0.51 2.42 0.49 6.43 5.30 1.10 

14 4.00 0.42 2.81 0.58 6.74 5.83 1.10 

15 5.00 0.38 2.70 0.62 6.71 5.92 1.17 

16 6.00 0.37 2.69 0.63 6.68 5.92 1.13 

17 8.00 0.36 2.43 0.64 6.59 5.88 1.13 

18 10.00 0.36 2.25 0.64 6.55 5.85 1.19 

ex = 300 nm, em is the fluorescence peak maxima for each system.  
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Table 4.7b. Excited state lifetimes of BSA (5.0 µM) in presence of 12-6-12 (0.5 mM) at 

various concentration of β-CD. 

Sr. 

No. 

[β-CD] 

(mM) 

a1 τ1 

(ns) 

a2 τ2 

(ns) 

<τf > 

(ns) 

χ2 

1 0.00 0.62 1.90 0.38 5.9 4.52 1.14 

2 0.01 0.62 2.05 0.38 6.01 4.59 1.17 

3 0.05 0.61 1.89 0.39 5.79 4.47 1.10 

4 0.10 0.62 1.93 0.38 5.85 4.48 1.16 

5 0.15 0.64 1.97 0.36 5.86 4.40 1.16 

6 0.20 0.65 1.91 0.35 5.79 4.32 1.17 

7 0.25 0.66 1.88 0.34 5.70 4.21 1.11 

8 0.30 0.64 1.71 0.36 5.21 3.92 1.12 

9 0.40 0.69 1.79 0.31 5.42 3.88 1.15 

10 0.60 0.69 1.71 0.31 5.27 3.78 1.23 

11 0.80 0.71 2.00 0.29 5.75 4.03 1.13 

12 1.00 0.67 1.93 0.33 5.86 4.29 1.13 

13 2.00 0.64 2.06 0.36 6.22 4.68 1.12 

14 4.00 0.64 2.04 0.36 6.32 4.76 1.13 

15 5.00 0.60 2.02 0.40 6.28 4.89 1.15 

16 6.00 0.61 2.05 0.39 6.33 4.89 1.17 

17 8.00 0.61 2.06 0.39 6.36 4.91 1.13 

18 10.00 0.60 2.00 0.40 6.31 4.92 1.18 

ex = 300 nm, em is the fluorescence peak maxima for each system. 

Table 4.7c. Excited state lifetimes of BSA (5.0 µM) in presence of 12-8-12 (0.5 mM) at 

various concentration of β-CD. 

Sr. 

No. 

[β-CD] 

(mM) 

a1 τ1 

(ns) 

a2 τ2 

(ns) 

<τf >  

(ns) 

χ2 

1 0.00 0.50 2.28 0.50 6.26 5.20 1.19 

2 0.01 0.50 2.19 0.50 6.21 5.16 1.17 

3 0.05 0.51 2.21 0.49 6.21 5.13 1.18 

4 0.10 0.51 2.22 0.49 6.21 5.13 1.19 

5 0.15 0.52 2.07 0.48 6.10 5.02 1.19 

6 0.20 0.52 2.00 0.48 6.06 4.99 1.20 

7 0.25 0.53 1.99 0.47 6.04 4.94 1.19 

8 0.30 0.48 1.29 0.52 5.05 4.33 1.20 

9 0.40 0.50 0.77 0.50 4.16 3.63 1.22 

10 0.60 0.62 0.65 0.38 4.14 3.43 1.20 

11 0.80 0.62 2.24 0.38 5.89 4.49 1.15 

12 1.00 0.54 2.45 0.46 6.34 5.13 1.15 

13 2.00 0.51 2.55 0.49 6.46 5.32 1.15 

14 4.00 0.51 2.44 0.49 6.45 5.32 1.13 

15 5.00 0.49 2.14 0.51 6.29 5.27 1.11 

16 6.00 0.50 1.98 0.50 6.25 5.22 1.18 

17 8.00 0.51 1.73 0.49 6.08 5.09 1.18 

18 10.00 0.51 1.69 0.49 6.13 5.14 1.20 

ex = 300 nm, em is the fluorescence peak maxima for each system. 
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Table 4.7d. Excited state lifetimes of BSA (5.0 µM) in presence of 12-12-12 (0.5 mM) at 

various concentration of β-CD. 

Sr. 

No. 

[β-CD] 

(mM) 

a1 τ1 

(ns) 

a2 τ2 

(ns) 

<τf > 

(ns) 

χ2 

1 0.00 0.56 1.91 0.44 6.33 5.10 1.12 

2 0.01 0.51 1.99 0.49 6.33 5.26 1.14 

3 0.05 0.50 1.87 0.50 6.27 5.26 1.20 

4 0.10 0.48 1.79 0.52 6.12 5.20 1.20 

5 0.15 0.44 1.38 0.56 5.64 4.95 1.21 

6 0.20 0.43 1.29 0.57 5.49 4.86 1.21 

7 0.25 0.44 0.91 0.56 4.97 4.46 1.21 

8 0.30 0.53 0.73 0.47 5.06 4.45 1.20 

9 0.40 0.55 0.63 0.45 4.63 4.06 1.20 

10 0.60 0.68 0.50 0.32 4.45 3.69 1.21 

11 0.80 0.65 0.63 0.35 4.55 3.74 1.22 

12 1.00 0.51 0.73 0.49 4.32 3.78 1.20 

13 2.00 0.52 0.50 0.48 4.85 4.41 1.20 

14 4.00 0.55 2.43 0.45 6.28 5.04 1.16 

15 5.00 0.53 2.43 0.47 6.30 5.13 1.15 

16 6.00 0.52 2.22 0.48 6.23 5.11 1.13 

17 8.00 0.53 2.31 0.47 6.27 5.11 1.18 

18 10.00 0.55 1.96 0.45 6.08 4.92 1.09 

ex = 300 nm, em is the fluorescence peak maxima for each system. 

 

Figure 4.16. Change in average excited state lifetime of BSA (5.0 µM) in presence of 0.5 

mM gemini surfactant, 12-n-12 with varying concentration of β-CD. λex  = 300 nm. 

Circular dichroism (CD) measurements were also performed to examine the 

stripping process of surfactant molecules from BSA-gemini complexes upon addition of 

β-CD in the system. The addition of 0.5 mM of gemini surfactant leads to change in the 

CD spectrum for BSA and then β-CD was added to monitor whether the CD spectrum of 
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BSA corresponds to its native state. Far-UV CD spectra for BSA-12-3-12 gemini 

complexes before and after the addition of β-CD are shown by Figure 4.17. It has been 

noted that even in the presence of high concentration of β-CD the spectrum is not exactly 

similar to that of the native BSA, but is closer to the spectrum of BSA in the presence of 

very less amount of a gemini surfactant. During the stripping process, the unfolded protein 

molecule gets refolded step-by-step, and tries to refold in native form before the surfactant 

molecules are finally removed. Variation in the % of α-helix of BSA in presence of 0.5 

mM of 12-n-12 at varying concentrations of β-CD is given in Figure 4.18.  

 

Figure 4.17. Far-UV circular dichroism spectra for BSA–12-3-12 complexes before and 

after addition of β-CD. 

 

Figure 4.18. Variation in the % of α-helix of BSA (5.0 µM) in presence of 0.5 mM of 12-

n-12 at varying concentrations of β-CD. 
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Table 4.8. Various components of the secondary structure of BSA (5.0 µM) in presence 

of 0.5 mM of 12-n-12 at varying concentrations of β-CD calculated from the CD spectra. 

β-CD /mM α-Helix β-Sheet 

Anti-parallel      Parallel 

β-turn Random coil 

12-3-12 

0.00 54.3 4.2 5.2 13.4 22.8 

0.10 55.7 4.0 5.0 13.2 22.6 

0.25 56.3 3.9 4.9 13.1 22.1 

0.50 60.0 3.4 4.3 12.5 20.2 

1.00 53.3 4.3 5.4 13.4 24.4 

2.00 70.2 2.4 3.3 11.1 16.9 

4.00 68.5 2.5 3.5 11.3 17.3 

6.00 68.1 1.9 2.8 10.3 15.0 

8.00 68.9 2.4 3.5 11.2 17.9 

10.00 66.1 2.7 3.8 11.6 18.6 

12-6-12 

0.00 56.0 4.0 5.0 13.2 22.3 

0.10 55.6 4.1 5.0 13.3 22.5 

0.25 56.3 3.9 4.9 13.1 22.1 

0.50 55.1 4.0 5.2 13.2 23.7 

1.00 45.5 5.5 6.7 14.5 28.2 

2.00 67.8 2.5 3.7 11.3 18.5 

4.00 72.2 2.1 3.2 10.7 16.9 

6.00 63.3 3.0 4.2 11.9 20.4 

8.00 66.3 2.7 3.8 11.5 19.2 

10.00 63.4 3.0 4.1 11.9 20.1 

12-8-12 

0.00 56.8 3.9 4.9 13.2 21.8 

0.10 62.0 3.3 4.4 12.4 20.5 

0.25 58.8 3.6 4.7 12.7 21.9 

0.50 59.0 3.6 4.7 12.8 21.7 

1.00 40.6 6.4 7.6 15.3 31.0 

2.00 67.3 2.6 3.7 11.4 18.8 

4.00 77.7 1.7 2.7 9.9 14.5 

6.00 66.6 2.7 3.7 11.6 18.0 

8.00 74.1 2.0 2.9 10.5 15.3 

10.00 62.8 3.0 4.2 12.0 20.6 

12-12-12 

0.00 40.1 6.7 7.5 15.6 29.8 

0.10 46.8 5.5 6.3 14.6 26.0 

0.25 48.8 5.1 6.1 14.3 25.8 

0.50 44.9 5.7 6.7 14.7 27.8 

1.00 29.5 9.6 10.2 17.4 36.8 

2.00 38.1 7.0 8.0 15.7 31.9 

4.00 62.3 3.1 4.3 12.1 20.9 

6.00 63.3 3.0 4.2 11.9 20.9 

8.00 70.9 2.3 3.4 10.9 17.4 

10.00 66.1 2.7 3.8 11.6 18.6 

It has been observed that the capability of β-CD to start the recovery of the protein 

depends on the molar ratio between the surfactant and β-CD. When the surfactant-β-CD 
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ratio is 1:1, recovery of the protein is not achieved. Table 4.8 expresses the various 

components of the secondary structure of BSA in presence of 0.5 mM of 12-n-12 at 

varying concentrations of β-CD, calculated from the CD spectra. 

Above mentioned fluorescence study on denaturation of protein states that at 0.5 

mM of a gemini surfactant, the dependence of efficiency to create a less polar environment 

around Trp residues on spacer group through the formation of micelles along the protein 

chain follows the order: 12-3-12 < 12-6-12 < 12-8-12 ~ 12-12-12. Thus it depicts that Trp 

residues feel more hydrophobic environment with increasing spacer chain length of gemini 

surfactants taking part in micelles formation. As described above the refolding study has 

been done at 0.5 mM of a gemini surfactant with varying concentration of β-CD. As far as 

refolding study is concerned, the initial decrease in F/Fo, quantum yield and % of α-helix 

values due to the addition of β-CD in presence of different gemini surfactants follows the 

order: 12-3-12 < 12-6-12 < 12-8-12 < 12-12-12.  Therefore, the dissociation of protein-

micelle aggregates by the use of a particular concentration of β-CD is found to be more in 

case of a gemini surfactant with highly hydrophobic spacer group or spacer group with a 

long chain.  It indicates that gemini surfactant molecules taking part in micelle formation 

along the protein chain can easily be taken out by β-CD molecules when they have got a 

long spacer chain. It could be due to the fact that the tail(s) of a gemini surfactant molecule 

with a long flexible spacer chain can more easily be entered into the hydrophobic pocket 

of a β-CD molecule. Our earlier study says that β-CD molecules at high concentration form 

nanotubes/rods in presence of hydrophobic guest molecules which in this case are 

surfactant molecules.77  

DLS measurements show that the sizes of these particles in presence of 0.5 mM of 

each of 12-3-12, 12-6-12, 12-8-12 and 12-12-12 in a system containing 5.0 µM of BSA 

and 2.0 mM of β-CD are 25621 nm, 887111 nm, 981162 nm and 1021192 nm, 

respectively (Figure 4.19). Thus when surfactant molecules are stripped off by β-CD 

molecules, the complexes formed between β-CD molecules and surfactant molecules are 

mostly secondary aggregates of nanotubes (rods) where in each nanotube, β-CD molecules 

are threaded onto the hydrophobic tail(s) of a gemini molecule depending on the 

concentration of β-CD.76, 78 The sizes of these rods are in support of the fact that the gemini 

molecules with a longer spacer chain are more easily stripped off by β-CD molecules 

forming bigger structures. On the other hand the gain of native state of BSA by stripping 

off the remaining surfactant molecules after the protein-micelle aggregates have got 
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dissociated is occurred with an order as follows: 12-12-12 < 12-8-12 < 12-6-12 < 12-3-12 

which is opposite to that of the stripping process from the protein-micelle aggregates. F/Fo 

value can reach up to 0.95 in presence of 12-3-12, while for the rest of the gemini 

surfactants, 12-6-12, 12-8-12, and 12-12-12 it has not been obtained up to that extent. The 

trend in the change in fluorescence peak maxima in this case is just opposite to that in the 

unfolding process of BSA. In presence of 12-3-12, the recovery of peak maximum is up 

to 347 nm, which is very close to the peak maximum of native BSA i.e. 348 nm. At the 

higher concentration of the β-CD, maximum regain in the excited state lifetime of Trp 

occurs in presence of 12-3-12 which is also in support of the fact that maximum gain in 

native state occurs in case of binding with 12-3-12. The trends in changes in fluorescence 

quantum yield, fluorescence lifetime as well as % of α-helix with increasing concentration 

of β-CD are also similar to that of fluorescence intensity ratio, F/Fo.  

 

Figure 4.19. The size distribution plot of the BSA (5.0 µM) + 12-n-12 (0.5 mM) + β-CD 

(2.0 mM) acquired by dynamic light scattering (DLS) measurement. 

Zana et al. have reported that 12-3-12 molecules can form wormlike micelles.28, 79, 

80 Present study shows that 12-3-12 micelles provide with less polar environment to Trp 

residues of protein chain. 12-3-12 molecules, at low concentration range, denature protein 

molecules most effectively due to the formation of larger-sized pre-micellar aggregates. 

However, at high concentration range they might form wormlike micelles those remain in 

the bulk. Thus smaller number of 12-3-12 gemini surfactant molecules those are bound to 

the protein molecules can easily be taken out by β-CD molecules. As a result of that in 

case of 12-3-12 surfactant the refolding of the protein occurs more easily as compared to 

gemini surfactant with comparatively longer spacer group. To further support this we have 
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collected DLS data. As per DLS data the sizes of aggregates formed by 5.0 µM of BSA 

and 0.5 mM of each of 12-3-12, 12-6-12, 12-8-12 and 12-12-12 (i.e. BSA-micelles 

aggregate) are 19.87.2 nm, 13.03.8 nm, 13.9 5.8 nm and 23.64.6 nm, respectively 

(Figure 4.20). Except for 12-12-12, for each of the other surfactants, the size is larger than 

that with 0.1 mM of a surfactant. From these results it is noteworthy that (i) 12-12-12 

micelles-BSA aggregate is smaller than 12-12-12-BSA aggregate i.e. the binding of 

individual 12-12-12 surfactant molecules makes the protein structure more open as 

compared to binding of 12-12-12 micelles; (ii) the particle of size of 19.8 nm in presence 

of 0.5 mM of 12-3-12 could be the aggregate of BSA-wormlike micelles rather than BSA-

spherical micelles as it may be the cases for other three surfactants. After addition of 2.0 

mM of β-CD the sizes of protein particles are found to be 8.10.9 nm, 8.21.0 nm, 8.31.6 

nm and 12.63.2 nm for gemini surfactants, 12-3-12, 12-6-12, 12-8-12 and 12-12-12, 

respectively (Figure 4.19). The size of the native BSA (5 µM) is 8.1 nm (Figure 4.5). Thus, 

the sizes of the protein particles in presence of each of 12-3-12, 12-6-12 and 12-8-12 are 

similar to that of native protein or protein with a very low concentration of surfactant. 

However, larger size with 12-12-12 as compared to other three surfactants indicate that in 

presence of the former the protein is still in denatured state and re-naturation is faster in 

presence of the latter. The data obtained from fluorescence as well as CD-spectra 

measurements with comparatively higher concentration of β-CD infer that the added β-CD 

cannot remove the gemini molecules bound to high energy binding sites of BSA via 

specific interactions. Thus, the secondary structure of the native BSA is only partially 

recovered. 

Figure 4.21 represents FESEM images of native BSA (Figure 4.21a), BSA with 

0.5 mM of 12-3-12 (Figure 4.21b) and BSA with 0.5 mM of 12-3-12 and varying 

concentrations of β-CD (Figure 4.21c-e). In presence of 0.5 mM of 12-3-12 in BSA, 

although the denatured proteins are not clearly visible, but the micellar structures can be 

seen in Figure 4.21b. After addition of different concentrations of β-CD to the protein 

denatured by 0.5 mM of 12-3-12, the changes in the systems are shown by Figure 4.21c-e 

as representatives. With increasing concentration of β-CD more and more surfactants 

molecules are stripped off from the protein-micelle complexes. As a result of it 

progressively bigger structures like nanotubes and secondary aggregates of nanotubes are 

formed by β-CD and surfactant molecules with greater extent of efficiency. It is 

noteworthy that none of these FESEM images would be the actual representation of what 
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is happening in the solution phase discussed above as the images are taken in the solid 

phase. However, it is expected that the representation may not be completely different 

from that in the solution phase.     

 

Figure 4.20. The size distribution graph of the BSA (5.0 µM) + 12-n-12 (0.5 mM), 

acquired by dynamic light scattering (DLS) measurement. 

 

Figure 4.21. FESEM images of native BSA (5.0 µM) and BSA in presence of 12-3-12 and 

β-CD: (a) native BSA, (b) BSA + 0.5 mM 12-3-12, (c) BSA + 0.5 mM 12-3-12 + 0.2 mM 

β-CD, (d) BSA + 0.5 mM 12-3-12 + 1.0 mM β-CD, (e) BSA + 0.5 mM 12-3-12 + 8.0 mM 

β-CD.  
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4.2.3 Refolding of denatured BSA by using SDS through formation of catanion 

(mixed micelles, vesicles etc.) 

4.2.3.1 Steady-state fluorescence 

Cationic–anionic mixtures of surfactants form a clear homogeneous solution at all 

concentration range except for equimolar mixture which gives a heterogeneous system. 

This type of phase behavior has been explained in terms of distinct composition of micelles 

with different concentrations.48, 81 It has been observed that for non-equimolar mixtures, 

mixed micelles formed because of strong electrostatic attraction between oppositely 

charged head groups remain in the solution due to the residual charge. However, for an 

equimolar mixture, mixed micelles formed are uncharged resulting in the formation of 

particles of large size those get precipitated out.48  

SDS molecules form mixed micelles with cationic gemini surfactant molecules 

since they have got negatively charged headgroups, opposite to the charges on the 

headgroups of gemini surfactants. Protein molecules in presence of gemini surfactants get 

unfolded. SDS molecules added to this BSA-gemini system should extract gemini 

surfactant molecules through the formation of mixed micelles, consequently, BSA 

molecules would be free from gemini surfactants and should move to its native form. 

Keeping this phenomenon in mind, the present study has been carried out by the addition 

of varying concentration of SDS to a system of a fixed concentration of BSA (5 µM) and 

0.5 mM of each of gemini surfactants, 12-n-12, at which aggregates are formed between 

micelles and unfolded BSA molecules. Figure 4.22 represents the changes in fluorescence 

spectra of the BSA (5.0 µM) with 12-3-12 gemini surfactant (0.5 mM) with the addition 

of varying concentrations of SDS as representative one. Figure 4.23 illustrates the plot of 

fluorescence intensity ratio, F/Fo versus SDS concentration. It has been found that with 

the variation in the concentration of the SDS in this system, the fluorescence intensity 

ratio, F/Fo is first increased (0.05-0.3 mM depending on the type of gemini surfactants) 

and then decreased, after reaching a minimum (0.8-1.0 mM depending on gemini 

surfactants) again it (1.0-2.5 mM depending on the type of gemini surfactants) starts to 

increase. This profile is similar to that as observed in case of refolding by -CD molecules. 

Thus results indicate that SDS molecules are capable of refolding BSA denatured by 

gemini surfactants. However, beyond the concentration range of 2.0-2.5 mM, continuous 

decrease in the F/Fo ratio has been noticed. It depicts that at this high concentration, the 
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SDS molecules themselves act as a protein denaturant.18, 21 It is noteworthy that the 

efficiency of SDS molecules to strip the gemini molecules out from the BSA-gemini 

aggregates is maximum with molar ratio of Gemini:SDS as 1:2. However, we are unable 

to study the stripping process at this molar ratio of gemini and SDS due to the occurrence 

of precipitation. Fluorescence peak maxima data are given in Table 4.9.The trend in 

variation of fluorescence peak maxima is just the reverse of the unfolding process of BSA 

which is shown by Figure 4.24. This trend corroborates well with the fluorescence intensity 

change.  

 

Figure 4.22. Changes in the fluorescence spectra of BSA (5.0 µM) in 12-3-12 surfactant 

(0.5 mM) with the addition of varying concentrations of SDS. λex = 295 nm 

                              

Figure 4.23. Changes in the fluorescence intensity of BSA (5.0 µM) in presence of 0.5 

mM gemini surfactant, 12-n-12 with increasing concentration of SDS. λex = 295 nm.  
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Table 4.9. Fluorescence peak maxima of BSA (5.0 µM) in presence of 0.5 mM of 12-n-

12 and different concentrations of SDS.  ex = 295 nm 

Sr. 

No. 

SDS 

(mM) 

12-3-12 

λmax
flu 

(nm) 

SDS 

(mM) 

12-6-12 

λmax
flu 

(nm) 

SDS 

(mM) 

12-8-12 

λmax
flu 

(nm) 

SDS 

(mM) 

12-12-12 

λmax
flu 

(nm) 

1 0.000 336 0.000 337 0.000 337 0.000 339 

2 0.005 336 0.005 337 0.005 337 0.005 339 

3 0.010 336 0.010 337 0.010 337 0.010 339 

4 0.030 336 0.030 338 0.030 337 0.030 338 

5 0.060 337 0.060 338 0.060 337 0.060 338 

6 0.080 337 0.080 338 0.080 339 0.080 338 

7 0.100 338 0.100 338 0.100 339 0.100 339 

8 0.300 347 0.200 339 0.300 337 0.300 339 

9 0.500 346 0.300 339 0.500 340 0.500 340 

10 2.000 335 0.400 338 0.800 338 0.800 343 

11 2.500 335 0.500 338 1.500 348 2.500 334 

12 4.000 332 0.800 341 2.500 333 3.000 333 

13 5.000 332 1.000 349 3.000 333 4.000 334 

14 10.000 335 2.000 338 4.000 333 5.000 334 

15 15.000 336 3.000 335 5.000 333 10.000 334 

16 20.000 336 4.000 332 10.000 333 15.000 335 

17   5.000 332 15.000 334 20.000 336 

18   10.000 332 20.000 334   

19   15.000 333     

20   20.000 334     

 

To further support the refolding process of BSA, the CD spectra have also been 

recorded. The CD spectra for BSA + 12-12-12 (0.5 mM) system in presence of different 

concentrations of SDS are shown by Figure 4.25 as a representative. Table 4.10 indicates 

the various components of the secondary structure of BSA in presence of 0.5 mM of 12-

n-12 at varying concentrations of SDS calculated from the CD spectra. Figure 4.26 exhibits 

the variation in the % of α-helix of BSA in presence of 0.5 mM of 12-n-12 at varying 

concentrations of SDS.  % of α-helix data show the reverse trend of the BSA unfolding 

process and the trend is same as that for change in F/Fo versus SDS concentration. Both 

the plots of F/Fo versus SDS concentration (Figure 4.23) and % -helix versus SDS 

concentration (Figure 4.26) show that SDS molecules have greatest affinity towards 12-

12-12 and least affinity towards 12-3-12. The increasing order with which the SDS 

molecules strip the gemini molecules out from the Gemini-BSA aggregates is as follows: 
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12-3-12 < 12-8-12 < 12-6-12 < 12-12-12. The average sizes of BSA-SDS aggregates in 

presence of SDS in the range of 0.06 mM to 0.1 mM obtained from DLS measurements 

are found to be 8.20.6 nm, 12.20.8 nm, 11.91.4 nm and 22.23.6 nm for 12-3-12, 12-

6-12, 12-8-12 and 12-12-12, respectively.  

 

Figure 4.24. Change in the fluorescence peak maxima of BSA (5.0 µM) in presence of 0.5 

mM gemini surfactant, 12-n-12 at varying concentrations of SDS. λex = 295 nm. 

 

Figure 4.25. Far-UV CD spectra for BSA (5.0 µM) in presence of 0.5 mM of 12-12-12 at 

varying concentrations of SDS. 

This is the concentration range at which SDS molecules strip off some of the 

gemini molecules from BSA-gemini micelles aggregates. In addition, Gemini-SDS 

aggregates are also formed. The average sizes of these Gemini-SDS aggregates are found 

to be 10413 nm, 25342 nm, 30047 nm and 62068 nm in presence of 12-3-12, 12-6-
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12, 12-8-12 and 12-12-12, respectively. The average sizes are reported here because the 

particle sizes are not reproducible. As per literature report in absence of protein these 

aggregates of SDS and gemini surfactants could be rod-like micelles, lamellar micelles, 

vesicles, etc.82-85 In fact the existence of these kind of structures even at very low 

concentration of catanion is reported in the literature.86 The efficiency of SDS molecules 

to strip off the gemini molecules in some way must be correlated with the sizes of the 

partially denatured protein and Gemini-SDS aggregates which is evidenced by the above 

mentioned DLS data. The increasing order of sizes of these partially denatured protein 

particles and Gemini-SDS aggregates (except for SDS-12-6-12 micelles) are same as the 

increasing order of efficiency with which SDS molecules strip off the gemini molecules 

(discussed above based on fluorescence and CD data).  Higher the affinity of SDS 

molecules towards gemini molecules for the formation of mixed micelles kind of structures 

greater would the efficiency of SDS molecules to strip off the gemini molecules from 

BSA-gemini micelles complexes.  

As mentioned above the trend for changes in % -helix with SDS concentration is 

same as that of fluorescence data. It is expected that when SDS molecules will have high 

affinity towards gemini molecules associated with the BSA protein (eg. 12-12-12), due to 

a great extent of stripping, the system will contain unfolded protein chains without any 

micelles associated with them. This is the state at which the unfolding of protein molecules 

would be maximum giving minimum % of -helix (minima in Figure 4.26). It is 

noteworthy that although at this state no micelles formation is there along the protein chain, 

however, some surfactant molecules are still bound with the protein chain as it happened 

during the denaturation process. At this stage, as a result of the maximum exposure of the 

Trp residues of the protein chain the fluorescence intensity would be minimum (Figure 

4.23). With further increasing concentration of SDS beyond the minimum, more mixed 

micelles, vesicles etc. would be formed between SDS and gemini surfactant molecules 

which will lead to the re-naturation of protein through the refolding of protein chain. 

During this process protein molecules move to their native state as a result of that % -

helix increases (Figure 4.26). Also, the Trp residues feel more hydrophobic environment 

and because of that fluorescence intensity increases.  

Results show that once the protein molecules attain the saturation of their native 

state, with the addition of further surfactant molecules again the denaturation of protein is 
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started. It is to be noted from Figure 4.23 that initially at very low concentration range of 

SDS there is a little increase in the fluorescence intensity without any change in % -helix. 

This could be because of the fact that SDS molecules form mixed micelles with the gemini 

molecules even in the binding state along the protein chain. Thus, Trp residues feel 

comparatively more nonpolar environment, which results in increase in fluorescence 

intensity. This increase is comparatively more significant in case of 12-3-12. It further 

supports the fact that in case of 12-3-12 there are interactions between wormlike micelles 

and BSA which was evidenced by DLS data as well. This kind of binding of SDS 

molecules at low concentration with BSA, however, does not change any secondary 

structure of protein showing no change in % -helix. 

Table 4.10. Various components of the secondary structure of BSA (5.0 µM) in presence 

of 0.5 mM of 12-n-12 at varying concentrations of SDS calculated from the CD spectra.  

SDS /mM α-Helix β-Sheet   

Anti-parallel     Parallel 

β-turn Random 

coil 

12-3-12 

0.05 53.2 4.4 5.5 13.7 23.8 

0.10 47.0 5.4 6.3 14.5 26.5 

0.50 54.7 4.1 5.3 13.2 23.9 

5.00 53.9 4.2 5.3 13.4 23.7 

10.00 49.8 5.0 5.6 14.2 23.9 

12-6-12 

0.05 47.0 5.3 6.3 14.5 26.4 

0.10 46.4 5.5 6.4 14.6 26.6 

0.50 31.8 8.8 9.5 16.9 35.3 

2.00 60.5 3.3 4.6 12.3 22.2 

5.00 56.8 3.8 5.0 13.0 22.8 

10.00 53.1 4.4 5.4 13.6 23.6 

12-8-12 

0.01 47.5 5.3 6.3 14.4 26.6 

0.05 46.8 5.4 6.4 14.5 27.1 

0.50 50.7 4.8 5.8 14.0 25.1 

5.00 60.2 3.3 4.6 12.3 22.3 

10.00 35.9 7.7 8.4 16.3 32.4 

12-12-12 

0.01 30.3 9.4 9.7 17.3 35.2 

0.05 28.6 10.0 10.3 17.7 36.8 

0.10 23.4 12.2 12.3 18.9 41.3 

0.50 13.3 19.8 18.8 22.1 53.0 

2.00 54.7 4.0 5.4 13.0 25.0 

5.00 56.8 3.9 5.0 13.0 22.6 

10.00 54.9 4.2 5.1 13.4 22.7 
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Figure 4.26. Variation in the % of α-helix of BSA (5.0 µM) in presence of 0.5 mM of 12-

n-12 at varying concentrations of SDS. 

To monitor the morphological changes occurring after adding different 

concentrations of SDS in the system containing 5 µM of BSA and 0.5 mM of 12-3-12 as 

representatives, the FESEM images have been recorded and are presented by Figure 4.27a-

c. One can see that both the size and the number of particles increase with increasing 

concentration of SDS. It depicts that more the number of SDS molecules present in the 

system greater would be the stripping of gemini molecules from BSA-gemini complexes. 

As a result of that larger would be the size of a particles and also number of particles 

formed by SDS and gemini surfactant molecules. These particles seem to be vesicles, 

multi-lamellar micelles, multi-lamellar vesicles etc. depending on the concentration of 

SDS which are in accordance with the literature report.100-101       

 

Figure 4.27. FESEM images of BSA (5.0 µM) in presence of 12-3-12 and SDS: (a) BSA 

+ 0.5 mM 12-3-12 + 0.1 mM SDS, (b) BSA + 0.5 mM 12-3-12 + 0.5 mM SDS, and (c) 

BSA + 0.5 mM 12-3-12 + 10.0 mM SDS. 
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4.3 Conclusions 

Gemini surfactants, 12-n-12, each with two hydrophobic tails, one polymethylene 

spacer group and double charges (headgroups), can interact intensely with BSA via 

electrostatic and hydrophobic forces, which leads to change in the fluorescence spectra of 

proteins due to changes in the polarity of microenvironments of Trp residues. At low 

concentration range of surfactants (~ 0.1 mM), the decrease in the fluorescence intensity 

follows the order as 12-8-12 < 12-6-12 < 12-3-12 < 12-12-12. The decrease in -helix of 

the protein is more with decreasing hydrophobicity/chain length of the spacer group. It 

could be due to the interaction between the protein and larger-sized pre-micellar 

aggregates formed by gemini molecules with short spacer chains. However, the unusual 

decrease in -helix found in case of 12-12-12 could be because of highly hydrophobic 

interaction between protein and long hydrophobic spacer chain and also could be due to 

the formation of a loop by the long flexible spacer chain in it. At comparatively higher 

concentration range of surfactants (~0.5 mM), micelles are formed along the protein chain 

creating comparatively higher hydrophobicity around the Trp residues. The dependence of 

efficiency to create hydrophobic environment on spacer group via the formation of 

micelles along the protein chain is found to follow the order: 12-3-12 < 12-6-12 < 12-8-

12~12-12-12 i.e. with increasing hydrophobicity of the spacer group the environment 

around Trp residues becomes less polar. This result supports the formation of necklace-

bead kind of structures. Fluorescence lifetime data reveal that at low concentration range 

of surfactants, during denaturation of the protein, the Trp residues get exposed to the more 

polar water phase and at the same time more surfactant molecules interact with Trp which 

results in disturbance of the planarity of indole ring that is present in Trp amino acid. The 

unfolded protein molecule can get refolded step-by-step by the stripping process with β-

CD as well as with SDS. The efficiency of β-CD to strip the different gemini surfactant 

molecules follows the order: 12-3-12 < 12-6-12 < 12-8-12 < 12-12-12 which is an 

increasing order of chain length of the spacer group. Therefore, with increasing chain 

length of the spacer group of a gemini surfactant molecule, the binding efficiency with β-

CD molecules is increased. It could be due to the fact that the tail(s) of a gemini surfactant 

molecule containing a long flexible spacer chain can more easily be entered into the 

hydrophobic pocket of a β-CD molecule forming simple inclusion complexes or 

nanotubes/rods where β-CD molecules are threaded onto the tails. However, once the 

protein-micelles aggregates are dissociated, the gemini surfactant molecules with a short 
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spacer chain like 12-3-12 can more easily be taken out by β-CD molecules. This could be 

due to less effective binding of wormlike micelles formed by 12-3-12 with the protein. 

Initially at a low concentration, probably β-CD molecules bind with the BSA-micelle 

aggregates thereby providing with comparatively less polar environment around the Trp 

residues of BSA. Results show that β-CD cannot remove the gemini surfactant molecules 

bound to high energy binding sites of BSA through specific interactions. The secondary 

structure of the native BSA is only partially recovered. The refolding of the protein 

unfolded by gemini surfactants has also been done by SDS through the formation of 

catanion (mixed micelles, vesicles etc.). The increasing efficiency of SDS molecules to 

strip the gemini molecules out from the Gemini-BSA aggregates follows the order: 12-3-

12 < 12-8-12 < 12-6-12 < 12-12-12. At a low concentration range of SDS, a marginal 

structural regain to the native BSA through the formation of catanion micelles, vesicles 

etc. are occurred. However, SDS again unfolds the BSA at a comparatively higher 

concentration. Initially at a very low concentration, SDS molecules form mixed micelles 

with gemini molecules those are bound along the protein chain without making any change 

in secondary structure of the protein. Results show that the mechanism of unfolding and 

subsequent refolding is reversible in nature, although, the protein does not regain its full 

native structure. β-CD and SDS induced refolding of protein tuned by the polymethylence 

spacer chain length of gemini surfactants can find some useful applications in various 

filelds.     
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Abstract: The formation of guest molecule (Coumarin 485, C-485) induced nanotubes by 

β-cyclodextrin (β-CD) and their interactions with cationic gemini surfactants (12-n-12, 

where n = 3, 6, and 12) have been explored by means of UV-visible absorption, steady-

state fluorescence and fluorescence anisotropy, time-resolved fluorescence and 

fluorescence anisotropy, and dynamic light scattering (DLS) measurements. β-CD at its 

high concentration forms extended nanotubes and secondary aggregates of nanotubes. A 

gemini surfactant has a role on binding between C-485 and nanotubes of β-CD. At a low 

concentration range, surfactant molecules are co-associated with the guest molecules, C-

485, however at 

high concentrations 

they are capable of 

pushing C-485 out 

of the nanotubular 

cavities. A gemini 

molecule with a 

comparatively 

longer spacer chain 

is more efficient in 

removing the guest 

molecules out of the nanotubular cavities. Also, rate of release of guest molecules 

increases with increasing concentration of surfactants. Release of guest molecules from 

the nanotubes can be tuned by changing the spacer chain length and concentration of 

gemini surfactants. Guest molecules after coming out of the nanotubular cavities, get 

solubilized in the micelles formed by surfactant molecules in the solution. The results of 

the present work suggest potential application in the development of promising drug 

delivery systems.  
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5.1 Introduction  

Controlled drug delivery process is being developed as an important area of 

research in last few years.1-4 The toxicity arises because of the concentration of drug itself 

can be avoided by the controlled release of drugs.5 Different drug carriers have been 

developed to overcome the problems of carrying a drug to the target site.4, 6, 7 Cyclodextrins 

(CDs) are cyclic carbohydrates of different sizes, i.e., amylase-derived oligomers in which 

glucose units are linked via -1-4 bonds, arranged in a cyclic fashion and form hollow, 

truncated cone-like structures. Based on the number of glucose units (i.e. 6, 7, or 8) present 

in the ring, these are called and cyclodextrin, respectively.8 CDs constitute a 

class of carrier systems that have found a range of applications in drug delivery because 

of their unique characteristic of possessing a hydrophobic interior and hydrophilic 

exterior.9 Due to their hydrophobic cavity, CDs serve as hosts for appropriate sized organic 

molecules (guest). The hydroxyl groups containing hydrophilic rims give a platform for 

hydrogen bonding.10 Hashimoto et al. have found inclusion complexation between pyrene 

and -CD, because of the strong hydrophobic interaction between them in the aqueous 

solution.11 The cavity size of CD is enough for the formation of excimer of pyrenes in 

the aqueous solution, which is noticed by an enhancement in the fluorescence intensity as 

well as fluorescence lifetime (77 ns). This dimer formation did not happen in an aqueous 

solution of and CDs because of their comparatively smaller cavity sizes.12 There are 

reports on the formation of rotaxanes,13 polyrotaxanes,14 catenanes,15 supramolecular 

tape,16 and threaded cyclodextrins17 types of supramolecular assemblies which are 

potential scaffold molecular devices as well. Of these assemblies, the formation of 

nanotubes of CDs in the presence of guest molecules18-22 and their applications23-27 is of 

particular interest. The formation of nanotubes depends on the concentration and cavity 

size of CDs and also on the size of the guest molecules.18-22, 28-30 At a low concentration of 

CD, small inclusion complexes with a stoichiometric ratio of either 1:1 or 1:2  are formed 

depending on the nature of host and guest molecules.20-22, 29, 31, 32 Upon further increasing 

the concentration of CD, nanotubes are formed governed by van der Waals, hydrophobic 

and hydrogen bonding interactions.18-22, 29, 31, 33, 34 Not only the nanotubes but the secondary 

aggregates of nanotubes in the form of micrometer-sized rods have also been reported.20, 

21, 32 Secondary aggregates are formed by inter nanotubular hydrogen bonding interactions. 

Secondary aggregates of nanotubes are grown mostly in 2D fashion, but aggregation in 3D 

fashion has also been found.16 
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 Formation of inclusion complexes between polymer molecules and CDs, 

depending on their inner cavity size (4-8 Å diameter), has also been reported.33, 35-38,  

and CD form complexes with appropriately sized polymers such as PEG (poly(ethylene 

glycol)), PPG (poly(propylene glycol)) and poly (methyl vinyl ether), respectively, by 

threading action of the tail of polymers through the inner cavity of CDs.38, 39 Both 

hydrophilic and hydrophobic polymers form inclusion complexes with CDs.15 The 

formation of inclusion complexes of CD with the hydrophobic tail of a conventional 

surfactant molecule is well documented.40-43 This type of complex formation delays the 

micellization process of surfactants and enhances the critical micellar concentration (cmc). 

The cmc in presence of a CD is called apparent critical micellar concentration (cmc*).42, 

44-46 Mehta et al.47 have recently observed the delay in the micellization of 

dodecyldimethylammonium (DDA) and tetradecyltrimethylammonium (TDA) with 

different counterions such as bromide and chloride, in the presence of different 

concentration range of various CDs (α and βCD, and hydroxypropyl-β, and γCD). 

Delay in micellization is due to the greater magnitude of the hydrophobic interactions 

between the surfactant and CD cavities rather than that between surfactant molecules to 

form micelles. Petek et al.48 have also studied the micelle formation of 

alkyltrimethylammonium bromide with different chain lengths such as C12, C14, and C16 in 

presence of CD. They have, however, observed that once micellization starts in presence 

of CD, the standard Gibbs free energy of micellization is more negative than the 

standard Gibbs free energy of complexation. Because of this reason the concentration of 

surfactants in micellar state continuously increases even some uncomplexed CD 

molecules (i.e. free CD) are present in the system. Huang and co-workers have done 

extensive study on host-guest inclusion complexes forming supramolecular structures of 

the amphiphilic molecules (including nonionic, anionic and cationic/anionic mixed 

surfactants) and alkanes with the CDs.49-55 

 Saha et al. have reported32, 56, 57 earlier the guest molecule induced formation of 

nanotubes and the secondary aggregates of nanotubes giving micrometer size rods. We 

have seen that the extent of nanotubes formation, and of their secondary aggregation, 

depends on the concentration of the guest molecule.32 We have also sudied58 the 

concentration dependent binding of a conventional cationic surfactant, cetylpyridinium 

chloride (CPyCl) with the nanotubes of CD and the release of the guest molecule, trans-

2-[4-(dimethylamino)styryl]benzothiazole (DMASBT) from the nanotubular cavities.  
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Gemini surfactants have found a range of applications in diverse fields of 

sciences.59-63 A gemini surfactant is an amphiphilic molecule containing two hydrophobic 

tails joined by a spacer group at their hydrophilic headgroups. Gemini surfactants have 

greater surface activity as compared to their conventional counterparts.64 Properties of 

gemini surfactants depend on various parts of surfactants such as hydrophobic tails, 

hydrophilic headgroups, counterions and spacer groups.65-72 Spacer groups play a very 

important role in the aggregation behaviour of gemini surfactants. Studies with gemini 

surfactants with rigid, flexible, hydrophilic or hydrophobic spacer groups have been 

reported.64, 73, 74 As far as new drug carriers and drug releasing systems are concerned, it 

is largely conventional surfactant based systems that have been studied. Currently, there 

is considerable interest in the design and construction of various CDs based systems, and 

tailoring of such systems for optimum drug loading and drug release.  

This chapter is focused on the concentration and spacer chain length dependent 

binding of a series of gemini surfactants, 12-n-12, 2Br- (where n = 3, 6, 12) (Scheme 5.1) 

with the nanotubes, and secondary aggregates of nanotubes of βCD and release of guest 

molecules from the nanotubular cavities. A fluorescent guest molecule, Coumarin-485 (C-

485) (Scheme 5.1), has been used to induce the formation of nanotubes, and their 

secondary aggregates. βCD has been chosen for its medium cavity size which allows for 

effective binding of various guest molecules, and for binding of C-485 as well. We have 

also studied how the binding of a surfactant with the nanotubular systems and the release 

of guest molecules take place with time. Our observation is there is a controlled release of 

guest molecules from the nanotubular cavities.  

In the current scenario, pharmaceutical research is focused on how can be a drug 

molecule released at the site of action effectively? To fulfill this purpose, several advance 

nanostimuli-responsive drug delivery systems are developed.75, 76 Stimuli-responsive 

systems can be exogenous such as thermoresponsive, magnetically responsive, ultrasound 

triggered, photoresponsive, electroresponsive etc. and can be endogenous such as pH-

sensitive systems, enzyme sensitive systems, redox-sensitive systems etc. Despite the 

benefits of these systems, these stimuli-responsive systems are too complicated to apply 

in vitro and in vivo condition, especially the second ones. Endogenous systems are indeed 

difficult to control because they may vary with the patient. Apart from this, these systems 

have sophisticated designs, that make the potential pharmaceutical process more complex 

as far as reproducibility and modification in drug/drug safety/quality control are 
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concerned. It is true that CDs have versatile applications in pharmaceutical industry and 

drug delivery for their complexation ability and other attractive physical and chemical 

properties. However, there is a need of research to find out any suitable additives which 

impart important interactions to these CDs based complexation systems and adversely 

affect the performance. It is also noteworthy that in the earlier studies on CDs based drug 

delivery systems, there was no mention about the formation of nanotubes of 

CDs/secondary aggregates of nanotubes of CDs. However, it is a fact that above a certain 

conc. CDs form nanotubes in presence of a guest.  

 

 
 

           [12-n-12], n = 3, 6, and 12                             C-485 
 

Scheme 5.1: Structure of gemini surfactants and C-485. 

5.2 Results and discussion  

5.2.1 UVvisible absorption spectra of C-485 in presence of βCD 

5.2.1.1 Binding of C-485 with βcyclodextrin  

Figure 5.1a represents the absorption spectra of C-485 (5.0 µM) in aqueous 

solutions with varying concentration of βCD at pH = 7.4. Spectra have been recorded up 

to 9.5 mM concentration of βCD. Absorption peak maximum of C-485 in pure aqueous 

solution of pH 7.4 occurs at 405 nm which matches well with earlier reports (403 nm in 

pure water).77, 78 Figure 5.1b shows the variation in absorbance and absorption peak 

maxima of C-485 with increasing concentration of βCD (0 mM to 9.5 mM). As the 

concentration of βCD increases the absorbance increases continuously up to 4.0 mM with 

blue shift of 6 nm of the absorption peak maximum. Above this concentration of βCD, a 

comparatively slower rise in absorbance was noticed. From 4.0 mM to 9.5 mM the 

absorption peak maximum was constant at 399 nm. This variation in absorption spectra of 

C-485 shows the binding of the C-485 molecule with βCD. The absence of any isosbestic 

point in absorption spectra indicates the progressive formation of big molecular structures 
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like nanotubes starting from small inclusion complexes with increasing concentration of 

βCD. 

    

Figure 5.1.  (a) Absorption spectra of C-485 (5.0 µM), (b) variation in absorbance (at 

404 nm), and absorption peak maxima of C-485 as a function of the concentration of 

βCD (pH = 7.4).  

5.2.2 Steady-state fluorescence spectra of C-485 in presence of βCD 

5.2.2.1 Formation of nanotubes of βCD in presence of C-485 

The fluorescence spectra along with absorption spectra of C-485 in different 

solvents are given in Figure 5.2. The fluorescence peak maxima in pure solvents like water 

(at pH 7.4), methanol, acetone, ethyl acetate, cyclohexane, and hexane are 536 nm, 521 

nm, 497 nm, 489 nm, 461 nm, and 457 nm, respectively and fluorescence quantum yields 

are 0.05, 0.11, 0.28, 0.50, 0.52, and 0.54, respectively. With increasing concentration of 

βCD, the fluorescence intensity increases with concomitant blue shift in fluorescence 

peak maximum (Figure 5.3a). These results suggest that with increasing concentration of 

βCD, the C-485 molecules progressively get transferred from the polar to the nonpolar 

environment. In a polar medium, fluorescence occurs from the ICT state. ICT to non-

fluorescent TICT state conversion is feasible. So, in the polar medium it follows the ICT-

TICT-ground state non-radiative de-excitation pathway.79-81 In a polar environment, the 

charge transfer state being closer to the ground state as well as to the triplet state, the rates 

of non-radiative processes are high. As a result, the fluorescence intensity is low (Figures 

5.3a and 5.2). However, with increasing concentration of βCD more and more C-485 

molecules move to the comparatively less polar environment of the hydrophobic pocket 

of βCD, which leads to the destabilization of ICT state, is now away from the triplet and 
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ground states. This phenomenon is evidenced by the blue shift in fluorescence peak 

maximum with concomitant increase in fluorescence intensity.  

 

Figure 5.2. Absorption (solid lines) and fluorescence (symbol lines) spectra of C-485 in 

pure solvents. [λex = 375 nm].  

Figure 5.3b represents the variation in fluorescence intensity ratio (F/Fo) and peak 

maximum of C-480 with the change in concentration of βCD. At 9.5 mM concentration 

of βCD, fluorescence peak maximum of C-485 is blue shifted by 17 nm and fluorescence 

intensity is increased by 1.9 times (at 520 nm) with respect to those in pure water. 

According to literature report very high increase in fluorescence intensity of C-485 in 

presence of βCD is a result of formation of nanotubes, and also secondary aggregation of 

nanotubes of βCD.32, 58 Like absorption spectra, the significant changes in fluorescence 

intensity and fluorescence peak maximum are observed up to 4.0 mM concentration of 

βCD. Therefore, the growth of nanotubes and secondary aggregation of nanotubes mainly 

takes place up to 4.0 mM concentration of βCD. The variation noted in absorption as well 

as in fluorescence spectra of C-485 could be because of the formation of various kinds of 

aggregated structures like simple inclusion complex, nanotubes of various lengths, 

secondary aggregates of nanotubes etc. with increasing concentration of βCD. 
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Figure 5.3. (a) Fluorescence spectra of C-485 (5.0 µM), (b) variation in the fluorescence 

intensity ratio (F/Fo) and peak maximum of C-485 as a function of the concentration of 

βCD. [λex = 375 nm, λem = 520 nm]. 

At  low concentration of βCD, small inclusion complexes are formed which are 

then converted to the extended nanotubes, followed by secondary aggregation of 

nanotubes by internanotubular hydrogen bonding interactions, at a high concentration of 

βCD.32 The stoichiometry of the inclusion complex at a low concentration of β-CD was 

determined by analyzing the fluorescence data using Benesi–Hildebrand plots32, 82-84 for 

1:1 and 1:2 stoichiometries following the given Equations 1.1 and 1.2, respectively 

(Chapter 1).  The analysis has been confined to values of [CD], the concentration of βCD, 

up to 2.0 mM, since at high concentration nanotubes are formed and the equations are not 

applicable. K and K′ are the association constants, which were determined from the slope 

and intercept values of the Benesi-Hildebrand plot. For the Benesi-Hildebrand plot, the 

intensity of fluorescence has been measured at 525 nm. Figure 5.4 represents the best 

fitting of Benesi-Hildebrand plot for 1:1 stoichiometry with regression coefficient = 0.998. 

The Benesi–Hildebrand double reciprocal plot for 1:2 stoichiometry deviates from the 

linearity (figure not shown). This result shows that at low concentration of βCD it forms 

simple inclusion complex of 1:1 stoichiometric ratio with C-485 with an association 

constant (K) value of 5221 M-1. Further evidence to support the formation of nanotubes 

and other structures of βCD has been obtained from steady-state fluorescence anisotropy 

measurements. Fluorescence anisotropy is a directional property, which depends upon the 

environment. It gives precise information about the microenvironment. Because of the 

high sensitivity of fluorescence anisotropy of a probe molecule towards shape, size, 

rigidity, and viscosity of microenvironment, it has a wide range of applications in 

biological fields.  
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Figure 5.4. Benesi-Hildebrand plot of C-485 (5.0 µM) in βCD for a 1:1 stoichiometry. 

5.2.3 Steady-state fluorescence anisotropy of C-485 as a function of the concentration 

of βCD 

Figure 5.5 represents the variation in fluorescence anisotropy with change in the 

concentration of βCD in the aqueous solution of C-485. There is a sharp increment in 

anisotropy (0.12) up to 2.0 mM concentration of βCD. After that, a slow rise in anisotropy 

is noted with a value of 0.14 at 9.5 mM concentration of βCD. This high value of 

fluorescence anisotropy is only possible when the C-485 molecule goes inside the cavity 

of βCD. 

 

Figure 5.5. Variation in the steady-state fluorescence anisotropy of C-485 (5.0 µM) 

(intensities have measured at λem = 510 nm) as a function of the concentration of βCD. 
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The high anisotropy value indicates the restricted movement of C-485 molecules 

when present as guest molecules in the cavity of βCD. Many reports have confirmed that 

guest molecules exhibit this high anisotropy value only after the formation of nanotubes 

of CDs.18-21, 32 This result confirms the formation of nanotubes of βCDs in presence of 

C-485 as a guest at a high concentration of βCD. 

5.2.4 Fluorescence lifetime and rotational relaxation time of C-485 as a function of 

the concentration of βCD 

Some representative fluorescence intensity decays of C-485 in water and in 

presence of different concentrations of βCD at pH 7.4 are shown by Figure 5.6a. 

Fluorescence intensity decays of C-485 have been measured at λem = 510 nm upon 

excitation at 375 nm. Fluorescence decay is found to be bi-exponential with <f> = 85 ps 

in water at pH = 7.4. Decays are bi-exponential in presence of βCD as well. Average 

lifetime has been calculated using Equation 1.8 (given in Chapter 1). Figure 5.7 shows that 

average excited state lifetime of C-485 increases with increasing concentration of βCD 

with very sharp initial increase. C-485 molecules are transferred from the bulk aqueous 

phase to the hydrophobic pocket of βCD forming inclusion complexes and nanotubes. As 

a result of transfer to the comparatively nonpolar environment, the ICT state of C-485 gets 

destabilized.80, 81 Thus the rates of non-radiative processes decrease and fluorescence 

lifetime increases. Fluorescence anisotropy decays also have been measured at λem = 510 

nm after excitation at 375 nm. Some representative fluorescence anisotropy decays of C-

485 in water and in presence of different concentrations of βCD at pH 7.4 are also shown 

by Figure 5.6b.  Anisotropy decay is mono-exponential with rotational relaxation time = 

118 ps in water at pH = 7.4. Anisotropy decays are mono-exponential with much slower 

relaxation process in βCD system as well. Table 5.1 represents the rotational relaxation 

time (r) (calculated by Equation 2.18, Chapter 2). and limiting anisotropy (ro) values at 

different conc. of βCD. The lower ro values as compared to (ro)max = 0.4 over a large 

range of concentrations of βCD indicate the contribution of fast motions to the loss of 

anisotropy. These motions might occur on a time scale faster than the resolution of our 

instrumental set-up and that perhaps is why mono-exponential decays were observed.85 

Sarkar et al. have reported the slower rotational relaxation of C-485 in the micelles (r = 

435 ps) and in protein-surfactant system (r = 550 ps) as compared to pure water (r = 120 

ps).78 The rotational relaxation time of C-485 also increases with increasing concentration 
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of βCD (Figure 5.7). Initially both lifetime and rotational relaxation time increase very 

sharply (Figure 5.7).  The changes observed in both excited state lifetime and rotational 

relaxation time with increasing concentration of βCD are in consistent with that of steady-

state fluorescence anisotropy. These results are again in support of the fact that C-485 

molecules are present inside the nanotubes of βCD. Comparatively higher values of ro 

(close to 0.4) at higher concentration range of βCD also indicates rigid environment 

around C-485.  

     

Figure 5.6. (a) Fluorescence intensity decays and (b) anisotropy decays of C-485 in water 

and in presence of different concentration of βCD at pH = 7.4. [λex = 375 nm, λem = 510 

nm]. 

 

Figure 5.7. Variations in the average excited state lifetime (<f >) and rotational relaxation 

time (r) of C-485 (5.0 µM) (λem = 510 nm) as a function of the concentration of βCD. λex 

= 375 nm.  
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Table 5.1. Rotational relaxation time (τr), limitting anisotropy (r0) of C-485 (5.0 µM) in 

the aqueous solution of different concentration of βCD. [λex = 375 nm, λem = 510 nm].  

βCD 

mM 

r 

ps 

a ro χ2 

0 118 1.00 0.15 1.20 

0.1 286 1.00 0.20 1.06 

0.5 307 1.00 0.29 1.09 

0.8 332 1.00 0.22 1.15 

1.0 334 1.00 0.25 1.05 

1.7 340 1.00 0.30 1.15 

2.0 358 1.00 0.27 1.16 

2.5 395 1.00 0.28 1.23 

2.8 401 1.00 0.29 1.17 

3.0 405 1.00 0.28 1.09 

3.5 438 1.00 0.29 1.11 

4.0 420 1.00 0.37 1.20 

5.0 392 1.00 0.38 1.22 

5.5 421 1.00 0.40 1.19 

6.0 383 1.00 0.37 1.20 

7.0 397 1.00 0.34 1.24 

7.5 421 1.00 0.38 1.22 

8.0 418 1.00 0.37 1.12 

8.5 425 1.00 0.37 1.11 

9.0 418 1.00 0.39 1.17 

9.5 428 1.00 0.36 1.20 

5.2.5 Interactions of gemini surfactants, 12-n-12 with C-485-βCD system 

5.2.5.1 UV-visible absorption spectra of C-485 in presence of βCD (8.0 mM) with 

varying concentration of 12-n-12 

To see the effect of gemini surfactants on the binding of C-485 with the nanotubes 

of βCD and also its secondary aggregates, gemini surfactant has been added in the C-

485-βCD system with 8.0 mM concentration of βCD and various spectroscopic 

techniques have been used. The absorption spectra of C-485-βCD system have been 

recorded with various concentrations of each of gemini surfactants, [12-n-12]. Absorbance 

of C-485 initially increases up to 0.8 mM concentration of each of gemini surfactants, [12-

n-12] (Figure 5.8a). Beyond 0.8 mM concentration, the absorbance decreases up to the 

concentration range of 3-5 mM of surfactants, the specific value depending on the spacer 

group of gemini surfactants. With further increase in the concentration of surfactant in the 
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system, the absorbance increases and then becomes constant at ~10.0 mM of the surfactant. 

Figure 5.8b shows the change in absorption peak maxima with increasing concentration of 

a gemini surfactant. The blue shift at a low concentration of a gemini surfactant (1 nm) 

followed by a red shift (11 nm) at a comparatively higher conc. of surfactant has been 

noted. This result indicates that initially a surfactant tail provides more nonpolar 

environment around C-485 inside the nanotube and then it pushes the C-485 out of the 

nanotube. A detailed discussion of this aspect has been presented below. 

  

Figure 5.8. (a) Variation in the absorbance at 404 nm of C-485 (5.0 µM), (b) variation in 

the peak maxima of absorption spectra (λmax
abs) of C-485 (5.0 µM) in the aqueous solution 

of βCD (8.0 mM) with the addition of gemini surfactants, 12-n-12. 

5.2.5.2 Fluorescence properties of C-485 in presence of βCD (8.0mM) as a function 

of conc. of gemini surfactants, [12-n-12] 

To monitor the change in microenvironment around C-485 upon addition of gemini 

surfactant in the system, the fluorescence spectra have also been recorded. Figure 5.9a 

represents the variation in the fluorescence intensity ratio, F/Fo (where, F and Fo are the 

fluorescence intensities at 510 nm of the band in presence and absence of 12-n-12 

surfactants, respectively) with increasing concentration of each of the surfactants, [12-n-

12]. In the concentration range, 01.0 mM (first concentration range) of surfactants, the 

fluorescence intensity increases on addition of the surfactants. After that, from 1.0 mM to 

~5.0 mM (second concentration range), the fluorescence intensity initially remains almost 

constant followed by a small decrease in fluorescence intensity towards the end. Beyond 

this concentration range (> 5 mM) (third concentration range), the fluorescence intensity 

again starts to rise followed by saturation at a high concentration of a surfactant. Figures 

5.9b and 5.10 display the changes in fluorescence peak maxima and steady-state 
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fluorescence anisotropy, respectively with increasing concentration of each of gemini 

surfactants. Initially, at low concentrations of surfactants, there is an increase in 

fluorescence intensity with blue shift in fluorescence peak maximum by 3 nm along with 

an increase in fluorescence anisotropy. This indicates that surfactant tail(s) has/have 

entered into the nanotubular cavities thereby providing comparatively less polar and more 

rigid environment around C-485 molecules.34 Thus there is a co-association of tails and C-

485 in the cavities up to a certain concentration of surfactants. It has been reported in the 

literature that C-485 is a planner molecule and its width is 5.675 Å.86, 87 The width of the 

tail part of dodecyltrimethylammonium bromide (DTAB) (conventional counterpart of a 

gemini surfactant) is reported to be 3.065Å88 which should not be very much different 

from that of gemini surfactant. Therefore, the width of each of C-485 and a gemini tail is 

lesser than the inner cavity diameter of β-CD (7.8 Å). Thus both of them can be 

accommodated inside the cavity of nanotubes of β-CD. Scheme 5.2 represents such type 

of co-association in a part of the nanotubular cavity.   

 

Scheme 5.2: Side and front views of possible co-association of the tail of gemini surfactant 

and C-485 inside the part of the cavity of a nanotube of β-CD. 

 A minimum in peak maxima and a maximum in intensity as well as anisotropy are 

noted in Figures 5.9b, 5.9a and 5.10, respectively at a comparatively lower conc. (0.7 mM) 

of 12-12-12 than that of other two surfactants. This could be due to the presence of a more 

flexible spacer group in 12-12-12 surfactant, the tail can easily enter into the nanotubular 

cavity. There is also the possibility that two tails of a given surfactant molecule can enter 
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at the same time into two different nanotubes, therefore the effective concentration 

required to provide rigid/nonpolar environment around C-485 molecules inside the 

nanotubes would be comparatively less in case of 12-12-12 surfactant. In the second 

concentration range of surfactant (1.0 mM – max. 5 mM), the fluorescence intensity 

initially remains constant followed by a drop in intensity which is accompanied by a red 

shift (~10 nm) as well as decrease in fluorescence anisotropy. This result indicates that at 

a certain concentration, the surfactant tails can push out the C-485 molecules from the 

nanotubular cavities. As a result of that C-485 molecules feel polar and free environment 

evidenced by the above mentioned fluorescence data. It is noteworthy that a minimum in 

fluorescence intensity and anisotropy and a maximum in fluorescence peak occurred at a 

comparatively lower concentration for 12-12-12 than that for 12-3-12 and 12-6-12. While 

the minima in fluorescence intensity and anisotropy values appear at 3.0 mM concentration 

of 12-12-12, the same appear at 5.0 mM concentration of each of 12-3-12 and 12-6-12. 

Since the tails of 12-12-12 surfactant molecules can more easily be entered into the 

nanotubular cavities, they are comparatively more effective to push the C-485 molecules 

out of the cavities. Therefore, the flexibility of a spacer group of a gemini surfactant has a 

role on how easily the guest molecules can be released from the β-CD nanotubular cavities. 

In the third concentration range (> min. 3.0 mM – max. 5.0 mM depending on the 

surfactant), the fluorescence intensity starts increasing with a blue shift in peak maximum 

and increase in fluorescence anisotropy values up to ~10.0 mM of surfactant. Beyond this 

concentration, all fluorescence properties remain almost constant. 

        

Figure 5.9. (a) Variation in the fluorescence intensity at 515 nm of C-485 (5.0 µM), (b) 

variation in fluorescence peak maxima of C-485 (5.0 µM) in the aqueous solution of βCD 

(8.0 mM) as function of concentration of gemini surfactants [12-n-12]. [λex = 375 nm]. 
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These fluorescence results indicate that the C-485 molecules that are released from 

the nanotubes are getting solubilized in the micelles formed by surfactant molecules 

present in the aqueous phase. One can see that at a high concentration of surfactant when 

C-485 molecules are mostly present in the micelles, the increasing order of fluorescence 

intensities is as follows: 12-12-12 < 12-6-12 < 12-3-12. Zana et al.89, 90 have reported, and 

we have also seen in one of our earlier studies,75 that the microviscosity of gemini micelles 

decreases with increasing polymethylene spacer chain length. Thus, the above mentioned 

trend in fluorescence intensity could be due to increasing microviscosity of micelles with 

decreasing spacer chain length.  

 

Figure 5.10. Steady-state anisotropy of C-485 (5.0 µM) in the aqueous solution of β-CD 

(8.0 mM) as function of concentration of gemini surfactants [12-n-12]. [λex = 375 nm, λem 

= 510 nm]. 

5.2.5.3 Fluorescence lifetime and rotational relaxation time of C-485 in 8.0 mM 

aqueous solution of βCD as a function of conc. of gemini surfactants, [12-n-12] 

To gather further evidence for the binding of surfactants with the C-485-βCD 

nanotubular systems, the fluorescence lifetimes and the rotational relaxation times of C-

485 have been measured with a fixed concentration of βCD (8.0 mM) and different 

concentration of each of surfactants. All fluorescence intensity decays are bi-exponential 

in nature with the fast component as a major component (80-98%). Tables 5.2a-c represent 

the lifetimes of both the components along with average lifetimes at various concentrations 

of each of 12-3-12, 12-6-12 and 12-12-12, respectively. All fluorescence anisotropy 

decays are mono-exponential in nature. In these systems also we find ro values lower than 
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(ro)max = 0.4 (data not shown), indicating that fast motion which could not be detected with 

our present instrumental set-up, along with slow motion, are responsible for loss of 

anisotropy. Figures 5.11 and 5.12 represent the variation in average lifetime and rotational 

relaxation times with increasing concentration of surfactants. Like other fluorescence 

properties shown above, both the fluorescence lifetime and rotational relaxation time 

increase initially, reach a maximum value, and then decrease to a minimum followed by 

an increase with further increasing concentration of a surfactant. In a comparatively less 

polar environment (when C-485 resides inside the tube along with surfactant tail and also 

when C-485 gets solubilized in the micelles), due to the destabilization of polar emitting 

state of C-485, the rate of non-radiative processes is decreased, and as a result the lifetime 

is increased. In this comparatively rigid environment, the rotational relaxation process is 

hindered, resulting in longer relaxation time. When C-485 molecules come out from the 

nanotubes into the bulk, the polar emitting state of C-485 gets stabilized which leads to 

faster rate of non-radiative processes thereby reducing the excited state lifetime. In this 

case the rotational relaxation process becomes faster, giving shorter relaxation time. Thus 

these results are also in support of the process of surfactant induced release of guest 

molecules from the nanotubes followed by their solubilization in the micelles at higher 

concentration of surfactant. Further analysis of insets of Figures 5.11 and 5.12 infer that 

minimum occurs at comparatively lesser conc. of 12-12-12 as compared to other two 

surfactants. Thus 12-12-12 is more efficient to push the guest molecules out of the 

nanotubes as discussed above based on results of other fluorescence properties. Moreover, 

at a given high concentration of surfactant both average lifetime and rotational relaxation 

time increase with decreasing spacer chain length. Thus these results are also in same line 

with the fact that microviscosity/rigidity of microenvironment of micelles increases and 

micropolarity decreases with decreasing spacer chain length of gemini surfactants. 

 A detailed analysis of data on fluorescence lifetimes of two components and their 

weightage gives more information about the binding of the probe, C-485 with the 

nanotubes and also with micelles. In all three cases of surfactants the fast components have 

major contribution towards the decays. We suggest that the fast components are for the C-

485 molecules present in an environment where they can freely move and slow 

components are for the molecules present in a rigid environment. C-485 molecules present 

deep inside the nanotubes could be contributing towards slow components. C-485 

molecules present near to the ends of tubes might be contributing towards fast components. 
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We also find that the weightage of fast components for 12-3-12, 12-6-12 and 12-12-12 at 

their low concentration range are 81-89%, 82-95% and 83-97%, respectively. Thus, the 

minimum weightage for slow components for these surfactants are 11%, 5% and 3%, 

respectively. Therefore, these results are also in accordance with the fact that 12-12-12 

surfactant is more efficient to get the C-485 molecules out of the nanotubes thereby 

contributing towards greater extent of fast components and lesser extent of slow 

components. For all three surfactants, the lifetimes of fast components become longer at 

their high concentrations range when C-485 molecules are present in their micelles. It 

indicates that the rigidity of microenvironment of micelles is greater than that of nanotubes 

which is supported by the higher values of <f>, r, r and fluorescence intensity of C-485 

in micelles than that in nanotubes. Figures 5.13a and 5.13b represent fluorescence intensity 

decays and anisotropy decays, respectively of C-485 in presence of 8 mM concentration 

of βCD and 10 mM concentration of 12-n-12 to demonstrate the effect of spacer chain 

length. 

Table 5.2a. Excited-state lifetime of C-485 (5.0 µM) in presence of 8.0 mM aqueous 

solution of βCD at various concentration of [12-3-12]. [λex = 375 nm, λem = 510 nm]. 

Sr. no. [12-3-12] mM τ1 ps a1 τ2 ps a2 <τf> ps χ2 

1 0.00 275 0.89 1162 0.11 373 1.12 

2 0.10 295 0.83 1103 0.17 432 1.16 

3 0.20 295 0.83 1133 0.17 437 1.20 

4 0.30 314 0.88 1303 0.12 433 1.19 

5 0.40 298 0.83 1184 0.17 449 1.14 

6 0.50 320 0.88 1377 0.12 447 1.16 

7 0.60 297 0.85 1313 0.15 449 1.13 

8 0.70 295 0.84 1281 0.16 453 1.16 

9 0.80 278 0.82 1262 0.17 443 1.17 

10 0.90 283 0.81 1240 0.19 465 1.21 

11 1.00 289 0.83 1356 0.17 470 1.13 

12 1.20 290 0.82 1350 0.18 481 1.15 

13 1.50 308 0.82 1409 0.18 506 1.14 

14 2.00 298 0.82 1459 0.18 507 1.16 

15 2.50 316 0.81 1529 0.19 546 1.15 

16 3.00 387 0.81 1669 0.18 614 1.16 

17 4.00 372 0.84 1540 0.16 559 1.17 

18 5.00 396 0.88 1567 0.12 537 1.16 

19 6.00 547 0.82 1521 0.18 722 1.14 

20 8.00 612 0.77 1480 0.23 812 1.13 

21 10.0 731 0.82 1672 0.18 900 1.15 

22 15.00 749 0.81 1697 0.19 929 1.07 

23 18.00 726 0.82 1732 0.18 907 1.05 
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Table 5.2b. Excited-state lifetime of C-485 (5.0 µM) in presence of 8.0 mM aqueous 

solution of βCD at various concentration of [12-6-12]. [λex = 375 nm, λem = 510 nm]. 

Sr. no. [12-6-12] mM τ1 ps a1 τ2 ps a2 <τf> ps χ2 

1 0.00 275 0.89 1162 0.11 373 1.12 

2 0.10 229 0.85 973 0.15 371 1.02 

3 0.20 239 0.86 1043 0.14 352 1.18 

4 0.30 245 0.87 1095 0.13 356 1.12 

5 0.40 239 0.82 1077 0.18 390 1.13 

6 0.50 267 0.88 1215 0.12 381 1.15 

7 0.60 261 0.88 1249 0.12 380 1.12 

8 0.80 272 0.87 1322 0.13 409 1.14 

9 0.90 275 0.88 1367 0.12 406 1.10 

10 1.00 286 0.88 1401 0.12 420 1.05 

11 1.20 287 0.84 1412 0.16 467 1.16 

12 1.50 304 0.87 1546 0.13 465 1.11 

13 2.00 314 0.86 1641 0.14 500 1.16 

14 2.50 329 0.86 1696 0.14 520 1.12 

15 3.00 339 0.87 1707 0.13 517 1.12 

16 4.00 417 0.89 1784 0.11 567 1.21 

17 5.00 434 0.95 1727 0.05 499 1.04 

18 6.00 456 0.94 1409 0.06 513 1.02 

19 7.00 465 0.94 1326 0.06 516 0.97 

20 8.00 466 0.94 1150 0.06 507 0.99 

21 9.00 472 0.95 1186 0.05 508 0.98 

22 10.00 475 0.93 1191 0.07 525 1.00 

23 12.00 455 0.86 950 0.14 524 1.16 

24 15.00 455 0.84 879 0.16 523 0.98 

25 18.00 464 0.86 898 0.14 525 0.95 

26 20.00 446 0.78 852 0.22 535 1.16 

27 25.00 453 0.76 846 0.24 547 1.15 

28 30.00 464 0.78 857 0.22 550 1.11 
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Table 5.2c. Excited-state lifetime of C-485 (5.0 µM) in presence of 8.0 mM aqueous 

solution of βCD at various concentration of [12-12-12]. [λex = 375 nm, λem = 510 nm]. 

Sr. no. [12-12-12] mM τ1 ps a1 τ2 ps a2 <τf> ps χ2 

1 0.00 275 0.89 1162 0.11 373 1.12 

2 0.10 221 0.83 965 0.17 347 1.13 

3 0.60 256 0.88 1123 0.12 360 1.19 

4 0.70 265 0.88 1260 0.12 384 1.12 

5 0.90 284 0.88 1356 0.12 413 1.19 

6 1.00 346 0.85 1402 0.15 504 1.14 

7 2.00 327 0.89 1590 0.11 466 1.16 

8 3.00 395 0.92 1777 0.08 506 1.14 

9 4.00 451 0.96 1787 0.04 504 1.20 

10 5.00 458 0.96 1603 0.04 504 1.20 

11 6.00 466 0.96 1479 0.04 507 1.13 

12 7.00 480 0.96 1378 0.04 516 1.20 

13 8.00 488 0.94 1374 0.04 514 1.13 

14 9.00 496 0.94 1322 0.04 519 1.21 

15 10.00 492 0.97 1270 0.03 515 1.13 

16 12.00 493 0.97 1156 0.03 513 1.15 

17 15.00 533 0.96 1484 0.04 571 1.19 

18 18.00 538 0.97 1341 0.03 562 1.20 

19 20.00 544 0.96 1360 0.04 577 1.20 

20 25.00 579 0.98 1617 0.02 600 1.20 

21 30.00 559 0.95 1086 0.05 585 1.13 

 

Figure 5.11. Average lifetime of C-485 (5.0 µM)  in the aqueous solution of βCD (8.0 

mM) as a function of concentration of gemini surfactants [12-n-12]. Inset is for more 

clear view of changes at low conc. range [λex = 375 nm, λem = 510 nm]. 
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Figure 5.12. Rotational relaxation time of C-485 (5.0 µM)  in the aqueous solution of 

βCD (8.0 mM) as function of concentration of gemini surfactants [12-n-12]. Inset is for 

more clear view of changes at low conc. range [λex = 375 nm, λem = 510 nm]. 

Figure 5.13. (a) Fluorescence intensity decays and (b) anisotropy decays of C-485 in 

presence of 8.0 mM concentration of βCD and 10 mM of 12-n-12 at pH = 7.4. [λex = 375 

nm, λem = 510 nm]. 

To gather support for the conclusion that C-485 molecules are getting solubilized 

in the micelles after they are released from the nanotubular cavities at a given 

concentration of surfactant, we have done some controlled experiments by recording 

absorption and fluorescence spectra of C-485. The absorption and fluorescence spectra of 

C-485 have been recorded at 10.0 mM conc. of each of gemini surfactants and are shown 

by Figure 5.14a and Figure 5.14b, respectively. The absorption peak maximum of C-485 

in each of three micellar system (10 mM) is 409 nm which is exactly same as that noted in 

presence of βCD and high concentration of surfactants.  
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Figure 5.14. (a) Absorption spectra, (b) fluorescence spectra of C-485 (5.0 µM) in the 

aqueous micellar solutions of  gemini surfactants ([12-n-12] = 10 mM). [λex = 375 nm]. 

Fluorescence peak maxima of C-485 are observed at 520 nm, 520 nm, and 519 nm 

in micelles of 10.0 mM of each of 12-3-12, 12-6-12, and 12-12-12, respectively which are 

also quite similar to that in presence of βCD and high concentration of surfactants. The 

λmax
abs and λmax

flu of C-485 are reported to be 407 nm, and 514 nm, respectively in micelles 

of 50 mM of DTAB by Sarkar et al.78 In addition to these results, one can also see from 

Figure 5.14b that the increasing order of fluorescence intensity in the micelles of 

surfactants is 12-12-12 < 12-6-12 < 12-3-12, which is same as that in presence of βCD at 

a high concentration of surfactant (Figure 5.9a). There are also similarities between the 

values of steady-state anisotropy (r), average fluorescence lifetime (<f>) and rotational 

relaxation time (r) in micelles, and those in C-485-βCD-[12-n-12] (high concentration) 

system (Table 5.3). All these results support our conclusion that C-485 molecules, after 

being released from nanotubes get solubilized in micelles at a high concentration of 

surfactant. 

Table 5.3. Cmc, experimental concentration of [12-n-12], and βCD, peak maxima of 

absorption (λmax
abs ) band, peak maxima of fluorescence (λmax

flu) bands, steady-state 

anisotropy (r), average excited state lifetime (<τf>) and rotational relaxation time (τr) of 

C-485 (5.0 µM) in the aqueous micellar solution. [λex = 375 nm, λem = 510 nm]. 

System cmc 

mM 

Conc. 

mM 
βCD 

mM 

λmax
abs 

nm 

λmax
flu 

nm 

r <τf> 

ps 

τr 

ps 

12-3-12 0.93 10 - 409 520 0.160 749 615 

12-6-12 1.03 10 - 409 520 0.160 595 577 

12-12-12 0.41 10 - 409 519 0.140 549 467 

12-3-12 - 10 8 409 514 0.162 899 720 
12-6-12 - 10 8 409 518 0.154 510 546 
12-12-12 - 10 8 409 521 0.160 569 463 
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5.2.6 Study of time dependent release of guest upon binding of gemini surfactants 

with nanotubes 

Time dependent release of guest molecules upon binding of a surfactant with the 

nanotubes has been studued by monitoring the changes in fluorescence intensities of C-

485 (present as a guest in the nanotubes). To perform this experiment, initially after 

addition of C-485 in 8.0 mM solution of βCD, the solution has been kept for overnight 

to have an equilibrium system of C-485 induced nanotubes. After that a gemini surfactant 

of a suitable concentration has been added to the solution containing nanotubes. This 

experiment has been done with 5 mM, 10 mM, 15 mM, and 20 mM of each of gemini 

surfactants. Figure 5.15 represents how the guest molecules are released with time by 

showing the changes in fluorescence intensities with time in presence of 20 mM of each 

of gemini surfactants. 

Essentially, after addition of surfactant to the solution, the fluorescence intensity 

increases over a period of about 30 minutes, as a result of co-association of surfactant 

tail(s) with C-485 inside the nanotubes, thereby providing a comparatively hydrophobic 

environment around C-485 molecules. After ~ 30 minutes, fluorescence intensity starts to 

decrease for about 1.5 hrs with a red shift of fluorescence band by 2 nm. This indicates 

that surfactant molecules need a total of about 2 hrs time to get the guest molecules out of 

nanotubes i.e the release of guest molecules is not an instantaneous process, rather it takes 

place in a controlled way. Thus this observation could be used for surfactant induced 

controlled release of drug from the nanotubes. After this the fluorescence intensity remains 

almost constant up to ~3.5 hrs followed by an increase in intensity for about 2.5 hrs. This 

indicates that the total time needed for the equilibrium state of formation of micelles and 

solubilization of released C-485 molecules in the micelles to be attained, is about 2.5 hrs.  

We have also studied this time dependent binding with different concentrations of 

each of surfactants. Similar trends in results as described above have been noted. Table 

5.4 represents the time at which maximum amount of C-485 molecules has been released 

from the nanotubular cavities. For a given surfactant, the rate of release increases with 

increaseg concentration of the surfactant. The rate of release of guest molecules also 

depends on the spacer chain length of gemini surfactants. At lower concentration range of 

gemini surfactants (up to ~ 15 mM), gemini surfactant with comparatively longer spacer 

chain (e.g. 12-12-12) is more effective in releasing the C-485 molecules from the cavities. 
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However, beyond this concentration range of surfactants, effect of chain length is not very 

significant. In fact, the short spacer chain (e. g. 12-3-12) is found to be slightly more 

effective. Thus at low concentration range, the flexible spacer chain of a surfactant allows 

its tail(s) to effectively enter into the cavities. However, at a high concentration, because 

of availability of large number of surfactant molecules to push the guest molecules out of 

cavities, the effect of spacer chain length becomes insignificant. This study thus reveals 

that binding of a guest molecule which can be a drug molecule with the nanotubes of -

CD and its release from the nanotubular cavities depend on the conc. and spacer chain 

length of gemini surfactants. The study has been carried out at a physiological pH (~7.4). 

The release of the guest molecule is mostly controlled which can be tuned by conc. and 

spacer chain length of gemini surfactants. As compared to stimuli-responsive exogenous 

and endogenous drug delivery systems the present system is much simpler which might 

provide a new direction for the development of promising drug delivery systems. 

 

Figure 5.15. Variation in the steady-state fluorescence intensity of C-485 at 514 nm in 8.0 

mM of βCD with time after addition  of a surfactant ([12-n-12] = 20 mM). 

Table 5.4. Time needed to release the C-485 molecules from the nanotubular cavities by 

the gemini surfactants with varying spacer groups at their different concentrations. 

Concentration of 

[12-n-12] (mM) 

12-3-12 

(mints) 

12-6-12 

(mints) 

12-12-12 

(mints) 

5  200  200  200  

10  200  180  160  

15  150  130  120  

20  110  120  120  
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5.2.3.7 Dynamic light scattering study 

With increasing concentration of βCD starting from a low value, the sequential 

formations of inclusion complexes, then nanotubes, followed by secondary aggregation of 

nanotubes giving rods, is seen from dynamic light scattering (DLS) measurements. The 

size distribution graphs obtained from DLS experiments are shown by Figures 5.16a-c and 

hydrodynamic diameter data are presented by Table 5.5. It is known that βCD molecules 

in absence of guest molecules form spherical aggregates in aqueous medium.21, 91 In the 

present case the size of this aggregates at 8.0 mM concentration of βCD is found to be 

269 nm (Table 5.5). In presence of 5.0 µM of C-485 as guest, the βCD molecules at 1.5 

mM concentration form small inclusion complexes of sizes 1.47 nm and 74.28 nm. On 

further increasing concentration of βCD with same concentration of C-485, initially 

nanotubes are formed, the sizes of which are seen to be ~141 nm and ~150 nm with smaller 

inclusion complexes of sizes 1.10 nm and 1.48 nm at 4 mM and 5 mM of βCD, 

respectively. The size of the rods formed through secondary aggregation of nanotubes is 

found to be ~287 nm at 8.0 mM of βCD. The structural changes of these rods upon 

addition of surfactant has also been studied with DLS measurements. As discussed above 

at a low concentration of surfactant there is coassociation of the guest molecule and 

surfactant tail(s) inside the tubes. DLS data shows that at a low concentration of surfactant 

longer rodlike structures are formed than that in absence of a surfactant. The sizes of rods 

are found to be ~659, ~594, and ~357 nm in presence of 0.5 mM of each of 12-3-12, 12-

6-12 and 12-12-12, respectively. Thus surfactant molecules at a low concentration favor 

the formation of longer rod structures. The spacer chain length also has an effect on the 

formation of rods. Gemini surfactant molecules with comparatively smaller spacer chain 

form longer rods. With increasing concentration of surfactant, the structures of rods 

become shorter. For 12-3-12, 12-6-12, and 12-12-12, the sizes of rods are ~413, ~562, 

~330 nm, respectively at their 1.0 mM concentration and ~237, ~185 and ~177 nm, 

respectively at their 5.0 mM concentration. These results show that with increasing 

concentration of a surfactant the structures of rods become shorter as a result of release of 

guest molecules from the nanotubular cavities. At 5.0 mM concentration of each of three 

surfactants, the sizes of rods are shorter than that in absence of these surfactants. This is a 

concentration at which a large portions of guest molecules come out from the nanotubular 

cavities. The rod structures do exist in presence of surfactant molecules as well. Of course, 

there is a possibility that some C-485 molecules may be present deep inside the tubes. 



Chapter 5 

262 
 

Micelles formed by a portion of surfactant molecules not participating in tube formation 

begin to appear along with the big stuctures at a higher concentration of surfactants. Bigger 

micelles are observed at 10 mM concentration of surfactants.  At this concentration the 

increasing order of size of micelles is as follows: 12-12-12 < 12-6-12 < 12-3-13. These 

results are consistent with our above mentioned observations that the fluorescence 

intensity, fluorescence lifetime, and rotational relaxation time of C-485 in the micelles of 

gemini surfactants increase with decreasing spacer chain length. Zana et al. also have 

reported that gemini surfactants with small spacer chain form bigger micelles.92  

   

 

Figure 5.16. Size distribution graphs for C-485-βCD-[12-n-12] systems for (a) 12-3-12, 

(b) 12-6-12, and (c) 12-12-12 obtained from dynamic light scattering (DLS) measurement. 

(Details of samples are given in Table 5.5) 

From DLS data it is also noted that at 10 mM concentration of surfactant the sizes 

of rods are bigger as compared to 5 mM concentration. Thus in presence of very high 

concentration of surfactant molecules again big rod like structures are fomed. Our above 

mentioned observation of easy release of guest molecules by gemini surfactants with 
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longer spacer is also evidenced by the DLS data. Up to 5.0 mM concentration 

(concentration required for release of good portion of guest molecules), 12-12-12 

surfactant molecules have formed smallest rod structures. Therefore, while gemini 

surfactant with a small spacer chain can form bigger rod structures, a gemini surfactant 

with a long spacer chain is more easily able to get guest molecules out of nanotubes. 

Scheme 5.3 is a pictorial representation of the formation of nanotubes and secondary 

aggregation of nanotubes, and the effect of the concentration of a gemini surfactant on the 

binding interaction of C-485 with the nanotubes. 

Ganzalez Gaitano et al.91 have studied the aggregation behaviour of the 

cyclodextrins, and found aggregates of βCD with hydrodynamic radius of 174 nm even 

after the filtration with 0.2 µM pore sized filter paper without presence of any guest 

molecules. They concluded these large aggregates of βCD after the filtration are due to 

the aggregation of cyclodextrins. The stability of the aggregates of βCD is greater than 

those of α and γCD.  

Table 5.5. Hydrodynamic diameter of various particles: βCD, C-485-βCD and C-485-

βCD-[12-n-12] in aqueous solutions at various compositions. All samples were filtered 

through a 0.22 µM filter.  

Sample [βCD] 

(mM) 

[C-485] 

(µM) 

[12-n-12] 

(mM) 

Diam. 

(nm) 

12-3-12 

Diam. 

(nm) 

12-6-12 

Diam. 

(nm) 

12-12-12 

Diam. 

(nm) 

1. 8.0 - - 269 

26 

- - - 

2. 8.0 5.0 - 287 

19 

- - - 

3. 8.0 5.0 0.5 
 

659 45 594 41 357 32 

4. 8.0 5.0 1.0 
 

413 28 562 39 330 31, 

1.2 0.3 

5. 8.0 5.0 5.0 
 

237 23, 

0.9 0.2 

18515,  

3.1 0.6, 

 0.7 0.1 

177 13, 

1.4 0.9 

6. 8.0 5.0 10.0 
 

265 25, 

7.8 3.0,  

2.6 0.8 

248 29, 

 2.8 0.9,  

0.6 0.1 

323 27,  

1.5 0.7 
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Scheme 5.3: Pictorial representation of the formation of nanotubes and secondary 

aggregation of nanotubes, and effect of concentration of a gemini surfactant on the binding 

interaction of C-485 with the nanotubes. 

5.3 Conclusions 

βCD molecules at low concentration range form simple 1:1 inclusion complexes 

with C-485 molecules. However, at a high concentration, βCD molecules form extended 

nanotubes, which further leads to the secondary aggregates by internanotubular hydrogen 

bonding making rod-like structures. Gemini surfactant molecules affects the binding of C-

485 molecules with the nanotubes of βCD molecules. Studies have been carried out with 

three different gemini surfactants, 12-3-12, 12-6-12 and 12-12-12 with 3, 6, and 12 –CH2- 

units, respectively present in the spacer group. At low concentration of surfactants, there 

is a co-association of tail(s) of a gemini surfactant molecule with C-485 molecule inside 

the nanotubular cavities. Gemini surfactant molecules at low concentration favor the guest 

molecules induced formation of nanotubes, and secondary aggregates of nanotubes of 

βCD molecules giving bigger rodlike structures. However, with increasing concentration 

of gemini surfactant, the sizes of rods are reduced. Both fluorescence and DLS data show 

that gemini surfactant molecules at high concentrations, are capable of releasing the guest 

molecules i.e. C-485 molecules from the cavities of nanotubes. The release of guest 

molecules is not instantaneous but controlled which is affected by the length of spacer 

group and concentration of gemini surfactant molecules. A gemini molecule with a 
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comparatively longer spacer chain is more efficient in taking the guest molecules out of 

the nanotubular cavities. Evidently, tails attached to a longer spacer group can more easily 

enter into the cavities,  and at the same time, two tails can enter into two different 

nanotubes due to the flexible nature of spacer group. With increasing concentration of 

surfactant, less time is required for release of the guest molecules. At very high 

concentration of a surfactant, however, the dependence of release time on the length of 

spacer group becomes less significant probably due to the availability of large number of 

surfactant molecules to push the guest molecules out of the cavities. Study also shows that 

the guest molecules those come out of the nanotubular cavities get solubilized in the 

micelles formed by surfactant molecules. The physical properties like micropolarity and 

microviscosity of the micelles, are not affected by the presence of βCD molecules in the 

system. Even in presence of βCD, the microviscosity of micelles decreases and 

micropolarity of micelles increases with increasing spacer chain length, which is similar 

to the behaviour observed in the absence of βCD. In case of micelles of each of 12-6-12 

and 12-12-12 surfactants, the environment around guest molecules (i.e. C-485) in the 

micelles, is similar to that inside the nanotubular cavities. However, in the case of micelles 

of 12-3-12 the free rotation of guest is more restricted than that in nanotubular cavities 

because 12-3-12 form comparatively bigger micelles with greater microviscosity. The 

present work suggests that drug delivery systems may be designed, with controlled release 

of drug molecules which can be tuned by changing the spacer chain length and 

concentration of gemini kind of surfactant molecules.  
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Gemini Surfactant Induced Release of 
Coumarin 485 (C-485) From the 

Nanotubes of β-CD Followed by Binding 
of C-485 with ctDNA 

 
 

Key Concepts: 
 

 Binding of C-485 with Calf Thymus DNA (ctDNA) in a groove binding 

mode. 

 

 Binding of the guest molecule (C-485) with ctDNA after being released 

from the cavity of nanotubes induced by gemini surfactants.  
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Abstract: Present study is focused on the binding of a dye, Coumarin 485 (C-485) with 

Calf Thymus DNA (ctDNA), explored using the spectroscopic tools such as UV-visible 

absorption, steady-state fluorescence and fluorescence anisotropy and time-resolved 

fluorescence spectroscopy and dynamic light scattering measurements. The hyperchromic 

shifts in absorbance and fluorescence intensity bands show that the C-485 binds with 

ctDNA. Ethidium bromide displacement assay and iodide ion quenching experiment 

confirm that C-485 binds with ctDNA through the groove binding mode.  The binding of 

C-485 with βCD is reduced in presence of ctDNA. βCD molecules in presence of C-485 

form the nanotubes and secondary aggregates of nanotubes, which has been explored for 

the carrier for C-485. Gemini surfactants, m-4-m induced the release of C-485 from the 

cavity of nanotubes of the βCD. After being released from the cavity, C-485 molecules 

interact with ctDNA at low concentration of the gemini surfactants. The efficiency to 

release of C-485 

from the cavity is 

higher for gemini 

with longer tails 

due to the favored 

interaction 

between the 

hydrophobic cavity 

of βCD and tails 

of gemini 

surfactants. The 

releasing efficiency 

of gemini surfactants increases in the order as 12-4-12 < 14-4-14 < 16-4-16, which is 

according to the hydrophobicity order of their tails. The present system is useful for 

controlled release and binding of a drug with ctDNA. 
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6.1 Introduction  

In recent times, the interactions of biological supramolecules with the drugs entities 

are in limelight to endorse the various structural and functional features of 

biomacromolecules in biophysical simulation processes.1 The characterizations of these 

interactions are very much cooperative to build up effective therapeutic drugs and to have 

control over the gene expression.2 Binding interaction of small molecules leads to design 

of the active drug against chronic and malignant diseases, biosensors, biochips and 

fabrication of nano-materials with the help of DNA template and DNA machines.2-4 The 

biological processes are mainly controlled by the nucleic acids via relay of the instructions 

or message for the synthesis of functional proteins, which respond to the biological 

process. Further, the nucleic acid splits into deoxyribonucleic acid and ribonucleic acid 

based on the absence and presence of oxygen at 2nd position of the ribose sugar. The 

deoxyribonucleic acid, DNA, is a biopolymer, controls the hereditary character of one’s 

life, and is explored most. DNA is involved in nature’s most essential processes such as 

gene transcription,5 gene expression,6, 7 mutagenesis,8 etc.  

Calf thymus DNA, abbreviated as ctDNA, is a polymer of nucleotides. Its 

backbone contains the sugar-phosphate sequence in the alternate form. The protein 

contents are very low in ctDNA. The drug-DNA interactions show mainly three types of 

binding modes viz. (i) electrostatic binding between the negatively charged DNA 

phosphate backbone, which is along the external DNA double helix and the positively 

charged part of drug, (ii) groove binding, which involves hydrogen bonding or van der 

Waals interaction with the nucleic acid bases in deep major groove or shallow minor 

groove of the DNA helix, and  (iii) intercalative binding, in which the drug intercalates 

itself within the nucleic acid base pairs.9, 10 Out of all three binding modes, intercalative 

binding is mainly effective for targeted drugs DNA interaction and are investigated using 

sensitive spectroscopic techniques.11 However, groove binding is also well studied and are 

important in antitumor activity.12, 13 Structural design and electronic distribution of the 

small molecules affect their binding affinities towards the specific sequence of 

biomacromolecules.14 To design and develop the effective drug molecule against 

diseases,15 which are controlling the gene expression,16 the interaction of the small 

molecules with DNA gives the useful information. Thus, the efficient fluorescent probe 
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molecules are helping us in the fluorometric detection of DNA-drug interaction and are 

getting attention for the several biological target1  

Coumarins, a family of benzo-α-pyrones, are well known fluorescent molecules 

with a wide range of emission for the biological applications.17-21 Coumarins have been 

used clinically for the treatment of many diseases.22, 23 Coumarin derivatives exhibit 

interesting fluorescence properties, which include a high degree of sensitivity to their local 

environment, including polarity and viscosity and are used in the heterogeneous inclusion 

system.24 Reports are available on the binding of some coumarin derivatives with DNA.25-

27 Among CDs, α-CD, β-CD and γ-CD, with six, seven and eight D-glucopyranose units 

of cavity size 5.6, 7.8 and 9 Å, respectively, the β-CD is the most used because of its 

suitable size for encapsulation of aromatic molecules. Mostly available pharmaceutical 

products with β-CD are Cetirizine/β-CD, Flunarizine/β-CD, Thiomersal/β-CD, 

Meloxicam/β-CD, Voriconazole/sulfobutyl ether-β-CD.28  

Not only the aromatic molecules but also some polymers are reported to form 

inclusion complexes with CDs.29 The formation of inclusion complexes of the CD with 

the hydrophobic tail of a conventional surfactant molecule is explored well30-33 and 

observed that this type of complex formation delays the micellization process of 

surfactants, consequently, enhances the apparent critical micellar concentration (cmc*).32, 

34-36.37, 38 There are also other reports on the binding of amphiphilic molecules with the 

CDs.39, 40 Recently, we have studied guest molecule induced formation of the nanotubes 

and secondary aggregates of nanotubes of CD and release of guest in presence of 

conventional41 as well as gemini surfactants [Chapter 5]. 

Nowadays, gemini surfactants have been displayed to be highly effective in 

delivering genetic material to cells, and also have been shown talented as synthetic 

additives in liposome formulations for drug delivery.42 Because of the negative charge of 

the phosphate backbone, DNA can bind with the cationic surfactants easily.43-47 Cationic 

surfactants have the capability to compact/condense and decompact/decondense the DNA 

by their electrostatic interactions.47 These types of interactions in DNA-cationic 

surfactants are useful in the transfer the DNA across the cell membranes for the gene 

delivery.  
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In this chapter, we have explored C-485-CD host-guest system as a possible 

drug carrier, which has been discussed in Chapter 5. Gemini surfactants, m-4-m, where m 

[m = 12, 14, and 16] [Scheme 6.1] represents the number of carbon atoms in a hydrocarbon 

tail, are used for this study These gemini surfactants are used to release the guest molecule, 

C-485 [Scheme 6.1] from the cavity of the nanotubes of CD. Effectiveness of the gemini 

surfactants to release C-485 from the cavity of nanotubes of CD increases on increase 

in the tail length of gemni surfactants. After being released from the cavity of nanotubes 

of CD, C-485 molecules bind with ctDNA. The binding of the C-485 with ctDNA 

depends on the concenration of the gemini surfactants. Thus for the binding of C-485 with 

ctDNA, a certain concentration of gemini surfactant is required, which is capable of release 

of guest C-485 from the cavity of CD. If a high concentration of gemini surfactant is 

used, then the surfactants form micelles and the released C-485 solublized in the micelles. 

Study shows that the groove binding is the mode of the binding of C-485 with ctDNA. The 

binding of C-485 with CD is restricted to some extent in presence of ctDNA.  

The investigation of the interactions between drugs and DNA, especially some 

antifungal, antiviral, antibacterial, and antitumor drugs targeting the tumor and infected 

cells, has grown to be an imperative center in life sciences, medicine and chemistry. Small 

molecules with fluorescent entity with precisely known mode of binding can result in 

DNA-binding based leads in the development of drugs. The release of drug molecule is 

does not depends on the exogenous and endogenous stimuli as these are required in the 

stimuli-responsive drug releasing systems. Therefore, studied system can be applied in the 

effective drug carrier and release system in pharmaceutics and biomedical science.  

     

 
 

m-4-m, m = 12, 14, and 16               C-485     Ethidium bromide (EB) 

Scheme 6.1: Structure of gemini surfactants, Coumarin 485 (C-485) and ethidium bromide 

(EB). 
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6.2 Results and discussion  

6.2.1 Binding of C-485 with ctDNA 

6.2.1.1 UV-visible absorption and fluorescence properties 

The UV-Vis absorption spectra of C-485 (5.0 μM) in aqueous HEPES buffer 

solution shows a λmax
abs of low energy broad band at 405 nm. The absorption spectra and 

A/Ao plot of C-485 with variation in the concentration of ctDNA is shown in Figure 6.1. 

Absorption peak maxima are given in Table 6.1. Additions of ctDNA (0-15 µM) to the 

buffered solution of C-485 trigger the significant increase in the absorbance with 1 nm 

blue shift in λmax
abs. The increase in absorbance with the addition of ctDNA reveals the 

binding interaction between both ctDNA and C-485. Beyond 15 µM, absorbance exhibits 

decreasing tendency because at this concentration of ctDNA binding between ctDNA and 

C-485 reach a saturation level with a very little (1 nm) blue shift in λmax
abs suggesting a 

non-intercalative binding of C-485 with the ctDNA.  Generally, as a result of intercalative 

binding of small molecules with ctDNA there should be a large shift in the absorption peak 

maxima.48 It is well documented that the groove binding of small molecules with ctDNA 

does not alter the absorption peak maxima or causes an insignificant change in absorption 

maxima8, 49-51 is well corroborated with the present results. Thus, the present mode of 

binding of C-485 with ctDNA is groove binding.  The weaker interactions between the 

small molecules and ctDNA cause only hypochromic or hyperchromic shift without 

significant changes in the wavelength in their spectral profiles.52  

Figure 6.2a displays the changes in the fluorescence spectra of C-485 in presence 

of different concentrations of ctDNA. To illustrate the interactions of C-485 with ctDNA, 

the ratio of its fluorescence intensities in presence and in absence of ctDNA (F/Fo), is 

displayed in Figure 6.2b. Figure 6.2b reveals that with an increase in the concentration of 

ctDNA the fluorescence intensity of C-485 increases and then decreases after a certain 

high concentration of ctDNA. The fluorescence peak maxima, however, remain unaffected 

with an increase in the concentration of ctDNA (data are given in Table 6.1). The increase 

in fluorescence intensity describes the binding of C-485 with ctDNA. The hyperchromic 

shifts in the fluorescence intensity of C-485 in presence of ctDNA suggests that C-485 is 

experiencing comparatively rigid microenvironment due to binding interactions with 
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ctDNA. To check the motional restrictions of C-485 after binding with ctDNA, the steady-

state fluorescence anisotropy measurements have been carried out.53-56  

   

Figure 6.1. (a) Absorption spectra of C-485 (5.0 µM), (b) A/Ao at the wavelength of 404 

nm, with varying concentrations of ctDNA. 

     

Figure 6.2. (a) Fluorescence spectra of C-485 (5 µM), (b) F/Fo at the wavelength of 526 

nm, with varying concentrations of ctDNA. [λex = 375 nm]. 

The fluorescence anisotropy values of C-485 at different concentrations of ctDNA 

are given in Table 6.1 and are plotted in Figure 6.3. The increase in fluorescence anisotropy 

with an increasing concentration of ct-DNA suggests that the tumbling motions of C-485 

are restricted after binding with ctDNA. Therefore, on binding with ctDNA the rates of 

nonradiative processes are reduced resulting in the fluorescence enhancement.57 Thus, the 

fluorescence properties depict that C-485 is residing in the comparatively less polar and 

more rigid environment in ctDNA as compared to the buffer solution.58, 59  
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Table 6.1. Variation in the peak maxima of absorption (λmax
abs) band, peak maxima of 

fluorescence (λmax
flu) band, steady-state anisotropy (r), and average excited state lifetime 

(<τf>) of C-485 (5.0 µM) in the HEPES buffer solution with addition of ctDNA (0-200 

µM). [λex = 375 nm, λem = 510 nm]. 

Sr. 

No. 

ctDNA 

(µM) 

λmax
abs 

(nm) 

λmax
flu 

(nm) 

r a1 τ1 

(ps) 

a2 τ2 

(ps) 

<τf > 

(ps) 

χ2 

1 0 405 536 0.026 0.55 70 0.45 470 250 1.29 

2 2 405 536 0.028 0.53 74 0.47 473 262 0.95 

3 3 405 536 0.030 0.99 405 0.01 1501 416 1.07 

4 4 404 536 0.029 0.99 407 0.01 1360 417 1.18 

5 5 404 536 0.030 0.99 411 0.01 1203 419 1.18 

6 8 404 536 0.034 0.99 409 0.01 1427 419 1.14 

7 10 404 536 0.034 0.99 410 0.01 1518 421 1.19 

9 15 404 536 0.034 0.99 422 0.01 1721 435 1.07 

10 20 404 536 0.038 0.99 416 0.01 2728 440 1.08 

11 50 404 536 0.039 0.99 417 0.01 2931 456 0.95 

12 80 404 536 0.046 0.99 426 0.01 3426 454 0.98 

13 100 404 536 0.044 0.99 422 0.01 3650 454 1.01 

14 150 404 536 0.047 0.99 418 0.01 4011 456 1.03 

15 200 404 536 0.053 0.99 416 0.01 4121 459 1.11 

Fluorescence lifetime decays are highly sensitive and responsive towards the 

changes in microenvironment around the probe.49, 50, 60, 61 Therefore, decay components 

obtained from the fluorescence lifetime measurements provide important information 

about the interaction of the fluorophore in the microheterogeneous environment. In 

HEPES buffer, C-485 shows bi-exponential decay with a fast component of 70 ps (55 %) 

and a slow component of 470 ps (45 %) (average lifetime of 250 ps) (Table 6.1). In 

presence of ctDNA, C-485 exhibits bi-exponential decays with very nominal slow 

component. On increase in the concentration of ctDNA in the solution, the average lifetime 

of C-485 is increased (Table 6.1), because on addition of ctDNA more and more C-485 

molecules bind with ctDNA. After binding with ctDNA, the fast decay component is found 

to be ~ 400 ps. However, the lifetime of slow component (1%) becomes longer with 

increasing concentration of ctDNA. The multiexponential decays of a polarity sensitive 

fluorophore in the microheterogeneous environment are due to the different location of the 

fluorophore. 62-64 The fast and slow components might be corresponding to binding of C-

485 with ctDNA with a groove binding mode (discussed later) and a mode with 

comparatively stronger binding interactions. 
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Figure 6.3. Variation of the steady-state fluorescence anisotropy of C-485 (5.0 µM) as a 

function of the concentration of ctDNA (intensities have been measured at 525 nm). 

6.2.2 Competitive displacement analysis between ethidium bromide and C-485  

Ethidium bromide (EB) [Scheme 6.1] is a well-known planar fluorophore that 

binds to ct-DNA in an intercalative mode.65 EB have less emission intensity in the buffer 

solution due to quenching by the solvent molecules. The fluorescence of EB is drastically 

enhanced in presence of ct-DNA with a blue shift in the peak maxima as shown by the 

Figure 6.4. This change in the fluorescence properties confirmed that the EB molecules 

are strongly intercalated within the base pairs of DNA double helix.66 Due to this type of 

binding, the EB is highly applicable in DNA binding investigations to confirm the binding 

mode.  

The fluorescence properties of DNA bound EB depend on other added intercalative 

or groove binder. If the added molecule is intercalated strongly within base pairs of DNA 

as compared to the EB, consequently, the fluorescence intensity of EB decreases because 

the newly added molecule replaces the EB from the ctDNA. However, if the added 

molecule has a groove mode of binding with DNA, then in that case EB molecule is not 

replaced and no change in the fluorescence properties should be observed. Thus, the 

fluorescence quenching of EB bound to ct-DNA can be used to estimate the extent of 

binding between a new molecule and ct-DNA.67-69 Herein, to confirm the binding mode of 

C-485 with ctDNA, the EB displacement experiment has been performed in which, C-485 
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have been added to the EB-ctDNA solution. Insignificant change has been observed in the 

fluorescence spectra of EB on the addition of C-485 (represented by Figure 6.4) which 

indicates that C-485 molecule does not have an intercalative mode of binding rather it 

binds with ctDNA through groove mode of binding (discussed below). 

 

Figure 6.4. Fluorescence spectra of the EB (5.0 µM) in the buffer and in presence of the 

ct-DNA (5 µM), and in presence of the ct-DNA (5 µM) and EB with varying concentration 

of the C-485 (0-80 µM). (λex = 515 nm, both excitation, and emission slit widths are kept 

at 3 nm). 

6.1.3 Iodide quenching 

Further, to prove that the C-485 molecule binds with ctDNA through groove 

binding mode instead of intercalative mode, the quenching experiment has been performed 

with KI. Iodide ion is good quencher for the small molecules. Since the DNA molecule 

has the phosphate backbone, which is negatively charged, so, the small molecules, which 

are interacting with DNA, are protected from the anionic quencher molecules. The extent 

of protection is lesser for the groove binder as compared to the intercalated binders.70 

Therefore, the fluorescence of groove binder molecule would be quenched effectively due 

to ease of access by the anionic quencher. Quenching has been studied by using following 

Stern-Volmer Equation: 

𝐹0

𝐹
= 1 + 𝐾sv[𝑄]                                                        (6.1) 
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where Fo and F are the fluorescence intensities of C-485 in the absence and presence of 

the quencher molecule, Q. Ksv is the Stern-Volmer quenching constant. Figure 6.5 

represents the Stern-Volmer plots for the quenching of C-485 by I- ions in absence and 

presence of the ctDNA. Ksv values calculated from the slope of the plots for the free C-485 

and bound C-485 are found to be  3.75 M-1 and 2.38 M-1, respectively.  The regression 

coefficient for these two plots are noted to be 0.999 and 0.996. We find that the quenching 

constant of C-485 bound with ctDNA is comparatively lesser than that of free C-485 which 

again supports the binding of C-485 with ctDNA. Quenching results indicate that C-485 

molecules bind with ctDNA through the groove binding mode.  

 

Figure 6.5. Fluorescence quenching plot of C-485 (5.0 µM) in the absence and presence 

of ctDNA (5.0 µM) with varied concentration of KI. 

6.1.4 Binding of C-485 with β-CD in presence of ctDNA (5.0 µM) 

The effect of β-CD on the absorption spectra of C-485 has been studied by keeping 

the concentrations of C-485 and ctDNA fixed (both 5.0 µM) and changing the 

concentration of β-CD. Absorption spectra and A/Ao of C-485 with different concentration 

of β-CD are shown in Figure 6.6a and 6.6b, respectively, absorption peak maxima are 

tabulated in Table 6.2. The addition of β-CD increases the absorbance of C-485 up to 2.5 

mM, with a blue shift of 2 nm, and above 2.5 mM, the absorbance becomes constant. Blue 

shift indicates the complexation of C-485 with β-CD. Since, the complexation between the 

C-485 with β-CD is more stronger than that between C-485 and ctDNA, consequently, 

more and more C-485 molecules bind with β-CD with increasing concentration of β-CD. 
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The fluorescence spectra and F/Fo of C485 with various concentrations of β-CD 

are shown in Figure 6.7 and spectral data are summarized in Table 6.2. Upon addition of 

β-CD, the fluorescence of C-485 is enhanced, with a larger magnitude initially up to 4 mM 

of β-CD and above this concentration, fluorescence intensity becomes constant. 

Fluorescence peak maxima are blue shifted from 536 to 520 nm. This data also support 

that C-485 molecules are encapsulated in β-CD even in presence of ctDNA. 

   

Figure 6.6 (a) Absorption spectra of C-485 (5 µM), (b) A/Ao at the wavelength of 404 nm, 

at a fixed concentration of ctDNA (5 µM) with varying concentrations of β-CD. 

In presence of ctDNA, at the low concentration of β-CD simple inclusion 

complexes are formed followed by formation of nanotubes at further higher concentration 

of β-CD. The stoichiometry of inclusion complexes is determined by Benesi-Hildebrand 

Equations, 1.1 and 1.2 (Chapter 1).71-74 The concentration of β-CD is restricted only up to 

2.0 mM knowing the fact that at high concentration nanotubes are formed and the 

equations are not applicable. K and K′ are the association constants, were determined from 

the slope and intercept values of Benesi–Hildebrand plot. Figure 6.8 depicts the best fitting 

of the Benesi-Hildebrand plot for 1:1 stoichiometry. The reciprocal plot for 1:2 

stoichiometry deviates from the linearity (figure has not given). This result shows that at 

low concentration of β-CD, it forms inclusion complex of 1:1 stoichiometric ratio with C-

485 with an association constant (K) value of  4624 M-1 in presence of ctDNA. Earlier we 

have shown that the association constant (1:1 stoichiometry) value is 5221 M-1 in absence 

of ctDNA (Chapter 5). This result depicts that the binding of C-485 with β-CD is restricted 

up to certain extent in presence of ctDNA, which further confirms the interaction of C-485 

with ctDNA even in presence of β-CD. 
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Figure 6.7. (a) Fluorescence spectra, (b) F/Fo at 536 nm wavelength of C-485 (5 µM) at 

a fixed concentration of ctDNA (5 µM) with varying concentrations of β-CD. [λext= 375 

nm]. [Inset shows the variations of fluorescence peak maxima on the addition of β-CD.] 

Table 6.2. Variation in the peak maxima of absorption (λmax
abs) band, peak maxima of 

fluorescence (λmax
flu) band, steady-state anisotropy (r), and average excited state lifetime 

(<τf>) of C-485 (5.0 µM) in the presence of ctDNA (5.0 µM) with addition of β-CD (0-10 

mM) in the HEPES buffer. [λex = 375 nm, λem = 510 nm]. 

Sr. 

No. 

β-CD 

(mM) 

λmax
abs 

(nm) 

λmax
flu 

(nm) 
r 

a1 τ1 

(ps) 

a2 τ2 

(ps) 

<τf > 

(ps) 
χ2 

1 0.00 404 536 0.030 0.99 411 0.01 1203 419 1.18 

2 0.01 404 536 0.032 0.98 409 0.02 1363 428 1.27 

3 0.05 404 536 0.034 0.99 416 0.01 2074 433 1.02 

4 0.10 404 535 0.047 0.98 418 0.02 1319 436 1.03 

5 0.50 403 534 0.052 0.84 362 0.16 829 437 1.27 

6 1.00 403 532 0.070 0.85 358 0.15 904 440 1.10 

7 1.50 403 530 0.094 0.85 351 0.15 958 442 1.20 

9 2.00 402 529 0.095 0.87 367 0.13 1036 454 1.12 

10 2.50 401 528 0.118 0.85 358 0.15 1007 455 1.15 

11 3.00 401 527 0.112 0.84 353 0.16 1000 457 1.23 

12 4.00 401 525 0.111 0.84 353 0.16 1016 459 1.20 

13 5.00 400 524 0.111 0.84 343 0.16 1044 455 1.22 

14 6.00 400 523 0.122 0.86 352 0.14 1076 453 1.30 

15 8.00 400 521 0.128 0.80 325 0.20 959 452 1.25 

16 10.00 400 520 0.136 0.85 338 0.15 1099 452 1.30 
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Figure 6.8. Benesi-Hildebrand plot of C-485 (5 µM) in β-CD in presence of ctDNA for a 

1:1 stoichiometry with regression coefficient (r) = 0.987. (Fluorescence intensity is 

measured at 525 nm). 

To have the intense knowledge about the microenvironment of C-485, the steady-

state fluorescence anisotropy values have been estimated in presence of ctDNA with 

varying the concentration of βCD and the change in anisotropy is represented by Figure 

6.9 and corresponding data are given in Table 6.2.  The formation of nanotubes and other 

structures of the βCD in presence of ctDNA is confirmed by high value (~0.14) of steady-

state fluorescence anisotropy. At low concentration of βCD (< 2.5 mM), there is a rapid 

enhancement in anisotropy and above that a comparatively lesser increment has been 

observed. Thus, the high value of anisotropy indicates that C-485 molecules go inside the 

cavity of βCD and formation the nanotubes and their secondary aggregates.74-78 This 

result also confirms the form of nanotubes of βCDs at its high concentration in presence 

of C-485 as a guest and ctDNA as an additive. 

Fluorescence decays of C-485 are found to be bi-exponential in presence of ctDNA 

with varying the concentration of βCD. Average lifetime values have been determined 

using Equation 1.8 in Chapter 1 and are tabulated in Table 6.2. It is clear from the data in 

Table 6.2 that average excited state lifetime of C-485 increases with increasing 

concentration of βCD with the very sharp initial increase, which suggests that ctDNA 

bound C-485 molecules are transferred to the hydrophobic pocket of the βCD and are 

forming inclusion complexes and nanotubes. Due to transfer in a comparatively nonpolar 
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environment, the ICT state of C-485 gets destabilized.79, 80 Thus, the rates of non-radiative 

transitions decrease and fluorescence lifetime increases. The changes observed in excited 

state lifetime with increasing concentration of βCD are in consistent with other 

fluorescence properties. Thus, lifetime data further supports the presence of C-485 

molecules inside the nanotubes of the βCD. It is to be noted here that the weightage of 

the fast component decreases and that of slow component increases. Also there is a gradual 

decrease in the lifetime of the fast component with increasing βCD concentration. 

However, weightage of the fast component has decreased from 99 % at zero concentration 

of βCD to 85 % at 10.0 mM of βCD. It infers that even at a very higher concentration 

of βCD, a large amount of C-485 still bind with ctDNA. 

 

Figure 6.9. Variation in the steady-state fluorescence anisotropy of C-485 (5.0 µM) in 

presence of ctDNA (5.0 µM) (intensities have measured at λem = 525 nm) as a function of 

the concentration of βCD. 

6.2.5 Gemini surfactant induced release of C-485 from nanotubes and binding with 

ctDNA  

6.1.5.1 Steady-state absorption and fluorescence studies 

To monitor the surfactant induced release of C-485 from the nanotubes of β-CD in 

presence of ctDNA, the gemini surfactants with different tails length, m-4-m, [m =12, 14, 

and 16] have been added in the C-485-β-CD-ctDNA system. Figures 6.10, 6.11 and 6.12 

represent the absorption and fluorescence spectra of C-485 in presence of ctDNA (5 µM) 
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and β-CD (5.0 mM) with varying concentrations of gemini surfactants, 12-4-12, 14-4-14 

and 16-4-16, respectively. The absorbance of C-485 initially enhances for each of gemini 

surfactants, m-4-m.  After that, the absorbance starts to decrease each case. With further 

increasing concentration of a surfactant in the system, the absorbance is found to be 

increased continuously. At the same time, the absorption peak maximum also varies as the 

polarity of the environment changes on the addition of surfactant (Figures 6.10a, 6.11a, 

and 6.12a.) 

  

Figure 6.10. (a) Absorption spectra and (b) Fluorescence spectra of C-485 (5 µM), at the 

fixed concentration of ctDNA (5 µM) and β-CD (5.0 mM) with varying concentrations of 

12-4-12. [λex = 375 nm]. 

  Fluorescence spectroscopic properties reflect the surrounding microenvironment 

of the fluorophore.  Figure 6.13a and 6.13b represent change in fluorescence intensity 

ratio, F/Fo (where, F and Fo are the fluorescence intensities at 525 nm in presence and 

absence of m-4-m surfactants, respectively) and peak maxima of fluorescence bands of C-

485 with the variation in concentration of the surfactants, [m-4-m], respectively. 

Depending on the tail length, initially in the concentration range of 0.05 – 0.5 mM of 

surfactants, the fluorescence intensity increases. After that, in the concentration range of 

0.05 – 2.0 mM, the fluorescence intensity remains almost constant followed by a small 

decrease in intensity with red shift in peak position. Beyond the concentration range 0.2 – 

2.0 mM, the fluorescence intensity gradually rises with a blue shift in peak position. 

Fluorescence properties of C-485 are changing according to the change in rigidity and 

polarity of the microenvironment around the C-485[Chapter 5]. At low concentration 

range, co-association of tails and C-485 in the cavities of β-CD has been discussed 

[Chapter 5]. 
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Figure 6.11. (a) Absorption spectra and (b) Fluorescence spectra of C-485 (5 µM), at the 

fixed concentration of ctDNA (5 µM) and β-CD (5 mM) with varying concentrations of 

14-4-14. [λex = 375 nm]. 

    

Figure 6.12. (a) Absorption spectra and (b) fluorescence spectra of C-485 (5 µM), at the 

fixed concentration of ctDNA (5 µM) and β-CD (5 mM) with varying concentrations of 

16-4-16. [λex = 375 nm]. 

Fluorescence anisotropy values are also following the similar trend as the 

fluorescence intensity as given in Figure 6.14. When C-485 is released from the cavity of 

nanotubes and come out in the buffer solution, at that condition the anisotropy is minimum. 

For example anisotropy is 0.06 at 2.00 mM concentration of 12-4-12 which is near to the 

anisotropy value of C-485 when binds with ctDNA (Table 6.1). This anisotropy value is 

also close to that of C-485 binding with βCD  forming simple inclusion complex (Table 

6.2). It has been discussed above that at lower concentration range of β-CD (less then 2.0 

mM), C-485 molecules form 1:1 inclusion complexes with the β-CD in presence of 

ctDNA.  
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Figure 6.13. (a) Fluorescence intensity ratio (F/Fo) at 520 nm, and (b) fluorescence peak 

maxima of C-485 (5.0 µM), at the fixed concentration of ctDNA (5.0 µM) and β-CD (5.0 

mM) with varying concentrations of m-4-m. [λex = 375 nm]. 

 

Figure 6.14. Steady-state fluorescence anisotropy of C-485 (5 µM) at the fixed 

concentration of ctDNA (5.0 µM) and β-CD (5.0 mM) with varying concentrations of m-

4-m. [λex = 375 nm, λem =520 nm]. 

It has been reported that binding constant of C-314 to ctDNA is lowed in presence 

of β-CD. Therefore, there is competition between ctDNA and β-CD to bind with C-314. 

Thus, β-CD forms the inclusion complex with C-314 and then that complex binds with 

ctDNA with a groove binding mode.26 In the present study also, there is a possibility that 

C-485 forms the inclusion complex with β-CD and the complex then binds with ctDNA 

through the groove binding mode, because some of the fluorescence properties of C-485 

(after being released from cavity) are matching with the fluorescence properties in 
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presence of low concentration of the β-CD (Table 6.2). At a higher concentration of the 

gemini surfactants, the fluorescence properties of C-485 are well resembled with the 

properties in the pure micellar system (given in Table 6.3). For 14-4-14 and 16-4-16 

gemini surfactants, the anisotropy values are not decreased as those are in case of 12-4-12 

due to their lower cmc or higher extent of aggregation ability.  

Therefore, it can be concluded that C-485 molecules bind with ctDNA instead of 

getting solubilized in micelles after being released from the cavity of nanotubes. The order 

of the increasing efficiency to release the C-485 from nanotubes is as follows 12-4-12 < 

14-4-14 < 16-4-16. For the 16-4-16, studies have been carried out up to 2 mM 

concentration because beyond this concentration surfactant has less solubility.  

Table 6.3. Cmc, the experimental concentration of m-4-m, and βCD, peak maxima of 

absorption (λmax
abs ) bands, peak maxima of fluorescence (λmax

flu) bands, steady-state 

anisotropy (r), and average excited state lifetime (<τf>) of C-485 (5.0 µM) in the aqueous 

micellar solution. [λex = 375 nm, λem = 520 nm]. 

System cmc 

(mM) 

Conc. 

(mM) 

βCD 

(mM) 

ctDNA 

(µM) 

λmax
abs 

(nm) 

λmax
flu 

(nm) 

r <τf> 

(ps) 

12-4-12 0.93 10 - - 408 517 0.134 638 

14-4-14 0.152 10 - - 408 516 0.166 706 

16-4-16 0.024 10 - - 407 513 0.171 946 

12-4-12 - 10 5 5 408 518 0.145 899 

14-4-14 - 10 5 5 408 514 0.145 739 

16-4-16 - 2 5 5 407 517 0.150 760 

Further, to confirm that after being released from the cavity of nanotubes, some of 

C-485 molecules bind with ctDNA, four controlled experiments on the fluorescence 

spectra of C-485 have been performed: (a) C-485 (5.0 µM) in the presence of β-CD (5.0 

mM), (b) C-485 (5.0 µM) in the presence of β-CD (5.0 mM) and ctDNA (5.0 µM), (c)  C-

485 (5.0 µM) in the presence of β-CD (5.0 mM) and 12-4-12 (2.0 mM), and (d) C-485 (5.0 

µM) in the presence of β-CD (5.0 mM), ctDNA (5.0 µM) and 12-4-12 (2 .0 mM). All 

fluorescence spectra are given in Figure 6.15. By comparing the fluorescence properties 

of C-485  in first two solutions, we can see that in presence of ctDNA fluorescence 

intensity is decreased. It indicates that the binding of C-485 with β-CD is reduced in 

presence of ctDNA because some of the C-485 molecules bind with ctDNA even in 

presence of β-CD. By comparison of fluorescence properties in last two solutions, it can 
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be stated that after coming out from the cavity, C-485 binds with ctNDA that could be the 

reason for the increase in the fluorescence intensity in presence of ctDNA. Although, this 

much enhancement in fluorescence intensity does not occur for binding of C-485 with 

ctDNA in pure condition. It is noteworthy that because ctDNA also interacts with the 

surfactants that causes the more compact form of ctDNA resulting in greater extent of 

increase in fluorescence intensity. Compact form of ctDNA is confirmed by measurement 

of hydrodynamic diameter (rh). rh for pure ctDNA (5.0 µM) is 288 8 nm, which is reduced 

to 137 6 nm. Along with the bigger size particle of rh = 443 13 nm is also obtained 

which is for nanotubes/secondary aggregates of nanotubes of β-CD (Chapter 5) in a system 

containing C-485 (5.0 µM), β-CD (5.0 mM), 12-4-12 (2.0 mM) and ctDNA (5.0 µM).  

 

Figure 6.15. Fluorescence spectra of C-485 (5.0 µM) in the presence of β-CD (5.0 mM), 

ctDNA (5.0 µM) and 12-4-12 (2 .0 mM) at different controlled conditions. 

6.2.5.2 The time-resolved fluorescence measurements  

Fluorescence lifetime measurements have also helped us to explore the binding 

interactins of gemini surfactants with the C-485-βCD nanotubular systems and release of 

C-485 from the same system as a function of concentration of surfactants followed by 

binding of the released C-485 with ctDNA.  For this, the lifetimes of C-485 have been 

determined at a fixed concentration of βCD (5.0 mM) and ctDNA (5.0 µM) with varying 

concentration of each of surfactants. Fluorescence intensity decays are bi- or tri-

exponential in nature, which represents the microheterogeneous environment of C-485. 

Tables 6.4a-c represent the fluorescence lifetimes of various components along with 
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average lifetimes at various concentrations of each of 12-4-12, 14-4-14 and 16-4-16, 

respectively. Figures 6.16 depicts the variation in an average lifetime with varying 

concentration of surfactants.  

Table 6.4a. Excited state lifetimes of C-485 in presence of different concentration of 12-

4-12 in a system containing β-CD and ctDNA. [C-485] = 5.0 µM, [β-CD] = 5.0 mM and 

[ctDNA] = 5.0 μM. 

Sr. 

No. 

[12-4-12] 

(mM) 

a1 τ1 

(ps) 

a2 τ2 

(ps) 

a3 τ3 

(ps) 

<τf > 

(ps) 

χ2 

1 0.000 0.84 343 0.16 1044 - - 455 1.22 

2 0.001 0.79 329 0.21 948 - - 459 1.04 

3 0.005 0.80 330 0.20 938 - - 452 1.25 

4 0.050 0.80 329 0.20 933 - - 450 1.34 

5 0.100 0.80 328 0.20 933 - - 449 1.10 

6 0.200 0.78 318 0.22 902 - - 446 1.20 

7 0.500 0.75 293 0.24 823 0.01 2470 442 0.97 

8 0.800 0.69 275 0.30 722 0.01 2350 430 1.24 

9 1.000 0.62 258 0.37 654 0.01 2356 426 0.94 

10 1.500 0.49 226 0.50 576 0.01 2594 425 0.94 

11 2.000 0.46 233 0.53 570 0.01 2942 439 0.96 

12 2.500 0.98 548 0.02 243 - - 542 1.08 

13 3.000 0.99 579 0.01 267 - - 576 1.14 

14 5.000 0.99 618 0.01 308 - - 615 1.09 

15 7.000 0.99 637 0.01 322 - - 634 1.07 

16 10.000 0.99 656 0.01 362 - - 653 1.10 

17 15.000 0.98 670 0.02 390 - - 664 1.13 

18 20.000 0.98 695 0.02 414 - - 689 1.15 

Average fluorescence lifetimes are varied in the same way as other fluorescence 

properties do. The values of the average lifetimes depend on the micropolarity and 

microviscosity of the environment as discussed in the previous chapter [Chapter 5]. 

Lifetime data also support that the efficiency to release the guest depends on the tail length 

of surfactants. This increasing order is 12-4-12 < 14-4-14 < 16-4-16. Figure 6.16 shows 

that at higher concentration range of surfactant average lifetime gradually increases with 

increasing concentration of surfactants as a result of more and more solubilization of C-

485 in the micelles of surfactants. Moreover, at a given high concentration of surfactant 

average lifetime increases with increasing lengths of tails. Thus these results are also in 

the same line with the fact that microviscosity/rigidity of microenvironment of micelles 
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increases and micropolarity decreases with increasing tail length of gemini surfactants 

[Chapter 3b]. 

Table 6.4b. Excited state lifetimes of C-485 in presence of different concentration of 14-

4-14 in a system containing β-CD and ctDNA. [C-485] = 5.0 µM, [β-CD] = 5.0 mM and 

[ctDNA] = 5.0 μM. 

Sr. 

No. 

[14-4-14] 

(mM) 

a1 τ1 

(ps) 

a2 τ2 

(ps) 

a3 τ3 

(ps) 

<τf > 

(ps) 

χ2 

1 0.000 0.84 343 0.16 1044 - - 455 1.22 

2 0.001 0.79 334 0.21 934 - - 460 1.33 

3 0.005 0.81 335 0.19 948 - - 451 1.34 

4 0.050 0.76 309 0.24 891 - - 449 1.04 

5 0.100 0.78 294 0.21 866 0.01 3.290 444 1.19 

6 0.200 0.74 283 0.25 829 0.01 2.617 443 1.10 

7 0.500 0.62 252 0.36 665 0.02 2.197 440 1.10 

8 0.800 0.63 256 0.35 679 0.02 2.281 445 0.96 

9 1.000 0.57 271 0.42 673 0.01 2.482 462 1.11 

10 1.500 0.35 219 0.63 677 0.02 2.101 545 1.06 

11 2.000 0.29 226 0.69 694 0.02 2.001 584 0.97 

12 2.500 0.91 547 0.09 1439 - - 627 1.19 

13 3.000 0.91 583 0.09 1461 - - 662 1.21 

14 5.000 0.88 595 0.12 1418 - - 694 1.11 

15 7.000 0.88 611 0.12 1464 - - 713 1.08 

16 10.000 0.87 625 0.13 1503 - - 739 0.98 

17 15.000 0.85 626 0.15 1505 - - 758 1.05 

18 20.000 0.86 655 0.14 1586 - - 785 1.07 

We have further analyzed the decay components at varying concentration of 

surfactants (Tables 6.4a-c). While at low and high concentrations of the gemini surfactants, 

the fluorescence decays are bi-exponential, at middle concentration range the decays are 

tri-exponential.  At low, middle and high concentration ranges C-485 molecules mostly 

reside inside the nanotube, outside the nanotubes and in micelles, respectively. These 

concentration ranges depend on the type of surfactants.  In the middle range, when C-485 

molecules come out of the nanotubes, they may interact with micelles, ctDNA and again 

with β-CD. That is the reason that decays are tri-exponential.  Moreover, data also show 

that out of these surfactants used 16-4-16 is most efficient to get out C-485 molecules from 

the nanotubes at low concentration range. In the middle concentration range, the values of 

average fluorescence lifetimes of C-485 are near to that of C-485 bound with ctDNA 

(Table 6.1), and also of C-485 present in solutions containing low concentration of βCD 
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where inclusion complexes are formed (Table 6.2). These values are different from the 

lifetimes of C-485 present in micelles, nanotubes and in pure buffer. These data infer that 

after coming out from the nanotubes, C-485 molecules bind with ctDNA, or form the 

inclusion complexes with βCD which bind with ctDNA to some extent even in presence 

of micelles. 

Table 6.4c. Excited state lifetimes of C-485 in presence of different concentration of 16-

4-16 in a system containing β-CD and ctDNA. [C-485] = 5.0 µM, [β-CD] = 5.0 mM and 

[ctDNA] = 5.0 μM. 

Sr. 

No. 

[16-4-16] 

(mM) 

a1 τ1 

(ps) 

a2 τ2 

(ps) 

a3 τ3 

(ps) 

<τf > 

(ps) 

χ2 

1 0.000 0.84 343 0.16 1044 - - 455 1.22 

2 0.001 0.84 352 0.16 1042 - - 462 1.36 

3 0.005 0.79 335 0.21 929 - - 460 1.16 

4 0.050 0.73 285 0.26 854 0.01 2680 457 1.40 

5 0.100 0.77 298 0.22 884 0.01 2885 453 1.12 

6 0.200 0.75 296 0.24 846 0.01 2521 450 0.97 

7 0.500 0.75 325 0.24 880 0.01 2498 480 1.18 

8 0.800 0.87 551 0.13 1370 - - 657 1.28 

9 1.000 0.88 626 0.12 1460 - - 726 1.21 

10 2.000 0.90 673 0.10 1542 - - 760 1.17 

 

Figure 6.16. Average lifetime of C-485 (5.0 µM)  in the aqueous solution of ctDNA (5.0 

µM) and βCD (5.0 mM) as a function of concentration of gemini surfactants, m-4-m. [λex 

= 375 nm, λem = 520 nm]. 
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6.3 Conclusions 

The absorption and fluorescence spectra of C-485 show the enhancement in 

absorbance and fluorescence intensity up to a certain concentration of ctDNA with 

insignificant change in their peak positions, respectively. The changes in absorption and 

fluorescence spectra profiles confirm the binding of C-485 with ctDNA. Fluorescence 

lifetime data further support the binding of C-485 with ctDNA. Ethidium bromide 

displacment experiment and iodide ion quenching study confirm the groove binding mode 

of C-485 with ctDNA. The lower value of binding constant in presence of ctDNA than 

that in absence of ctDNA suggest that the binding of C-485 with βCD is reduced in 

presence of ctDNA. It further depicts that some of C-485 bind with ctDNA even in 

presence of βCD. The presence of a gemini surfactant in the system induces the release 

of C-485 molecules from the cavity of nanotubes. The efficiency of gemini surfactants to 

push the guest molecules out of the cavities increases in the order as 12-4-12 < 14-4-14 < 

16-4-16. By comparing the fluorescence properties such as steady-state anisotropy and 

lifetime of C-485 at a low concentration of a gemini surfactant with that of C-485 binds 

with ctDNA and with βCD forming inclusion complexes, we concluded that C-485 

molecules released from the nanotubular cavities  interact or bind with ctDNA either in 

the form of inclusion complex with βCD and/or as in the uncomplexed form. 
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Summary  

Chapter 1:  

This chapter covers generalized introduction of surfactants, types of surfactants, 

process of micellization, structure and shape of micelles, factors affecting the micellization 

of surfactant, types of micelles, solubilization of solute in micelles, mixed micelles, 

cyclodextrin, inclusion complex formation of cyclodextrin, protein (BSA), interactions of 

BSA with surfactants,  deoxyribonucleic acid (DNA), drug-DNA interactions and their 

mode of binding, and steady-state fluorescence and time-resolved fluorescence 

spectroscopic methods used to carry out the research work. 

 Chapter 2: 

This chapter includes details of chemicals, synthesis and characterization method 

of surfactants, preparation of samples, instrumentation and different spectroscopic 

techniques used for research work. 

Chapter 3:  

This chapter is on the study of solvation dynamics and rotational relaxation and is 

divided into three parts Chapter 3a, Chapter 3b, and Chapter 3c. 

Chapter 3a:  

This chapter demonstrates the effect of counterions on the solvation dynamics and 

rotational relaxation of C-480 in the Stern layer of aqueous micelles of 

hexadecyltrimethylammonium surfactants (C16TAX, X = p-TS-, NO3
-, Br- and SO4

-2) and 

found that the solvation time decreases in the order C16TABr > C16TANO3 > (C16TA)2SO4 

> C16TAp-TS and rotational relaxation time decreases in the order C16TAp-TS >> 

C16TABr > C16TANO3 > (C16TA)2SO4.  

Chapter 3b:  

This chapter explores the solvation dynamics and rotational relaxation of C-480 in 

aqueous micelles of cationic gemini surfactants with diethyl ether (EE) spacer group (m–
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EE–m) and tails with varying tail lengths (m = 12, 14 and 16). Rotational relaxation time 

increases with increasing tail length of surfactant because of increasing microviscosity of 

micelles. With increasing hydrophobicity of tails of surfactants water molecules in the 

Stern layer become progressively more rigid resulting in a decrease in the rate of solvation 

process. With increasing hydrophilicity of the spacer group of gemini surfactant, the extent 

of free water molecules is decreased thereby making the duration of solvation process 

longer. 

Chapter 3c:  

This chapter describes the effect of added urea on solvation dynamic and rotational 

relaxation of C-480 in the Stern layer of aqueous micelles of cationic gemini surfactants, 

12-4(OH)n-12 (n = 0, 1, 2). Solvation time increases, reaches a maximum and then 

decreases with increasing concentration of urea, which is similar to the order of degree of 

counterion dissociation with the addition of urea in the micellar solution. With increased 

degree of counterion dissociation, the extent of clustering of water molecules is increased 

resulting in slower solvation process. The –OH group present in the spacer group of gemini 

surfactant controls the rate of solvation by shielding the water molecules from the probe 

molecules forming hydrogen bond. The microviscosity of micelles is decreased with 

increasing concentration of urea as a result of it rotational relaxation process becomes 

faster. 

Chapter 4:  

This chapter  explores the interactions between protein, bovine serum albumin 

(BSA) and cationic gemini surfactants, 12-n-12 with varying number of –CH2- group (n = 

3, 6, 8, 12) in the spacer. At low concentration range of surfactants, the decrease in the 

fluorescence intensity follows the order as 12-8-12 < 12-6-12 < 12-3-12 < 12-12-12. The 

decrease in -helix of the protein is more with decreasing hydrophobicity/chain length of 

the spacer group. However, the unusual decrease in -helix found in case of 12-12-12 

could be because of highly hydrophobic interaction between protein and long hydrophobic 

spacer chain. This chapter also demonstrates the step-by-step refolding of protein present 

in the form of protein-gemini surfactant complex using β-CD)/SDS as capturing agents. 

The refolding of BSA is induced by capturing agents and controlled by the spacer chain 

length of gemini surfactants. 
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Chapter 5:  

This chapter illustrates the formation of the guest molecule (C-485) induced 

nanotubes by β-cyclodextrin (β-CD) and their interactions with cationic gemini surfactants 

(12-n-12, where n = 3, 6, and 12). Gemini surfactants have an effect on binding between 

C-485 and nanotubes of β-CD. At a low concentration range, surfactant molecules are co-

associated with the C-485, however, at high concentrations, they are capable of pushing 

C-485 out of the nanotubular cavities. After being released from the nanotubular cavities, 

C-485 get solubilized in the micelles. The rate of release of C-485 increases with 

increasing spacer chain length and concentration of surfactants. 

Chapter 6:  

This chapter describes the binding of a dye, C-485 with ctDNA through the groove 

binding mode. C-485-βCD system includes the nanotubes and secondary aggregates of 

nanotubes, which has been explored for the carrier for C-485. Gemini surfactants, m-4-m 

are act as releasing agent for C-485 from the cavity of nanotubes of the βCD. After being 

released from the cavity, C-485 molecules interact with ctDNA at a low concentration of 

the gemini surfactants, but at the high concentration of gemini surfactants, released C-485 

solubilized in the micelles. The releasing efficiency of gemini surfactants increases in the 

order of 12-4-12 < 14-4-14 < 16-4-16, which is according to the increasing order of 

hydrophobicity of their tails. 

Suggested Future Works from Present Thesis: 

1. The effect of counterions on the solvation dynamics and rotational relaxation of probe 

molecule in the Stern layer of aqueous micelles of conventional surfactant can be 

extended with various organic counterions of gemini surfactants, which will provide 

further informations about the role of counterions in the solvation dynamics.  

2. The hydrophobicity of tails and hydrophilicity of the spacer group has a great impact 

on the solvation dynamics and rotational relaxation of C-485 in the aqueous micelles 

of gemini surfactants. The use of gemini surfactants having peptide spacer group to 

form micelles can mimic the solvation dynamics on the surface of the biomolecules 

like proteins. 

3. Urea is a denaturing agent of proteins. Urea has effect on degree of counterion 

dessociation of micelles which indirectally affects the solvation dynamics and 
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rotational relaxation of C-485. This idea could help the study of solvation dynamics 

in systems containing biomolecules, urea and salts. 

4. The refolding of unfolded proteins induced by stripping agents β-CD and SDS has a 

great importance. The refolding of non-native or misfolded proteins formed through 

different biological processes is a crucial step as these forms of proteins are believed 

to be the primary reasons for various neurodegenerative diseases in humans. So, the 

process of refolding of proteins using in presence of biosurfactants can be further 

explored in the same direction. 

5. The  binding interaction of the gemini surfactants with the nanotubes of the β-CD 

suggest potential application in the development of promising drug delivery systems 

without any stimuli-responsive drug releasing agents as it is required in most of the 

drug delivery processes. Further study can be carried out using different 

biosurfactants. 

6. Interactions of the gemini surfactants with ctDNA further can be explored for the gene 

delivery through the cell membrane because the interactions between these two cause 

the compaction of the ctDNA. A systematic study on the interactions of a series of 

surfactants of various chemical nature and also biosurfactants with βCD and release 

of drug molecules followed by binding with ctDNA may help in delivering the 

mechanisms of interactions and developing potential drug delivery systems. 
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